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SUMMARY

An investigation has been undertaken into the effects of various radiations on commercially
made A!l-SiO5-Si Capacitors (MOSCs). Detailed studies of the electrical and physical nature of

such-devices have been used to characterise both virgin and irradiated devices.

In particular, an investigation of the nature and causes of dielectric breakdown in MOSCs has
revealed that intrinsic breakdown is a two-stage process dominatec by charge injection in a
pre-breakdown stage; this is asscciated with localised high-field injection of carriers from the
semiconductor substrate to interfacial and bulk charge traps which, it is proposed, leads to the
formation of conducting channels through the dielectric with breakdown occurring as a result of
the dissipation of the conductiors band energy.

A study of radiation-induced dielectric breakdown has revealed the possibility of anomalous
hot-electron injection to an excess of bulk oxide traps in the ionization ciiannei produced by
very heavily ionizing radiation, which leads to intrinsic breakdown in high-field stressed devices.
These findings are interpreted in terms of a modification to the model for radiation-induced
dielectric breakdown based upon the primary dependence of breakdown on charge injection
rather than high-field mechanisms.

The results of a detailed investigation of charge trapping and interface state generation in such
MQOSCs due to various radiations has reveated evidence of neutron induced interface states,
and of the generation of positive oxide charge in devices due to all of the radiations tested. In
particular, the greater the linear energy transfer of the radiation, the greater the magnitude of
charge trapped in the oxide and the greater the number of interface states generated. These
findings are interpreted in terms of Si-H and Si-OH bond-breaking at the Si-SiO» interface

which is enhanced by charge carrier transfer to the interface and by anomalous charge injection
to compensate for the excess of charge carriers created by the radiation.
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i ical Back n

The field of semiconductor device physics has been heavily influenced by early studies of
semiconductor surfaces. These early studies, such as those reviewed by FRANKL1 and
MANY,GOLDSTEIN and GROVER?Z, were for many years regarded as of academic interest rather
than of any practical importance. However, with the birth of planar technology in the early 1960's
and the advent of the Metal-Insulator-Semiconductor (MIS) structure, the former academic view of
surfaces and surface effects soon gave way to a more practical goal: that of understanding and
controliing the surface-influenced behaviour of semiconductor devices.

The MIS system was first employed in the study of a thermally oxidised surface by TERMANS and by
LEHOVEC and SLOBODSKOY# in 1963. Since then, many research programmes have been
devoted to the study of this Metal-Oxide-Semiconductor (MOS) system and a wealth of information
covering most aspects of MOS device operation exists. The majority of research in this area of
semiconductor device physics has been strongly influenced by the requirements of the

semiconductor industry - in particular, the integrated circuit manufacturers.

1.2 Integrated Circuit Technology

Since their introduction, more than twenty years ago, monolithic integrated circuits (IC's) based
upon the MOS system have become much smaller and far more complex. However, the basis of
modern ICs is still the MOS system; the understanding of fundamental principles involved in the
operation of this system is of paramount importance to the semiconductor industry. The
understanding of this system is applicable not only to IC technology, but to other key areas of
technological importance involving insulators and semiconductor-insulator interfaces.

This thesis is focussed on a fundamental study of various radiation effects on the MOS system and

uses a particularly simple MOS structure - the MOS capacitor (MOSC) - as a research tool.

1.3 The MQOSC as a research tool

The control of the electrical properties of the MOS system has been one of the major factors that

has led to stable and high performance silicon ICs: the MOSC is used in both monitoring IC
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‘fabrication and studying the electrical properties of the MOS system.

The advantages of the MOSC over other MOS systems (CCDs, MOSFETSs) lie in its simple
structure, ease of fabrication and simplicity of analysis (because thermal equilibrium conditions may
be assumed in the device and a one-dimensional analysis is accurate ).

By far the most widely used MOSCs are silicon based with a silicon substrate, silicon dioxide (SiO»)
as the insulator (oxide) layer and an aluminium metal electrode overlaying the oxide in a planar
configuration. This is the device structure used in this study.

Three regions of the MOS system are of major importance in IC technology: the bulk oxide, the

Si-SiO, interface and the silicon itself. Charges in all three regions play a role in device operation. in

the oxide and at the Si-SiO, interface, these charges are undesirables because they adversely
affect device performance and stability. In the silicon, charges (such as dopant impurity atoms ) are
necessary for device operation.

One property or paramount importance is the dielectric breakdown strength of the oxide.
Consequently there have been many research programmes (for examples, see the review articles
by KLEINS and SOLOMON® ) directed towards understanding the fundamental physical processes
that give rise to a breakdown event and the effects of processing (and other factors) upon these.
There are two major electrical properties of the Si-SiOp interface, both of which strongly influence
device operating characteristics: oxide fixed charge and interface state level density. It is of great
technological importance that the nature of such charge and traps be understood in order to control
MOS syétem properties. Since such information is most easily extracted from study of the MOSC, it
is an ideal test device to characterise MOS systems énd to ascertain the nature of charge and traps
in the three regions of interest.

in Chapter 2, the basic physical and electrical properties of MOSCs are described. This description
is applied to the Al-SiO2-Si MOSC structure and the role of various charges, both at the SiOp-Si
interface and in the bulk oxide, is discussed. This provides a basis for further investigations

discussed in later chapters.

Chapter 3 considers the MOSC as a “field effect” device with high-field (of the order of MV cm

dielectric breakdown and its relevance to current MOS research is shown. The models which have
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been proposed for Al-SiOp-Si MOSC breakdown under high-field stressing, based on impact

ionization mechanisms, are discussed. A number of workers 7-9 strongly dispute these, believing

that band-to-band impact ionisation is feasible in semiconductors ( for example, breakdown of p-n
junctions) but not in wide bandgap insulators such as SiO». These workers propose altermnative

breakdown models which are critically reviewed and compared with recent experimental findings.

1.4 The Use of MOSCs in Radiation Research

The use of semiconductor devices based on the MOS system in industrial, space and military
environments has become so widespread that understanding the effects of radiation upon them is
of great technological importance. To this end, many workers (for examples, see the December
issues of the IEEE Transactions on Nuclear Science, reference 10) have directed their effort toward
developing a framework for understanding radiation effects in MOS systems.

lonizing radiation is known to deposit charge and introduce interface states (traps) in MOS
devices11: non-directly-ionizing radiation is known to produce displacement damage which leads to
oxide traps in MOS devices'2. The MOSC is an ideal testbed device for investigating the behaviour
of MOS systems in such radiation fields.

Comparatively little work has been directed towards the effects of radiation on the breakdown
process in MOS systems, first reported by KLEIN and SOLOMONT3 in 1975. In Chapter 4, this
wérk is reviewed and models for radiation induced dielectric breakdown (RIDB) are discussed.

It has been suggested by HARVEY 14 that such devices, because of their small size and portability,
may prove invaluable as radiation detectors for research and industry; in particular, the use of
radiation induced dielectric breakdown in MOSCs for recoil-proton detection has been proposed,
the aim to detect neutrons in the 0.01 to 1MeV energy range via (n,p) reactions in a hydrogenous
radiator placed in contact with the thin front electrode of an MOSC. At present, neutron dosimetry in
this energy range is carried out using thermal neutron detectors inside large, rather cumbersome
polyethylene moderating assemblies. A small, portable dosimeter based on such neutron-induced
dielectric breakdown in an MOSC would prove to be an invaluable technique for neutron dosimetry,

especially for measurements in confined areas.
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It has been noted by several workers13,231-234 that only very high linear energy transter radiations
(such as fission-fragments) have been found to induce breakdown. in order to understand more
fully the direct interaction of these and other radiations with MOSCs, their effects on the electrical
properties of such structures and the feasibility of MOSCs as such dosimetry tools, radiation
induced dielectric breakdown is discussed considering the experimental evidence of other workers
presented in Chapters 3 and 4, in preparation for the new experimental evidence presented in
Chapter 6.

Experimental evidence for other radiation effects in MOS systems, and its relevance to the
Al-SiO»-Si MOSC in particular, is presented: popular models of radiation interactions are reviewed.

The two main effects of radiation on the MOS system (radiation induced oxide charge and radiation
induced interface states) are presented in the light of recent experimental findings and the models
proposed to explain their generation are critically reviewed; the implications of these models are

discussed with reference to MOS research and the development of future models.

1.5 Experimental Approaches

Since the materials and fabrication processes used to construct Al-SiOo-Si MOSCs are the major

factors influencing the device characteristics , these are described in detail at the beginning of
Chapter 5 and a summary of the device parameters for the MOSCs used in this study is given to
enable the reader to compare this work with that of other workers in the field on a quantitative basis.

As mentioned in section 1.2, charges in MOS systems are of great importance; MOS devices are
sensitive to minute traces of charge, of order 1010 unit charges cm2. To detect such low charge
densities very sensitive electrical measurements have been developed and elaborate models have
evolved connecting the behaviour of charges to the measurements. One such technique is the
high frequency Capacitance-Voltage method whereby the high frequency capacitance of a MOS
device is measured as the bias across it is varied.

in Chapter 5, this technique is described and a novel, simple method of calculating various
parameters (for examples,density of interface states, flatband voltage shift and trapped charge

density) fromthe C-V curves of the MOS system under test is presented.
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Dielectric breakdown methods have been used in a thorough study of vthe properties of Al-SiOp-Si

MOSCs, both in and out of radiation fields. These methods and the information they afford are
described, with appropriate theory, together with the other techniques used in this study to
characterise MOSCs (Current-Voltage techniques, X-ray photoelectron and Auger spectroscopy,
three-dimensional interferometry and scanning electron microscopy) before, during and after
irradiation whilst under various electrical conditions. The techniques of irradiation, the radiation
fields used, their source and energy spectra and the methods used to calibrate them are
summarised.

In Chapter 6, the findings from a comprehensive investigation of MOSCs constructed for this study,
using the techniques described in Chapter 5, are presented along with the effects of various
radiation fields on their electrical and physical characteristics, whilét the significance of the findings

will be considered (and compared with the results of other workers in the field ) in Chapter 7.

1.6 Theoretical Considerations.

An important objective of this thesis is to indicate how existing theories, proposed to explain
dielectric breakdown and radiation effects in MOSCs, need be modified, or changed, in order to
account for the present experimental findings.

Accordingly, having presented a framework for discussion in previous chapters, Chapter 7 .

considers how the present data be best interpreted: the present-day interpretation of the nature of
the Si-SiO» interface is amended to include various findings from this study; previously proposed
models for intrinsic dielectric breakdown are modified in the light of new data on the structure of the
two interfaces in Al-SiO-Si MOSCs; the KLEIN 234 mode! for radiation induced dielectric

breakdown has been extended to account for various effects seen; and a basis for understanding
radiation effects in MOSCs is proposed which quanfitativeiy considers charge build-up in the oxide
layer and interface trap generation and is an extension to the model proposed by MACLEANT2.

Chapter 8 provides a summary of the principal experimental and theoretical findings presented in

Chapters 6 and 7 , with suggestions for future work in the field of radiation effects in MOS devices.
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CHAPTER TWO.

ELECTRICAL PROPERTIES OF MOSCs
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In this chapter the basic electrical properties of ideal Metal-Oxide-Semiconductor capacitors

(MOSCs) are described using appropriate theory: more extensive details can be found in the
textbook by NICOLLIAN and BREWS16. This is applied to the Al-SiO»-Si MOSC structure used in

this study and some of the more important experimental findings that have recently emerged from

other studies of this device structure are reviewed.
From the theory and review a near-complete electrical description of the Al-SiO»-Sit MOSC is given

to provide a framework for understanding such devices under external influences (such as

high-field stressing, dielectric breakdown and irradiation ).

2.1 ldeal MQOSCs

The simplest MOSC structure is shown in perspective in Figure1(a); by far the most commonly
fabricated structure in the microelectronics industry is the Al-SiO»-Si MOSC, which is schematically

shown in Figure 1(b) with typical range for the thicknesses of the insulating (silicon dioxide) layer
and top (aluminium) electrode. The distance T'is the thickness of the insulating layer covering the
semiconductor and V is the bias voltage applied to the metal gate or field plate. (Throughout this
and the following chapters the convention that the bias voltage , V, is positive when the gate is
positively biased with respect to the Ohmic contact on the underside of the semiconductor, and V is
negative when the metal gate is negatively biased with respect to the Ohmic contact, is taken ).

The energy-band diagram of an ideal MIS structure for no applied bias voltage (V=0) is shown in
Figure2, where Figures 2(a) and 2(b) are for n-type and p-type semiconductor devices,
respectively.

An ideal MIS capacitor is defined” as follows:

(a) At zero applied bias, the energy difference between the metal work function, &, ,
and the semiconductor work function, @¢ . is zero or the work function ditference ,

@ ms » I8 Z€ro such that:
Bms=%m (A +Eg/2q - @) Foran n-type semiconductor -1

@ms=%m- (A +Eg/2q +Qpg) Fora p-type semiconductor -1a
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Metal gate (field plate)

Oxide (insulator) layer
Semiconductor substrate

>~ Ohmic contact

Al or Au
(b)

Figure 1: (@) A Metal-Insulator-Semiconductor capacitor shown in perspective.

(b) An AI-SiO5-Si MOSC in cross-section; typical thicknesses, T', for the oxide layer
range between 5nm and 3um; typical thicknesses of top-gate Al electrode

range between 15nm and 1um.

4% | VACUUM LEVEL
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Figure 2: (a) An energy band diagram for an ideal n-type

zero bias condition.

METAL

INSU -
LATOR

(b)

SEMICONDUCTOR

semiconductor MOSC under the

(b) An energy band diagram for an ideal p-type semiconductor MOSC under the

zero bias condition.
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where A is the semiconductor electron affinity, Eg is the bandgap,@B is the potential

barrier between the metal and the insulator and g the electronic charge.
Thus, when there is no applied voltage the energy bands are flat; "flatband"

conditions are said to exist.

(b) The only charges that exist in the structure under any biasing conditions are those in
the semiconductor and those with equal, but opposite sign, on the metal surface

adjacent to the insulator.

() There is no carrier transport through the insulator under d.c. biasing conditions;
the resistivity of the insulator is infinite. Thus, the semiconductor Fermi level
is unaffected by the bias applied to the MIS capacitor gate and remains invariant as a

function of position.

The ideal-MOSC theory considered here serves as a foundation for understanding practical

(non-ideal) MOS structures, such as the Al-SiO-Si MOSC used in this research.

2.2 ideal MOSCs Under Bias Conditions

When an ideal MOSC is biased with positive (or negative) voltages the applied bias separates the

Fermi energies at the two ends of the structure by an amount equal to qV; thatis

-qV = EFmeta - EFsemiconductor -2

Since the barrier heights are fixed quantities, the movement of the metal Fermi level obviously leads
to a distortion in other features of the band structure. Basically three cases may exist at the
semiconductor surface: these are shown on energy-band diagrams in Figure 3(a) for a p-type
device and Figure 3(b) for an n-type device.

Consider the MOSC with a p-type semiconductor substrate; when a negative voltage (V<0 case) is

applied to the metal gate electrode,the band structure moves from the flatband condition so that
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the top of the valence band "bends" upward and becomes closer to the Fermi level (Figure3(a.1)
No band bending occurs in the metal because it is an equipotential region. For an ideal MOSC, no
current flows in the structure and so the Fermi level in the semiconductor remains constant.

Since, by Fermi-Dirac statistics, the carrier density level depends exponentially on the energy

difference (E;-Ef), that is;

p=n e EpkT -3

where Pp and n; are the density of holes and the intrinsic carrier density, respectively; this band

bending causes an accumulation of majority carriers (holes in this case) near the semiconductor
surface. Thisis the "accumulation” case. The corresponding charge distributions are shown on the
right side of Figure 3(a).

When a small positive voltage (V>0 case) is applied the bands bend downward and the majority

carriers are depleted (Figure 3(a.2) This is the "depletion” case. The space charge charge per unit

area in the semiconductor , Qgc, is given by the charge within the depletion region, thus

Qp=-gNpW -4
where W is the width of the surface depleted depleted region and Np is the acceptor impurity

density.

When a larger positive voltage (V>>0 case) is applied, the bands bend even more downward so that

the intrinsic Fermi level, Ej, at the surface crosses over the Fermi level , EF (Figure 3(a.3) Since the
electron concentration depends exponentially on the energy difference (Eg-Ej), the density of
electrons, np, is given by

np=ry & G5 -5
Thus, at this point the density of minority carriers, Np s at the surface is larger than n;, and that of the

majority carriers (from Equation 3) becomes less than nj. The number of minority carriers (electrons)
at the surface is greater than the number of majority carriers (holes); the surface is thus inverted.
This is the "inversion" case; the surface of the p-type semiconductor is effectively n-type under

these conditions.
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As the bands are bent further, eventually the conduction band edge becomes very close to the
Fermi level. At this point the electron concentration near the surface increases very rapidly.

After this point, most of the additional negative charges in the semiconductor consist of the charge

Qp (Figure 3(a.3)) due to the electrons in a very narrow n-type inversion layer, 0 < x < x; , where x; is

the width of the inversion region. Typically, the value of x; ranges from 1 to 10nm and is always
much smaller than the surface depletion layer width, W. Once the inversion layer is formed the
surface depletion layer width reaches a maximum, W, This is because when the bands are bent

downwards far enough for strong inversion to occur, even a very small increase in band bending

(corresponding to a very small increase in depletion layer width) results in a large increase in the
charge Qp, in the inversion layer. Thus, under such a strong inversion condition the charge per unit
area in the semiconductor is given by

Q= Cn+Cp 6
and Qgc=-q NAWm -7
where W, is the maximum width of the surface depletion region.
If analogous biasing conditions are applied to an ideal n-type MOSC, the results will be as depicted
in Figure 3(b.1) to 3(b.3). It is important to note from this figure that biasing regions in an n-type
device are reversed in polarity relative to the voltage regions in a similar p-type device; that is,
accumulation in an n-type device occurs for V>0 and so on. The charge distributions under these

bias conditions are also shown in Figure 3(b) and are also seen to be analogous to the p-type

device case.

221 The Surface Space-Charge Region

In this subsection the relations between the semiconductor surface potential, Ug, space charge,
Qg, and the electric field E are derived. These relations are then used to find the relationship

between the applied gate voltage,Vg , and Ug and to determine the capacitance-voltage (C-V)

characteristics of the ideal MOSC simcture defined above.

Figure 4 shows a more detailed band diagram of the surface of a p-type semiconductor adjoining an
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insulator layer in an MIS structure; at the semiconductor surface, U, (the electrostatic potential) is
equal to Ug (the surface potential). The electron and hole concentrations, from Equations 3 and 5 ,

are given by
p=ny & AU-Ug/iT 8
p=n e Wz U/kr -9

where U is positive when the band is bent downwards (as shown in Figure 4 ).

At equilibrium Ug=0 so,

Mp="p € (/i) -10

Fo=Ppo € CAY/KT) -11
Thus, at the surface the densities are given by

ng=ny & X Ug) kT 12

pg=n; € AUg-Us) kT -13

and, at equilibrium , when Ug=0

Ps = Ppo € (-qUs / kT) | -15

From Equations 12 and 13 the following regions of surface potential can be distinguished:

Us<0 Accumulation of holes, bands bend upward.
Us=0 Flatband condition.

Ug>Ugs>0 Depletion of holes, bands bend downward.

Us=Up Midgap condition with ng = Np = Nj (the intrinsic semiconductor
concentration).
Us>Ug inversion, electron enhancement at semiconductor surface causes bands

to bend further downward.



47

8n<Sn uaym sIND00 SIBUIED Awofew jo uoisiaaul  (9)
0<SN<8N uaym sind00 s18lIED Ajuolew jo co:m_amo (@)

0>S UBUM SINDO0 SIBLIED Ayolew o UOHBINWINODY (e)
11SIX8 UBD S9SBO UlBW 831y "'UMOUS

se ‘aanisod s fenuajod 80BHNS BYL ‘I3 |9A8] W84 JOIONPUODILSS DiSuLUL BUl

01 108dsal Ylim painseaw st 'J01oNPUOdILSS HING 8y} Ul 019z SB pauldp N enuajod
ayl "10}onpuodiLas adA)-d B jo 8oeuNs 8y} Bbuimoys weJlBeip pueq ABisus uvy v ainB14

HOLVINSNI
\\ S
3 = o (0< )
; o
_w|||l III"J“UI.I'.I\\\J\DG N

30v4HNS u\\
HOLONANODIN3IS



48

Since the ideal MOSC is a hlanar structure‘ it may be assumed to behave one-dimensionally and so
Poisson's equation may be used to find the potential, U , as a function of distance in the
semiconductor. The assumptions made of the devices, in order to apply Poisson's equation, are
that the semiconductor:

(1) is non-degenerate

(2) has a constant doping profile

and (3) is of a sufficient thickness that E -> 0 as x -> back contact

Thus,
P = - P -16
@@ s

where €g is the permittivity of the semiconductor and P(x) is the total space charge density given by
P(x):q(ND+-NA‘+pp-np) -17
where Np* and Na™ are the densities of ionized donors, respectively.

Considering the bulk of the semiconductor, far from the surface, by the conditions set for an ideal

MOSC, charge neutrality must exist. Therefore P(x) = 0 and U =0andso

Np* -NA™ =Npo - Ppo -18
Thus, in general for any value of U, from Equations 12 and 13

pp-np=ppoe'BU - Mpo eBU -19
where 8 = g/kT.

The resultant Poisson's equation to be solved is, therefore

PU = g [ppo(e‘BU-1)-npoeBU-1)] -20
2 €

Integrating Equation 20, from the bulk towards the surface 14 thus

U
x
Ja_u d(ﬂ) LR (e BU-1)-npo(e BU-1ydu  -21
0
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gives the relation between the electric field (E = -au /qx ) and the potential, U:

E2= (kT2  Ppo B [(e‘BU+BU—1)+npo(eBU-BU-1)] .22
g
Let - [xEs = [ & -23
P Pl

where )D is the extrinsic Debye length for holes. Physically, this quantity Ap is the maximum

distance that the charge field around a hole, inthe extrinsic p-type semiconductor under analysis,
can interact.

Also, let f be a function such that

2 BU,_npo_} - [(eBYspU-1)+np (eBU-8U-1]"2 2 0 -24

Ppo

Then, the electric field becomes

E=-9U =+ J2kT BU .
4 5)0 f{ gg»} 25

with positive sign for U > 0 and negative sign for U<0. '

To determine the electric field at the surface when U = Ug using Equation 25, gives

Es -+ 4T f { BUs Dpo }
ap Poo - 26

Similarly, by Gauss's law, the space charge per unit area required to produce this field is

QS=’€sEs=i@—sﬁ f{ BU,_np@} -27
ax Ppo

A typical variation of the space charge density, Qg, as a function of the surface potential, Ug, is

shown in Figure 5 for p-type Si, with Np = 4°1 015 ¢cm3 | at room temperature.
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It can be seen that for negative Ug, Qg is positive and corresponds to the accumulation region ; the

function f is dominated by the first term in Equation 24, and

Qg = e (@Usl/2kT) | Ug<0 -27a
For Ug=0; flatband conditions exist and Qg =0
For Ug>Ug>0;  depletion conditions exist and Qg<0

When Ug > Ug the function f is dominated by the second term in Equation 24 and

Q=VUs, Us>Up -27b
For Ug » Ug , the inversion case is evident from the dominance of the fourth term over the function

£, that is

Qg =~ - e [AUsl2kT) , Ug»Ug 27¢

Also, this strong inversion is seen to begin at a surface potential Ug(iny) where

Ugginy) =2Ug =2KT In (Na/n) -28
q

and is thus dependent solely upon the number of acceptors in the extrinsic semiconductor.

The differential capacitance of the semiconductor depletion layer , cp, is given by

cp= Ks = Lo [L-_Q’BUSimpoégpol(_gﬁug-nl Fem?2 -29

aUs ‘f27\D f{BUS,_npo}
Ppo

Thus, at flatbands where, Ug=0, the differential capacitance can be obtained from expansion of the

exponential terms in Equation 29 into series to obtain
CD{fctbancs) = /%0 Fom® -30

it can therefore be seen that the charge associated with (majority carrier) accumulation and (minority
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carrier) inversion must reside in an extremely narrow portion of the semiconductor immediately
adjacent to the oxide-semiconductor interface.

By comparison , the depleted portion of the semiconductor under moderate depletion biasing
extends much further into the semiconductor; in fact, the depletion region width increases only
slightly once the semiconductor inverts. This occurs because the highly-peaked inversion charge
near the semiconductor-insulator interface is nearly sufficient, in itself, to shield the interior of the

semiconductor from any additional charge placed on the MOSC gate electrode.

2.2 Vol lati

Throughout the previous subsection, the discussion of semiconductor electrostatics was
described with the biasing state expressed in terms of the semiconductor surface potential, Ug.
However, the theory formulated in this manner is dependent only on the properties of the
semiconductor; Ug is an internal system constraint or boundary condition.

It is the externally applied gate potential, V, which is subject to direct control in the MOSC structure.

Thus, if the results of the previous subsection are to be of any practical use , an expression relating
V and Ug must be established; this section is devoted to deriving such a relationship.
The applied gate potential, V, in the ideal MOSC structure, is dropped partly across the oxide,

AV gy , and partly across the semiconductor, AVge , thus

V= AVgy +AVgg -31

Because V=0 in the semiconductor bulk (by definition of an ideal MOSC) the voltage drop across

the semiconductor is simply

Mg =V} g = KLUs -32
q

Developing a relationship between V and Ug is reduced to expressing AVgy in terms of Ug.



By the definition of anideal MOSC, in the ideal insulator with no charge carriers or charge centres

iox :O "33
daT
and
Eox = -QVpx = constant -34
dT
Therefore
0
AV ox =,[ EoxdT = T Eox -35
T

where T'is the oxide (insulator) thickness.
The boiJndary conditions on the fields normal to an interface between two dissimilar

materials requires

(Dg- Dox)lox-sc interface = Q ox-sc interface -36

where D = CE is the dielectric displacement and Q ¢ is the surface centre charge per unit area
located at the interface.

Since Q OXI_SC interface = 0 in the idealised structure

Dox = Dscly=0 4 -37
Eox = (Ks/Kg) Eg -38
and AVoy = (Ks/Kg) T Eg =T1Eg .39

where T'1 = (Ks/ Ko) T':Kg is the semiconductor dielectric constant; Ko, the oxide dielectric

constant; and Eg is the electric field in the semiconductor at the oxide-semiconductor interface.

Substituting Equations 32 and 39 into Equation 31 gives

V= KT Ug+ T'1Eg -40
q
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Substituting for V in Equation 25 gives

V=__k_]’_[UsiI1(\jZ/kT)f{BUS,ﬂp0}] . a1
q D Ppo

The V - Ug dependence calculated from Equation 41 employing a typical set of device parameters
(T'=100nm, Ug =12, T=300° k) is displayed15 in Figure 6, which illustrates certain important
features of the gate voltage relationship: Ug is a rapidly varying function of V when the device is
depletion biased. However, when the device is accumulated (Ug < 0) or inverted (Ug>2 UF), a large

change in gate voltage is necessary in order to produce a small change in Ug. This implies that the

gate voltage divides between the oxide and the semiconductor when the device is under depletion
biasing. Under inversion and accumulation biasing, changes in the applied potential are almost
totally across the oxide. The depletion bias region extends from only V=0 to V=1.1Volts which
demonstrates that, since the character of the semiconductor changes dramatically in progressing
from one side of the depletion region to the other, a significant variation in the electrical

characteristics over a narrow range of voltages is expected.

2 1 M -V r

In MOS device analysis the C-V characteristic can be used to reveal the internal nature of the device
under test; for example, the C-V characteristic provides a means of determining at a glance what
band bending is occurring inside the semiconductor for a given applied gate voltage. The C-V
characteristic also serves as a powerful diagnostic tool for identifying deviations from the ideal in
both the oxide and semiconductor. In fact, a large percentage of the available knowledge about the
MOS system was assembied by analysing vthe differences between the observed
capacitance-voltage characteristics and the MOS C-V characteristics predicted on a theoretical basis
assuming an ideal structure.

This section is devoted primarily to examining the arguments which lead to the expected C-V
characteristics of the ideal MOSC structure. The majority of the development assumes a static state,

as described in the previous sections, and is concemed with two limiting cases: the low-frequency
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and high-frequency limits. (These fimiting cases designations refer to the frequency of the a.c.

signal used in the capacitance measurements).
Figure 7(a) shows the band diagram of an ideal MIS structure with the appropriate band bending for
an identical semiconductor to that shown in Figure 4. The charge distribution is shown in Figure

7(b); for the condition of charge neutrality in the system, it is required that

QM = Qu+gNaAW = Qg -42
where Qp is the charge per unit area on the metal gate electrode; Qp is the electron charge per
unit area in the inversion region; and g NAW is the ionised acceptors per unit area in the

space-charge region of with W. Qg is the total charge per unit area in the semiconductor.

The electric field and potential distributions are obtained by first and second order integrations of
the one-dimensional form of Poisson's equation; these are shown schematically in Figures 7(c) and
7(d) respectively.

Since the structure is considered to be ideal, the assumption that there is no difference between

the work functions of the metal and the semiconductor may be made, and so the applied voltage will
appear partly across the oxide,Vqy , and partly across the semiconductor, Vgc. Thus, Equation 31

holds and

V=Vox +Vgc =Vox +Us -43

where Voy is the potential drop across the oxide, given by

Vox = Eox T = 1QglT. = Qg -44
G Cox
The total capacitance, ¢, of the system is a series combination of the oxide capacitance, Cqy ,

(=Cox /T') and the semiconductor depletion-layer capacitance, Cq :

c = —Sox—Cd — Fcm? -45

Cox +¢d
For a given oxide thickness, T', the value of Cox is constant and corresponds to the maximum

capacitance of the system. The capacitance, cq, as given by Equation 29 .depends on the applied
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voltage. The total capacitance at the flatband (that is, Ug=0) condition, Cip, is obtained from

Equations 30 and 45, thus

-—————LOX—— €Ox -46
% = T+ &l = T+ Lox [ KBs.

where €,y and €4 are the permittivities of the oxide and semiconductor, respectively, and Ap the

Debye length given by Equation 23. The combination of Equations 29,43,44,45 and 46 gives
the complete description of the C-V curve of anideal MOS system, as shown in Figure 8.

in describing Figure 8; it can be seen that at negative gate voltages (accumulation of holes) there is
a high differential capacitance of the semiconductor, and as a result the total capacitance of the
structure is close to that of the oxide capacitance. As the negative voltage is reduced sufficiently a
depletion region, which acts as a dielectric in series with the oxide, is formed near the

semiconductor surface; the total capacitance therefore decreases. The minimum capacitance and
the corresponding minimum voltage are designated cmjn and Vmin, respectively (see Figure 8).

The increase of the capacitance depends on the ability of the electron concentration to follow the
superimposed a.c. signal; this only happens at low frequencies (of the order of tens to hundreds of
Hz) where the recombination-generation rates of minority carriers (electrons in this p-type device)

can keep-up with the small-signal variation and lead to charge exchange with the inversion layer in
step with the measurement signal. (Experimentally20-21, it is found that, for the Al-SiOo-Si system,

this frequency is between 5 and 100Hz). As a consequence, MOS C-V curves measured at high
(KHz) frequencies do not display the increase of capacitance , as shown in Figure 8,curve(b).

Figure 8,curve(c) shows the capacitance curve expected under deep-depletion (pulse) conditions,
which is directly related to breakdown phenomena described in Chapter 3 and 6; at even higher
gate voltages, impact-ionization may occur at the semiconductor surface and the device may go
through a transient "avalanche breakdown" stage which can be seen on both the C-V curve and the
current-voltage curve for the device under test. This is also shown on curve (c) of Figure 8. (This
process is discussed in detail in Chapter 3 ). A more in-depth treatment of the frequency
dependence of the C-V characteristics of MOS systems, considered beyond the scope of this

thesis, may be found in chapters 3 and 4 of the book by NICOLLIAN and BREWS16.
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Figure 8 also shows the corresponding surface potentials of the p-type semiconductor MOSC
under discussion. For an ideal MOSC: the flatband capacitance occurs at V=0, where Ug=0: the
depletion region corresponds to a surface potential range from Ug=0to Ug=Up: weak inversion
begins at Ug=Ug, which is slightly less than Vppjin: and the onset of strong inversion occurs at
Us=2Ug.
When the semiconductor surface is depleted, the ionized acceptor density in the depletion region
is given by -q NaAW (Equation 10). Integrating Poisson’s equation applied to this region yields the
potential distribution in the depleted region, thus

U =Ug (1-X/w)? | -47
where Ug is given, in this instance, by

Us = gQNAW2
2€ -48

Thus, when the applied gate voltage is increased Ug and W increase; eventually, strong inversion
will occur (as shown in Figure 5). Strong inversion begins at Us(inv)= 2Up and once it has occurred ,
the depletion-layer width reaches a maximum, W, When the bands are bent down far enough that

Ug=2Up, the semiconductor is effectively shielded from further penetration of the electric field by

the inversion layer and even a very small increase in the band-bending (corresponding to a very
small increase in the depletion-layer width) results in a very large increase in the charge density in
the inversion layer.

The maximum width of the surface depletion region for the MOS system in strong inversion (under

steady-state conditions) can be calculated from Equations 28 and 48 thus,

Wi = Jﬁsus(inv) ] J 46T n (NA ) -49
N aN A

The relationship between W, and Na is shown in Figure 9 for silicon (where Na=Ng for p-type and

Na=Np for n-type semiconductor).

Another quantity of interest is the so-called "turn-on” voltage (also called the threshold voltage) at
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which strong inversion occurs. This is a useful quantity since it is this which gives a measure of the

change of depletion-layer width under external influences (such as irradiation and high-field

stressing).
From Equations 28 and 43 the threshold voltage for strong inversion, V(strong inv.): ¢an be
calculated
Vi(stronginv.) = & +2UB -50
Cox

Because at the end of strong inversion Qg =g NAW , from Equation 10, the threshold voltage is

given by

VT(onset) = N2CaNa(RUR) +2UB -51

Cox

The corresponding total capacitance is given by

Crrin = €ox -52
T + (Cox/ €)W,

Figure 10 shows the high frequency capacitance curve for an ideal p-type MOSC; the dashed
curves show the theoretically approximated segments of the C-V relationship.The approximated

curve agrees remarkably well with those found experimentally.
The ideal MOS curves of the metal-SiOp-Si system have been computed for various oxide

thicknesses and semiconductor doping densities22 using exact solutions to the theory presented

in this section. Figure11 shows typical examples for p-type silicon: as the oxide becomes thinner
the larger the variation of capacitance. Figure 12 shows the dependence of Ug on the applied

voltage for the same system as in Figure 11. Figures 13 through to 16 show the normalised flatband
capacitance, (Cfb/cox); the normalised minimum capacitances, (®min/coy) and (C'min/coy); and the

threshold voltage (V1) and minimum voltage (Vmin) Vversus oxide thickness (with silicon doping

concentration as the parameter) respectively.
The theory presented thus far has centered on MOS systems with p-type semiconductor (in
particular, silicon) substrates. The conversion of this theory to that applicable to MOS systems with

n-type substrates is achieved simply by changing the sign of the voltages applied to the device and
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appropriate symbols (for example, Op for Qp). The C-V characteristics will have identical shapes, but

be the mirror images of each other, and the threshold voltage is a negative quantity for an ideal
MOSC on an n-type semiconductor substrate. For the sake of brevity, this is left to the reader and is
not worked-through here.

The theory presented and the ideal MOS curves, shown iﬁ Figures 11 through to 15, will be usedin
subsequent sections to compare with experimental results and to understand practical MOS

systems.

2.4 The AI-Si09-Si MOSC: A Theoretical Approach

Of all the possible MOSC structures, the Al-SiO»-Si is the most extensively used and studied. The

electrical characteristics of the SiOo-Si system are approaching those of the ideal MOSC described

in the previous sub-sections. However, for commonly used metal gate electrodes, the assumption

(made in section 2.1) that the work function difference between metal and semiconductor is zero is
not valid: for example, aluminium has q@m = 4.1 eV whereas the work function for, say, n-type

silicon, may vary from 4.2 to 4.5 eV over the typical doping range of 1014-1018 cm™S.
The effect of this work function difference on the characteristics of MOSCs is discussed in the next

sub-section (2.4.1).
Also, there are various charges at the SiOp-Si interface and in the bulk oxide which affect the

device characteristics of real devices. These charges and their effect on ideal MOSC characteristics

are discussed in section 2.4.2.
Finally, the assumption that the insulator - SiO» in this case- is perfect and does not conduct (under

normal temperature and bias conditions) is also not valid; the various mechanisms for carrier

transport and resultant current flow in insulators are summarised and briefly, discussed with

reference to the Al-SiOo-Si MOSC structure, in section 24.3.
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2.4.1 The Work Function Difference

The work function of a semiconductor, q@g, which is the energy difference between the vacuum
level and the Fermi level (see Figure 2) varies with the doping concentration in the semiconductor.
Thus, for a metal with a fixed work function, @@, , the work function difference (given in Equations

1a and 1b for n-type and p-type semiconductor respectively) will vary depending on the doping of

the semiconductor.
The gate electrode used in this study is aluminium; the work function difference, q@mg, is shown in

Figure 17 for aluminium gates and silicon substrates in both n- and p-type MOSCs with an ideal
oxide layer for a large range of doping (impurity) concentrations of the semiconductor at room
temperature.

Consider the isolated components of the MOSC system, as shown in Figure 18(a), joined together

to form the non-ideal MOSC under zero bias (flatband condition in an ideal MOSC), as shown in

Figure 18(b). it can be seen that q@m is smaller than qQg, and their difference .09 ms. is negative

and equal in magnitude to the voltage Vip., the flatband voltage. At thermal equilibrium, the Fermi

leve!l must be constant and the vacuum level continuous; to accommodate the work function
difference in real MOSCs, the semiconductor bands must, therefore, bend downwards, as shown in

Figure 18(c). In order to obtain the ideal flatband condition, a voltage equal to the work function

difterence, q(@m- Dg), Must be applied to the device; this corresponds to the situation shown in

Figure 18(b), where a negative voltage, Vip, must be applied to the metal gate electrode.

Effectively, the surface is slightly depleted; the addition of the insulator has lowered the effective

surface barriers and reduced the electric field in the insulator region. Figures 19(a) and (b) show the
band diagrams of Al-SiOp-Si MOSCs with an oxide thickness of 50nm grown on n-type Si,
1016cm-3 doping density (Figure 19(a)23 ) and p-type Si, 1010 ¢cm-3 doping density (Figure

19(b)23 ).

Thus, the work function difference (and any deviation from the ideal) modifies the relationship
between the semiconductor surface potential and the applied gate voltage; a new V-Ug relationship

is required to describe "real " MOSCs.
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Figure 18: (a) The energy band diagram of the isolated components of an Al-Si0»-Si MOSC

under thermal equilibrium conditions.

(b) The energy band diagram of the resulting structure when the individual
components of the MOSC, shown in Figure 18(a), are joined.

(c) The energy band diagram of the ideal p-type silicon-based MOSC shown in
Figure 18(b) under thermal equilibrium conditions.
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If an arbitrary gate voltage, Vg ,is applied to the MOSC structure whose band system is shown in

Figure18(a) the situation shown in Figure 20 is seen: from Figure 20 it can be seen that

O-Vg +@Veox = (E¢-Ep) - KTUg +0g -53
metal side semiconaductor skle
Vg- (%us +AVoy) = %(Q)m' B¢ (E.Ep) -54
Since Oms = é_ (O -9g'- (Eg -Ep))
or Oms = L (D -9Dg - (Eg-ER)) -55
q

Recalling, from Equations 31 and 32, that: V = (kT / q)US +AVoy , itcanbe seen that, for V=Vg

avVg = (Vg- V)Isame Us = Pms -56
Equation 56 is interpreted as follows: to achieve a given Ug value inside a non-ideal MOSC
structure , a voltage equal to V + @mpg must be applied, where V is the gate voltage, in orderto
achieve the same Ug as if the structure were ideal.
Relative to the C-V characteristic for a given MOSC, since @mg is a voltage independent constant, a
Dms # 0 simply gives rise to a paraliel translation of the entire C-V curve, as illustrated in Figure 21
for a high-frequency C-V measurement. Each capacitance value is totally determined by the Ug
value inside the semiconductor and, therefore, occurs displaced by Qmg VOlts relative to the ideal

case : this gives a new value of flatband voltage, Vip' -

Thus, with no extraneous influences present (oxide charge, interface traps or interfacial charge) in
the non-ideal MOSC a shift of the C-V characteristic is to be expected, the shift entirely dependent

on the work function difference between the metal and the semiconductor's substrate.

In order to obtain an Al-Si0-Si MOSC with as near ideal characteristics as possible, the silicon

doping density (at room temperature) is chosen such that @ms is as near to zero as is possible.
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Figure 20: The band diagram and relevant energy differences for an arbitrarily-biased,
non-ideal MOSC.

"VG

Figure 21: The effect of a non-zero work function difference on the ideal high frequency C-V
characteristic of a p-type silicon based MOSC.
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However, interface charge, oxide charge and traps exist in all real MOS devices and these too have

a large effect on the MOSC characteristics, as discussed in the next sub-section.

2.4.2 Interface Trapped Charge and Oxide Charge

From the definition of an ideal moscl’ given in section 2.1, the only charges that should exist in
such an MOS structure, under any bias conditions, are those in the semiconductor and those with

an equal, but opposite, sign on the metal surface adjacent to the insulator; this is not the case for
Al-SiOo-Si MOSCs, where the exact nature of the SiO»-Si interface is not yet fully understood and

the bulk oxide is by no means pure.
One thoroughly researched picture”of the interface is that the chemical composition of the

interfacial region, as a consequence of thermal oxidation, is a single-crystal silicon layer followed by

a monolayer of incompletely oxidised silicon, SiOy, then a strained region of SiO, approximately
1nm to 4nm thick: the remainder of the layer is stoichiometric, strain-free, amorphous SiOp. (The

compound SiOy is stoichiometric when x=2 and non-stoichiometric when 2>x>1). This is the

generally agreed-upon view of the composition of thermally grown oxide layers on silicon.

Although models which detail the electrical behaviour of interfacial traps have been proposed, the
physical nature of these traps has not yet been clarified. The weight of experimental evidence24
supports the view that the interfacial traps arise, primarily, from unsatisfied chemical bonds (dangling
bonds) at the semiconductor surface; when the Si lattice is abruptly terminated along a particular

plane to form a surface, one of the four surface-atom bonds is left dangling, as shown schematically
in Figure 22(a). Logically, the thermal formation of the SiOy layer ties-up some, but not all, of the

Si-surface bonds. It is the remaining dangling bonds which become the interface traps shown in
Figure 22(b). To add support to this simple physical model, consider a <100> surface of silicon
where there are approximately 6.8 +1014 atoms cm2; if one-thousandth of these formed interface
traps, and one electronic charge is associated with each trap, the structure would contain 6.8 * 1011
traps cm-2. This agrees very well with experimental evidence presented by DEAL24-25,

Also, charges may exist in the oxide layer - oxide charges - which also affect MOS characteristics.

The basic classifications2® of these traps and charges are listed below and are shown schematically



73

- — — — — — — — — — SURRACE

/U\F
=t J\[
)::/

Sig,
/]\ (b)
) VN VR a
L ﬁ\_/b j\/{ U
@ —Oxygen (O —Stticon

Figure 22: The physical model for interfacial traps:

(a) "Dangling bonds", which occur when the silicon lattice is abruptly terminated
along a given plane to form a surface.

(b) post-oxidation dangling bonds (relative number greatly exaggerated) which
become interfacial traps.



74

in Figure 23. Charges in a real MOSC consist of:

(1) Interface trapped charges, Qj, which are charges located at the Si-SiO» interface with
energy states in the silicon forbidden bandgap, which can exchange charges with
the silicon very quickly (so-called "fast" states). Q;; can, possibly, be produced by

excess silicon (trivalent Si), excess oxygen and impu rities.

(2) Fixed oxide charges, Q, which are located at or near the interface and are immobile

under an applied electric field.

(3) Oxide trapped charges, Qqt, which can be created by, for example, hot-electron

injection.These traps are distributed randomly in the oxide layer.

and (4) Mobile oxide charges, Qm, such as sodium ions, which can move throughout the

oxide layer under an applied bias or under variable temperature conditions.
The foregoing charges are the effective nett charge per unit area (thatis, C cm~2) which may be
expressed as a number of unit charges cm2.

Because interface-trap levels are distributed across the silicon energy bandgap, the intertace-trap

density, Dj;, is defined as

number of charges om2ev! -57
d Et

Ot =

0 =

The magnitude of Dj; is extremely dependent on even minor fabrication details (such as the

cleaning materials used to clean the silicon wafers) and varies significantly from one batch of devices
to another. Nevertheless, reproducible general trends have been reported26; the interfacial trap
density has been found to be greatest on <111> silicon surfaces and least on <100> silicon

surfaces, with the ratio of states on the two surfaces being approximately 3:1 ; after oxidation, in dry
O, ambient, Dy is found to be of the order of 1011-1012 states cm2eV-1, with the density

decreasing for increasing oxidation temperature22. This is why <100> silicon, oxidised at (optimum)

high temperatures in dry oxygen, is most frequently chosen for high-quality MOS devices.
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Figure 23: The terminology for charges associated with thermally oxidised silicon surfaces.
(After DEAL, Reference 25)
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trap energy in the forbidden gap.
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Annealing the oxidised silicon surfaces in dry Ho at temperatures of <500°C has been shown 1o

minimise Di127. A mechanism underlying this has been proposed which adequately describes the

annihilation of interface states by hydrogen migrating through the oxide layer and attaching itself to

the Si dangling bonds; this makes the bond electrically inactive. Using hydrogen annealing , the

value of Dy can be reduced to as low as 1010 cm™2eV-1 which is approximately one interface

trapped charge per 105 surface atoms.

The interface-trap density in thermally oxidised <100> silicon versus trap energy for a typically
fabricated MOSC is shown in Figure 24; near the midgap, Dyt is approximately constant but
increases toward' the conduction and valence band edges. Figure 24 illustrates that the
interface-trap density in the Si-SiO» system is composed of many levels, very closely spaced in

energy and, in fact, appears as a continuum over the bandgap of the semiconductor.

Since interface-traps have several energy levels within the semiconductor bandgap they are able to
exchange charge with the semiconductor; specifically, they can interact with the silicon conduction
band by capturing electrons ( an acceptor interface trap ) or by emitting electrons (a donor interface
trap) and, similarly, they can interact with the valence band by capturing or emitting holes. Capture
or emission occurs when interface traps (also called interface states) change their occupancy level.
Changes in occupancy can be broduced by changes in the applied gate bias, as illustrated in Figure
25 for a p-type substrate MOSC. In Figure 25(a), no gate bias is applied to the MQOSC and

band-bending is caused by charged interface-traps (and the contribution to the flatband voltage
due to @ms#0); the interface trap levels below the Fermi level are full and those below are empty.

in Figure 25(b), a negative gate bias is applied to the same MOSC, moving the valence band edge
at the (silicon) surface toward the Fermi level: the interface-trap levels empty by capturing the
majority carriers - holes in.p—type semiconductor - until the equilibrium condition in Figure 25(b) is
reached (if the negative gate bias is sufficient to invert the surface, equilibrium is reached involving
both majority and minority carriers) .

In Figure 25(c), a positive gate bias is applied, moving the conduction band edge at the (silicon)
surface toward the Fermi level and the interface-trap levels fill by emitting majority carriers until the

equilibrium condition shown in Figure 25(c) is reached.
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Figure 25: A band bending diagram to ilustrate how interface traps change occupancy with
applied gate bias in a p-type silicon-based MOSC. An arbitrary uniform distribution of
trap levels is shown for illustration.
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The change of charge of the interface traps when they cross the Fermi level contributes to the
MOSC capacitance and alters the ideal MOSC C-V characteristics. The effects of interface traps on
the MOSC C-V characteristic are described, with reference to recent experimental evidence, in

section 2.5.This alteration to the ideal characteristics can be a used as a measure of the
interface-trap level density; in Chapter 5, a novel technique for extracting Dj; from high-frequency

C-V curves is described.

Other charges which exist in the real MOSC, which have major effects on the ideal MOSC

characteristics, are oxide charges: the fixed charge, Qy, the oxide trapped charge, Qqt, and the

mobile ionic charge, Qy, as shown in Figure 23 and described briefly above.

The fixed oxide charge has the following propérties:

(@) ltis fixed and cannot be charged or discharged over a wide variation of Ug.

(b) Itis located within approximately 3nm of the Si-SiOp interface16.

(c) ltis generally positive and depends on the oxidation and annealing processes used
during fabrication and on the silicon wafer crystal-orientation.
(d Its density is not greatly affected by the oxide thickness or by the type or

concentration of impurities in the silicon substrate.

In electrical measurements, Q¢ can be regarded as a charge sheet located at the Si-SiOy interface.
The origin of oxide fixed charge has not, as yet, been found; however, it has been suggested16
that excess silicon (perhaps trivalent silicon) or the loss of_an electron from excess oxygen carriers
(non-bonding oxygen) near the Si-SiOy, interface are possible causes.

Consider the case illustrated in Figure 26, which shows a cross-section through a MOSC having a
positi‘ve Q¢ and a negative gate bias: charge neutrality requires that every negative charge on the

gate be compensated by an equal and opposite charge in the oxide and the silicon. For the ideal

case, Qs = 0, the entire compensation comes from the ionised donors; for a real MOSC with positive

Qy, part of the compensating charge must consist of Q, the rest of jonised donors.
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Figure 26: A schematic diagram showing the effect of a fixed oxide charge on an Al-SiOp-Si
MOSC.
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Figure 27: (a) The shift of the ideal C-V characteristic along the gate voltage axis due to
positive and negative fixed oxide charge in a p-type MOSC.

(b) The shift of the ideal C-V characteristic along the gate voltage axis due to
positive and negative fixed oxide charge in an n-type MOSC.
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Figure 26 shows some field lines from Qy terminating on negative charges on the aluminium gate

and fewer field lines from ionised donors terminating on the gate than would exist if Qj = 0.
Because fewer ionised donors are required, the silicon depletion-layer width, W, will be smaller than
Qs = 0 at any given gate bias. Thus, using the results of section 2.3, the capacitance will be hiéher
than for the ideal case for all magnitudes of gate bias in the depletion and weak inversion regions;

the result is a shift of the C-V curve toward more negative gate bias for positive Q¢ and, by the same

argument, a shift toward more positive gate bias for negative Q. This is illustrated for p-type and

n-type semiconductors in Figures 27(a) and 27(b) respectively. The magnitude of the shift in the

voltage due to the presence of fixed oxide charge in the MOSC is given by

AVy = Q. Votts -58

Oxide trapped charge, Qqt, can also cause a voltage shift of the ideal MOSC C-V curve.

These oxide traps are associated with defects in the SiOp and usually occur during the MOSC

fabrication process. The oxide traps are usually electronically neutral and are charged by introducing
electrons (and holes) into the oxide. Figure 28 shows the band diagram, the charge distribution, the
electric field and the potential for a p-type semiconductor MOSC with both fixed oxide charge and

oxide trapped charge. On comparison with Figure 7, it can be seen that, for the same surface
potential Ug, the effect of these charges is to shift the C-V curve toward negative voltage regimes.

In this case, the magnitude of the voltage shift due to the oxide fixed charge is given, from Gauss's

theorem, by

-
L fxuaa] verts -59
T

[

AVot = Qo = 1 [

c c

ox ox

where Qqy is the effective nett charge in bulk oxide traps per unit area of the Si-SiO2 interface, and

Hot(x) is the volume oxide trap density.
The charge due to mobile ions in the oxide layer was first demonstrated by SNOW et al30 as being

mainly responsible for the instability of the Si-SiO» system at high temperatures and high voltages.
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Alkali metal ions, such as sodium and potassium (often encountered in MOSC fabrication proceses)
can, depending on the biasing conditions, move back and forth through the oxide layer and thus
give rise to voltage shifts in the C-V characteristics of the MOS system.

Figure 29 shows the sodium concentration in a silicon dioxide layer versus depth in the layer for a

typically fabricated MOS device3! (with T' = 540nm, Na= 5*1014 cm-3); the large concentration of
sodium ions (3*1 017 ¢cm™3) at the Si-SiO5, interface cause a large flatband voltage shift and device

instability. Such a flatband voltage shift caused by mobile jonic charge, AV, can , from Gauss's

theorem, be expressed as

Tl
Np=0n- 1 [1 JXum(X)dX] Volts -60
“x  Cox T O

where Qpy is the effective nett charge of mobile ions per unit area at the interface and pm(x) is the
volume charge density of the mobile ions (that is, C cm-3). The effects of this type of charge may
be illustrated in an analogous fashion to Figure 28 by simply substituting for Qm and pm(x).

Thus, the combined effect of the voltage shifts due to each type of oxide charge is

Cox

where Qqy is the sum of the effective nett oxide charges per unit area (= Q+Qm+Qqy) at the

Si-Si0, interface. Qg can, therefore be easily determined from the flatband voltage shift of the

high-frequency C-V curve of an MOS device.

2 4.3 Carrier_Transport in Insulating Films: Conduction in_Non-ldeal MOSCs

In an ideal MOSC the conductance of the insulating layer is assumed to be zero. Real oxide layers,
however, show carrier conduction when the electric field or temperature are sufficiently high.
Using Equations 27 and 44 to estimate the electric field in an insulating layer under biasing

conditions, it can be seen that

on = Es (CS / Cox) '62
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Figure 29: A plot of the sodium concentration found in a typical 540nm thick thermally grown
SiOo layer of a MOS structure versus depth through the oxide.

(After YON, KO and KUPER, Reference 31)

thermionic
emission

#Si

Figure 30: A band diagram illustrating Schottky emission from the metal-insulator interface in an

Al-SiO5-Si MOSC at room temperature.
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where Egx and Eg are the electric fields in the oxide and semiconductor respectively, and €4 and

€,y are the corresponding permittivities. The quantity €/ €0y is approximately 3.0 for the Si-SiO»

system; thus, the field in the oxide is approximately three times higher than in the semiconductor.

At high fields (of the order of 106 v cm'1) it can be shown that the hole and electron conduction in
the SiO5 are negligible, but mobile ions (such as sodium) can move through the oxide layer and

give rise to an effective current flow. At even higher fields, but before insulator breakdown, when
carrier conduction is greater, the MOSC may actually conduct. Table 1 summarises the basic
conduction mechanisms in insulators and a brief resume” of these processes is given below. More
detailed discussion of the various conduction processes is beyond the scope of this thesis and the
reader is, therefore, referred to the excellent texts by CHOPRAS2 and O'DWYERSS,

Schottky emission33 of carriers through an MOSC is a process where thermionic emission
across the metal-insulator interface or the insulator-semiconductor interface is responsibie for

carrier transport; this is illustrated on a band diagram in Figure 30. As can be seen from Table 1, a
plot of In( Jy {2 ) versus 1 T would yield a straight line (with a slope determined by €4y) if the MOS
structure were conducting by this mechanism.

The Poole-Frenkel process34'35 is a field-enhanced thermal excitation of trapped electrons into
the conduction band, as shown in Figure 31 for an Al-SiO»-Si MOSC. For trap states with Coulomb
potentials the expression is, virtually, identical to Schotty emission. The barrier height, however, is
the depth of the trap potential well, and the quantity v 9 E/ n€y is larger than in the case of
Schottky emission by a factor of two since the barrier lowering is twice as large due to the immobility
of positive charge. Tunnel or field emission through the insulator region, shown in Figure 32 for an
n-type substrate MOSC, is caused by high-field ionisation of trapped electrons being forced into
the conduction band or by electrons quantum-mechanically tunnelling from the metal Fermi energy
into the insulator conduction band. Tunnel emission has the strongest dependence on the applied
voltage of all the conduction mechanisms, but is, essentially, independent of temperature; this is

typical of so-called "hot-electron” injection processes.
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ASi

Figure 31: A band diagram illustrating Poole-Frenkel emission trom trapped elecrons in an
n-type Al-SiOp-Si MOSC at room temperature.

Figure 32: A band diagramiillustrating tunnel or “hot" electron emission

(a) into the conduction band (only for oxides thinner than =10nm)
and (b) from traps in the insulator layer

in an n-type Al-SiO»-Si MOSC at room temperature
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PROCESS XPR ION VOLTAGE and TEMPERATURE
DEPENDENCE

Schottky J=A'T2e [_q@b -xngmEcox)] -T2 g (@YV/T - a@p/kT)

emission kT

Poole-Frenkel  j . E @ [Q@b -x’gE(gCOX)] _v € (2avW/T-9%/ )

emission KT

Tunnelorfield j.Eg2¢ [-4x’2m'(g@b)3/2] ~V2 e (-aly)

emission 3ghE

Space-charge  j. 8CoxuV? ~ V2

lirited 973

Ohmic J= E e (AEae/kT) ~v ef(bh)

conduction

lonic J= Br e E4/kD ~Vir elch)

conduction

Table 1. Basic Condyction Processes in Insulators.
where

A'= effective Richardson constant; @p= barrier height; E= electric field;

Cox=

insulator dynamic permittivity; m*= effective mass; T'= insulator

thickness; AEge= activation energy of electrons; AEgj= activity energy of
ions and a= Y (4nCoxTs V=E/T- . Positive constants independent of V or
Tarea,b,andcC.
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" Space-charge-limited conduction is the result of carrier injection into the insulator region when no
compensating charge is present and is a bulk-limited conduction mechanism.

The current flow for the unipolar, trap-free MOSC case is proportional to the square of the applied
voltage; at low voltages (and temperatures greater than room temperatures) the current flow is
caused by thermally-excited electrons hopping from one isolated energy state to another. This
mechanism yields an Ohmic characteristic which is exponentially dependent on temperature.

The ionic conduction process is similar to a diffusion process and, generally, d.c. ionic conductivity
decreases during the time that the bias is applied, because ions cannot be readily injected into ,or

extracted from, the insulator layer of the MOS structure; after an initial current flow, positive and
negative space-charges build-up near the Al-SiO5 and Si-SiOp interfaces causing a distortion of the

potential distribution. When the field is removed, large internal fields remain which cause some, but
not all, of the ions to flow back to their equilibrium position: as a result of this hysteresis effects in the
I-V curves of MOS structures is seen.

For a given insulator, each conduction mechanism may dominate a particular applied voltage (and
temperature) range. The processes are also not independent of one another; for example, in the
case of large space-charge effects, the tunneliing characteristic is found to be very similar to
Schottky emission.

More often than not, over the gate-voltage range used to investigate MOSCs, all the conduction
processes come into effect and the conduction mecihanism is a hybrid of all those mechanisms
listed in Table 1.

An extermely important parameter of the MOS structure, in panicular MOSCs, is the insulator
maximum dielectric strength (also called the breakdown field). The essential breakdown processes
in insulators are due to thermally and electrically initiated breakdown38. These are competing
processes and the process with the lower field dominates, causing the breakdown. The
mechanisms and models which describe dielectric breakdown processes and their initiation are

discussed in detail in Chapter 3, where a critical review of the available literature and experimental

evidence is presented in order to consider the Al-SiOo-Si MOSC under high-field stressing.
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2.5 The AlI-SiO5-Sl MOSC: Recent Experimental Findings

In this section some of the more important experimental findings that have emerged from studies of
the Al-SiO5-Si MOSC structure over the last decade are reviewed; more extensive details and

references can be found in the book by NICOLLIAN and BREWS16 and in the texts edited by
SCHULZ and PENSL37 and BARBESS.

It must at this stage be emphasised that device characteristics are strongly dependent on the
processing and fabrication techniques used in MOS technology; that is, MOSCs produced using
the same process but, for example, having oxides thermaily grown on substrates with differing
doping densities and orientation, have markedly different characteristics (similarly, devices with the
same substrate type but fabricated using differing processing techniques also have ditterent
characteristics).

The findings presented here are for MOSCs produced using very similar processes, fabrication
techniques and silicon substrates to those used to make the MOSCs used in this study. The
findings for virgin devices presented in this section show very similar characteristics to those used in

this study (which are presented in Chapter 6).

2.5.1 Oxide Morphology and the Si-SiOp_lInterface

The basic structural unit of a thermally grown SiO» layer is a silicon ion surrounded tetrahedrally by

four oxygen ions, as shown schematically in Figure 33. The silicon-to-oxygen internuclear distance
is 0.16nm and the oxygen-to-oxygen proximity is 0.227nm. Several workers have found39-41 that

these tetrahedra are joined together in a variety of ways to form the various phases (or structures) of
SiOop; the basic crystalline structures of SiOp each have several modifications and, therefore, SiOp

can exist in a large variety of crystalline forms. However, the amorphous structure grows when
silicon is thermally oxidised and is by far the most important in MOSC applications.

The basic difference between a crystalline structure and the amorphous formis that the crystalline
structure has long-range order, extending over many molecules, whereas the amorphous form is
not ordered on a macroscopic scale (it has short-range order extending over just a few molecules).

Recent investigations by YEH42, KARUBE43, DEAL4# and EDAGAWA et al%3, agree with the
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Figure 33: An illustration of the basic structural unit of SiOp.

® SILICON
O OXYGEN

Figure 34: The amorphous structure of fused silica.
(After STEVELS, Reference 46)
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earlier work of STEVELS46which show that, in amorphous SiOy, there is a tendency for the

formation of characteristic rings with six silicon atoms, as shown in Figure 3k. Further work in this
field by NAGASIMA47has revealed that such amorphous silica is, in fact, in a metastable state which
tends toward a crystalline or devitrified state; this is especially facilitated by the presence of impurity
ions (such as sodium) in the silica, which act as nucleation centres for the formation of crystallites.
This crystaliisation would produce severe mechanical strain and cracking of either the silica, the
silicon substrate, or both. This, according to IRENE48, may be the mechanism by which oxide traps

are formed which, eventually, may lead to device breakdown under high-field stressing.
Compared with the crystalline structure of the most commonly found SiOp lattice - quantz - the
amorphous state is very “"open”, with only 43% of the space in the amorphous form being occupied

by SiO» molecules. KRIVANEK et al49 suggest that this provides the means whereby a variety of
electrically active impurities may enter and diffuse through the SiOo layer of a Si-SiOp based MOS

structure. Such diffusion is unacceptable in MOS devices since the Si-SiOy interface is extremely

sensitive to the smallest traces of electrically active impurities, and in some cases may dominate the
electrical properties of the device; WOODS and WILLIAMS 50 have shown that sodium ion

concentrations in the low 10° cm2 range (measured at room temperature) can, in a p-type silicon

Al- SiO»-Si capacitor (T'=100nm), produce a flatband voltage shift of up to 0.3V.

This emphasises the importance of the Si-SiOp interface within the thermally grown amorphous

Silicon dioxide layers used in MOS technology; the oxidation of a silicon surface produces a layer
whose atomic arrangement is not well understood but dominates MOSC characteristics.

Many authors®1-29 have proposed that there is a non-stoichiometric transition layer, often
described as SiOy, separating the silicon substrate from the stoichiometric SiOp (where x lies

between 1 and 2).The detailed atomic structure of the transition layer, including its uniformity and

width, its structural disorder and affinity for impurity atoms, continues to be a subject of debate. One
popular model for non-crystalline SiOp and the Si-SiO, interface is the cluster Bethe lattice model,

described by LAUGHLIN et alf0 and SAKURI and SUGANOS, which takes the topological aspects

of structural disorder into account.

This model is simple in form and can be easily given parameters which suit SiOop; HERMANNS62
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used the Bethe model to study the electronic and lattice- vibrational spectral properties associated

with ideal and real interfaces in Al-Si-SiO» MOSCs with, assumed, perfectly flat interfaces and
concluded that the oxide within 1-3nm of the silicon surface is, in fact, strained SiOp which,
although stoichiometric, is chemically different from the bulk SiOp because of an excess of silicon

atoms. Considerable evidence is given in support of such a region by GRUNTHANER et al®3 who
used XPS to determine the concentration of silicon atoms at the interface; similar work by

FELDMAN et ai®4 shows that an excess of approximately 2+1015 ¢cm2 silicon atoms is typical in
Al-SiO5-Si MOSCs produced using various fabrication techniques, giving further credence to the
existence of a silicon-rich layer at the interface.

Another popular model of non-crystalline SiOp grown on silicon is the continuous random network
modeif5-69 which proposes that the grown layer is composed of a variety of randomly oriented

SiO4 tetrahedra which are linked to form a continous network of Si-O-Si bonds. Models of this type

have recently been employed to describe the electrical properties of the Si-SiO5 interface in
MOSCs produced on a variety of n-type and p-type <100> silicon 70; DOHLER and co-workers’ 1
concluded from this work, in conjunction with their own studies on Al-SiOp-Si MOSCs (T'=

100-400nm), that it is the effects of such a continuous random network which increases the
dominance of interface traps over the bulk oxide traps; this dominance was seen to such an extent
that the breakdown voltage was decreased for p-type devices (and increased for n-type devices)
and the threshold voltage was similarly affected, in a fashion seen only in very-thin-oxide devices by

other workers72.

Most of the descriptions of the Si-SiOp interface in MOS devices assume that the interface is
perfectly flat; however, recently, evidence has been presented73'74 to show that the Si-SiOs is, in
fact, quite rough by MOS technology standards. BLANC et al’> and KRIVANEK et al’3-74, using

electron microscopy with a resolution of approximately 1nm (the resolution in the SiO» is not

known), have shown that a typically-grown SiOp-on-Si structure has peaks and troughs ranging

from 2nm to 4nm above (or below) the mean position of the interface. CHEN and SUGANO76 have

extended this work and found particles at the interface,which varied from 2nm to 5nm in size, which
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were identified to be crystalline silicon clusters; the typical cluster density was 6*1011 cm2 of

interface. CHEN and SUGANO also found that the density of these crystallites correlates well with
an increase in the SiO, dielectric breakdown defect-density, as reported by OSBURN and
ORMOND/7.

It has been concluded that such crystalline silicon clusters at the interface could be responsible for

both the increased surface roughness reported by KRIVANEK73-74 and the increased density of
silicon atoms at the Si-SiO» interface, which, combined with a random network of SiO4 molecules in

the bulk oxide, produce the anomalously large defect-densities and trap densities seen in even

high-quality Al-SiO2-Si MOSCs fabricated by the most modern techniques.
Few workers report any anomalies in the structure and surface roughness at the Al-SiO5 interface;

the interface is still assumed to be perfectly flat (and smooth) with a total atomic mis-match of the two

layers.
The implications of these results on the idealised picture of the real Al-SiOp-Si MOSC are,
therefore:

(@) No longer can the Si-SiO2 interface be thought of as being composed of crystalline

SiOo overlaying crystalline Si with ideal bonding between the two.

(b) The SiOo layer may not be stoichiometric throughout the interface, which may be the

explanation for the observation of silicon-rich layers in the oxide.

(c) There are electrically active ion impurities in the oxide which contribute to anomalous

behaviour of MOSCs.

and (d) the Si-SiOp interface is not perfectly flat, as assumed in the idealised model, causing

deviations in the band bending approximations and decreased breakdown potentials

for devices.



2.5.2 Interf r “Oxi har n r in risti

In section 2.4.2 the theoretical characteristics for Al-SiO5-Si MOSCs with interface traps and oxide
charge are presented; in this section, experimental evidence is presented to show the etfects of
such traps and charge on the electrical characteristics of real MOSCs.

Many workers have striven to explain the presence of intérface traps and oxide charge, and to
determine their individual effect on Al-SiO5-Si MOSCs (for examples, see references 78-85). As a

consequence, a variety of techniques have been devised to study these, including:
photo-ionization methods86, avalanche technique587 and, by far the most versatile, the C-V
technique®8.

Over the last two decades this technique has revealed substantial information on the nature of
interface traps and oxide charge: DEAL8BS has reviewed seventeen different types of defects

proposed by other workers which could cause interface states and affect the ideal C-V characteristic
for an Al-SiO»-Si MOSC. By far the most important of these are: the inclusion of impurity defects

(Na* ions, excess silicon ions and water molecules, for examples) in the device at the time of
fabrication and lattice mis-match at the interface.

According to LENAHAN and DRESSENDORFERS0, these defects cause hole traps in the oxide
which affect the C-V curve by shifting the mid-gap voltage of the curve by an amount AVmg, such
that
AVmg= Dnt 4 -64
Cx
where Dpy is the density of hole traps in the oxide layer. This agrees well with the work of FISCHETTI

and RICCO91 who have shown that positive charge (hole traps) generated at the interface is related
to slow states (traps deep in the oxide) caused by unidentified ionic species and that there is a
strong correlation between slow states and hole traps, and fast states (traps close to the interface)
and electron traps: the effect on the C-V curve for MOSCs is demonstrated admirably by the work of

ZAININGER and HEIMAN92 who showed that, assuming very little trapped charge in the oxide layer



94

at the outset of testing a virgin MOSC, four main results are possible:

(1) Positive bias shifts the C-V curve to the left, due to injection of positive charge from

the metal gate electrode (polarisation has occured ).

(2) Positive bias shifts the C-V curve to the right due, to injection of negative charge from
the silicon (electron trapping).
(3) Negative bias shifts the C-V curve to the left, due to injection of positive charge from

the silicon (hole trapping).

and (4) negative bias shifts the C-V curve to the right, due to charge injection of negative

charge from the metal (polarisation has occured).

The assumption that there is very little trapped charge in the virgin MOSC structure at the outset of
testing is fallacious; the best Al-SiOp-Si MOSCs, fabricated with the most modern techniques , may

have as few as 1010 q cm-2eV-1 at flatband conditions. This, according to YOUNG33 (who
assumes that a lattice mis-match between the silicon and the oxide layer is the only defect in the

device) is near the theoretically-attainable minimum number for silicon devices. The results

presented by SCHULZ80 for a <100> n-type silicon Al-SiOo-Si MOSC with a 64nm oxide layer (

reproduced in Figure 35) show a Dj; at flatband conditions of approaching 1010cm-2 ev-1, which
produced a flatband-voltage voltage shift of -0.65V; this is a near-ideal MOSC .

YOUNGB2 attributes this voltage shift, AVy, at flatband conditions, to a filling of traps in the oxide
and throughout the interface by charge-carriers with a charge centroid which covers the entire oxide
thickness, such that

AVgp= q (Nx) -65
eOX

where N is the total number of filled traps in the oxide cm2 and x is the centroid of the charge
measured with respect to the Al gate electrode.

Photo-injection |-V techniques, performed by SAH et al®4, have shown that this charge centroid
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.occupies almost the whole of the oxide thickness, and that

NVip=c (T-9'109 , ¢ is some constant -66

Thus , SAH et ai®4believe that there is a strong relationship between the flatband voltage shift and
the device thickness minus the width of the region not occupied by the charge centroid; this implies
that, in real MOSCs, one should see an increase in AV with incresing device oxide thickness, T,
tending to a limit dependent on the proportion of the oxide layer consumed by the charge

centroid.This is corroborated by the work of NICOLLIAN and BREWS16,

One therefore expects any virgin Al-SiO»-Si based device (with either n-type or p-type silicon

substrate) to have an intrinsic AV¢, due to trapped charge (at the interface and/or throughout the

oxide layer) directly proportional to the total number of traps and charges.

Most workers amalgamate the effects due to oxide charge and interface traps under the general
term for the density of interface traps, Dj;, since using C-V techniques it is not possible to
distinguish between the effect of each trap type or charge carrier present, just the overall effect.
(However, a novel technique to calculate the D;t and Qgy values trom the high-frequency C-V

characteristics for an MOS device is presented in Chapter 5).

The trapping characteristics of devices cannot, unfortunately, be studied using the C-V technique
and only the effects of the traps present may be evaluated. Avalanche charge-injection techniques,
such as those presented by WOLTERS and VERWEY93, however, can reveal aspects of the
trapping process; in particular, the probability of varying trapping efficiency (or a capture
cross-section for trapping) has been proposed and investigated. This concept, of a capture
cross-section for trapping can be used to explain the recent results of DIMARIA®® and YOUNGE7

who, by ion implantation and irradiation techniques, are able to introduce a known number of traps
to Al-SiO»-Si MOS devices and investigate their etfect. WOLTERS and VERWEY®5suggest that

traps are generated at specific trapping sites throughout the interface such that a number of hole
and electron traps may be introduced to a previously "clean" device when under various conditions

of bias or avalanche injection; these traps may then be filled by positive or negative charge injection
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or by "hot" electron injection while the device is under high-field stressing. (Concurrently proposed

is the application of the Zeldovitsj equation98, used in chemisorption kinetics, to give the required
trapping characteristics shown by most Al-SiO5-Si type devices; further description of their work in

this field is inappropriate here, and beyond the scope of this study).

The work of DIMARIAZ® and YOUNGS7 and the proposals of WOLTERS and VERWEY® can be
used to perhaps explain why results presented by early workers in the field”8-82show anomalous
trap densities under high field stressingor irradiation conditions, which is discussed in Chapter 4.
The implications of these recent findings are that:

(1 Typical C-V curves for real Al-SiO5-Si MOSCs are similar to those of SUZUKI et

al®9 presented in Figure 36 and 37.

(2) Flatband-voltage voltage-shifts, Vi, are to be expected in real, virgin devices,

which are proportional to the thickness of the oxide and density of traps within

the device.

(3) Typical virgin device trap densities (equivalent to Dy for C-V measurements) are

of the order of 1010 cm2 eV-1 at flatband conditions for clean devices.

(4) Traps occur at various trapping sites which are mainly at intrinsic defect or
impurity defect centres in the SiOp (or at the Si-SiO» interface) and have

various capture cross-sections dependent upon the trap energy and position

in the oxide.

and (5) trap occupation may be effected by several mechanisms for a device under
bias, with different types of trap for different of charge carriers; there are,
essentially, hole traps (acceptor traps) and electron traps (donor traps) which
may be occupied by injected charge, injected from the metal (Al) gate or

semiconductor (Si) substrate depending on the device bias polarity.
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har njecti n har risti ’
Experimental evidence that positive charge is induced in thin films of thermally grown SiOop under

high-field stressing has been reported by several investigators100-102_In the MOSCs used in their
research, the current in the device is limited by the electrode barrier. At a moderate applied field,

according to LENZLIGER and SNOW103 the current reproduces a Fowler-Nordheim characteristic
for electron tunneling into the SiOsfrom the cathode100,103: when the current is increased

sufficiently, the current deviates from the Fowler-Nordheim characteristic , becoming Iarger‘m, as
shown in Figure 38. This effect is interpreted by GOODMAN 104 55 being due to a positive charge
generated by ionizing collisions of injected electrons with bound electrons. The electrons, being
mobile 105, are quickly swept-out by the applied field, while the relatively immobile holes106-107
are left, giving rise to a nett positive charge (as described in section 2.5.2).

Further evidence for electron (and hole) injection is given by many workers , but there is still
considerable controversy over what mechanism is responsible for this in MOSC oxides under

high-field stressing08-111. According to SHIRLEY112 the most likely mechanism is
impact-ionization by electrons at the Si-SiOp or AI-SiO5 interfaces, depending on the polarity of the

applied field, producing immobile holes in the oxide; further interfacial trap formation and filling of
traps leads to a buildup of positive in the oxide. As is shown in section 2.5.2, this positive charge
produces a shift of the C-V curve for the device to a negative regime. SOLOMONT115 proposes that
hole injection follows a similar mechanism.

An explanation as to why impact-ionization should occur initially is perhaps given in the work of
DIMARIA et alt14 who suggest that impact-ionizationis the result of hot-electron injection from very
shallow interface traps (fast surface states); such injection could occur due to surface roughness of
the substrate and defects in lattice matching at the interface.

NICOLLIAN and GOETZBERGER 15 have determined that, generally, electron injection occurs

when the substrate is p-type and hole injection occurs when the substrate is n-type semiconductor.
Such injection from electrodes into the SiO5 layer governs the flow of current through an MOS
device, as briefly described in section 2.4.3. ZAZOUK et al116 have demonstrated that the current

flow (d.c. characteristics) in Al-SiO5-Si <100> n-type and <100> p-type substrate MOSCs is
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Figure 38: A Fowler-Nordheim plot for a SiOp layer, thickness 49.4nm;, deviations from the

linear relationship at high fields are due to positive charge in the film induced by
electron injection from the cathode.
(After SHATZKES and AV-RON, Reference 102)
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Figure 39: Experimentally determined I-V characteristic for a <100> n-type 2Qcm silicon based
Al-SiO»-Si MOSC with an oxide layer of 150nm.
The “"ledge" is due to guasi-saturation of the current as traps fill; conduction
then follows a displaced Fowler-Nordheim conduction process.
(After SOLOMON, Reference 113)
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dependent on:

(1) the total time of application of the field: carrier trapping has been shown!1to

be strongly time dependent

(2) the polarity of the applied voltage: a greater current flow is seen with the silicon biased
negatively with respect to the Al gate electrode rather than positively, for both n-type

and p-type silicon substrate devices

(3) the applied field strength

and  (4) the oxide film thickness; the thicker the film, the greater the current flow. For very thin

films (<20nm) the converse is true.

Further investigation of these dependencies by SOLOMON113 and HARTMANN117 using
ramped current 1-V techniques reveal |-V characteristics typical of those shown in Figures 39 and
40. The "ledge" in the I-V curve shown in Figure 39 is very important; KLEIN and
SOLOMON? 186><plain this in terms of a quasi-saturation of current whilst traps are filling and
producing an internal field build-up which opposes injection.

When the traps are completely filled the current increase follows a displaced Fowler-Nordheim

characteristic, where the field appears displaced by an amount AF|, such that

AFL = aN_ (1-%/7) -67
CCqx

Thus, the trapping parameters of the oxide in the device under test may be simply evaluated from
the width of the ledge in the I-V curve.

Figure 40 shows the work of HARTMANN117 where the characteristic ledge, AF|, is not seen ;
according to SOLOMON!13, this is because the ramp-rate of the applied field used in

HARTMANN'S experiments was so slow that there could be no build-up of internal field to oppose

carrier injection and the device could, therefore, follow normal Fowler-Nordheim injection
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Figure 40: Experimentally determined I-V characteristic for a <100> p-type 7Qcm silicon based
Al-SiO5-Si MOSC with an oxide layer of 127nm.
The quasi-saturation of current is not seen here since the device follows
Fowler-Nordheim characteristics due to the low sweep-rate of the applied field.
(After HARTMANN, Reference 117)
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Figure 41: Sequentially ramped gate voltage [-V characteristics for a <100> n-type Al-SiOo-Si
MOSC with a 150nm oxide layer; the first curve was recorded with a slow ramp rate,
the second curve was recorded immediately after the first the same voltage-ramp
rate. The device broke down at the end of the second voltage ramp.

(After SOLOMON, Reference 113)
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processes. On removal of the current ramp and subsequent, rapidly followed, ramping it is seen that
the I-V characteristic is further shifted to higher applied field regimes, until the device breaks down,
as shown in Figure 41. lf, however, the current ramp is reversed in polarity on the subsequent
sweep considerable hysteresis in the 1-V characteristic is seen; this is due to the partial filling of traps
which cannot empty (or take a much longer time than the current sweep to do so), as shown in

Figure 42.

L0G, A‘IinAmpS)
4

5t

7 8 9 0
E(MvVem™)

Figure 42: Ramped gate voltage I-V characteristics for a <100> n-type Al-SiOp-Si

MOSC with a 150nm oxide layer; hysteresis of the I-V curve due to some traps
remaining filled when the field strength is decreased can be clearly seen.
(After SOLOMON, Reference 113)
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The implications of these findings in the idealised description of the Al-SiOp-Si MOSC are that:

(1) Real Al-SiO,-Si MOSCs display carrier injection phenomena characterised by

a build-up of positive charge in the oxide; this is seen as a displacement of

the C-V curve towards negative voltage regimes.

(2) Real devices are able to conduct under high applied field conditions, with the
conduction mainly dominated by a Fowler-Nordheim mechanism which is
dependent on the length of time of application of the gatebias, the

applied field strength and the oxide thickness.

and (8) typical 1-V curves for real Al-SiO5-Si MOSCs are similar to those of
SOLOMONT113 presented in Figure 39; there is a characteristic shift in
this (Fowler-Nordheim) curve which is due to a quasi-saturation of current

during trap population by carrier injection.
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CHAPTER THREE.

MOSCs UNDER EXTERNAL INFLUENCES 1:
DIELECTRIC BREAKDOWN CONDITIONS
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The electric fields épplied across MOSCs are generally quite large (of the order of MV cm1,
equivalent to 10V across an oxide layer of 100nm thick) and approach the breakdown strengths for
typical bulk dielectrics (for examples: silica, 6-aMVem1; alumina, 4-8Mch‘1).

The poorly understood phenomena of electrical breakdown of bulk insulators has been the subject
of numerous experimental and theoretical treatments which have been thoroughly reviewed by
many workers: for examples, the reader is referred to the comprehensive works of O'DWYER119,
SIMMONS120, and WOLTERS and VERWEY 121 | These concentrate on various forms of excess
current mechanisms for breakdown, mainly those caused by thermal instabilities (Joule heating
leading to cumulative thermal ionization of the insulator), defects (induced by ionization of impurities
or structural defects) or avalanche breakdowns (in which avalanche multiblication of carriers takes
place because of ionization of the lattice by collision with energetic electrons).

Although these treatments may be applied to breakdown in thin film dielectrics, it is those
breakdown processes which take place in Al-SiO»-Si MOSCs which are not caused by defects
(weak spots) or high temperatures, but due to an intrinsic breakdown mechanism specific to the
nature of the MOS system, which are of most interest to the MOS technologist; considerabie
controversy has arisen in the last decade about the nature and cause of these intrinsic breakdowns.
In this chapter a brief survey of the novel techniques used to study the high-field and breakdown
properties of Al-SiO»-Si MOSCs in particular is presented, including a review of the more recent
experimental result involving both shorting and non-shorting dielectric breakdowns. Non-thermal
breakdown theories are presented for models of breakdown induced by various electronic
processes; these are critically reviewed in the light of the experimental evidence available, and their
relevance to the Si-SiOp system is discussed.

For more general information on breakdown in MOSC insulators the reader is referred to the recent
review éﬂiCle by KLEIN122 while a bibliography of early work in the field is given in the survey by

AGARWAL 123,
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3.1 Breakdown Testing: Novel Techniques

Many testing methods have been used to obtain data on breakdown, and other related topics, in
SiOo; techniques used to pinpoint and characterise defects, such as scanning and transmission

electron microscopies, thermal decoration of defects and liquid crystal methods, are dealt with in an
excellent review article by KERN124, and will not be dealt with here. By far the bulk of breakdown
work involves standard electrical testing procedures; that is, application of a ramp or step voltage to
MOSCs and monitoring voltage, current and ‘breakdown’ as functions of time and temperature, and
using statistical analysis to characterise the device and oxide. In addition to these methods (to be
discussed in section 3.3) mention will now be made of other novel techniques which are used to
study high-field and breakdown properties of MOSCs, the results from which are used in this
chapter and have been used in forming a physical and electronic model for the MOS system to aid
the understanding of breakdown in devices such as the MOSC.

Since breakdown is a property of both the insulator and the electrodes in the MOS system, testing
methods involving electrodeless or special electrode configurations are of particular interest. Laser
induced breakdown in insulators has been reported 126127 with breakdown field in fused silica
on silicon of 11.7 MVem™1. Corona discharges have been used by WILLIAMS and WOODS128 and
by WEMBERG129, where the corona serves as a counter electrode instead of the conventional
aluminium layer; fields in the oxide as high as 14 Mvcem! have been obtained using a negative
corona polarity, where electron injection into the oxide is inhibited.

According to BUDENSTEIN130, who, like WILLIAMS and WOODS, used a Kelvin probe 28 to
measure the oxide surface potential, such techniques eliminate the charge collection at the Al-SiOo
interface and so give a true measure of the oxide breakdown field. This implies that the metal

electrode reduces the breakdown strength of SiOo in the metal-SiOp-Si system, since an accepted

value for the breakdown potential strength of SiOp-0n-Si is in the 6-9 MVem™ T range131.

Internal photoemission, used first on MOSCs by WILLIAMS!32, whereby the thickness and
spectral dependence of stimulated photoemission from the oxide layer of an MOSC structure with
an ultra-thin (<20nm) top metal electrode are investigated, has been used extensively 132-133 1o

study MOS properties such as the electrodes barrier height and electron trapping, while the use of

ionizing radiation in MOSCs has given valuable information on electron!34 and hole135-136
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transport properties and the SiO, bandgap!36 and valence band structure137.

Fission-fragments can also be used as a tool to study breakdown, as is demonstrated by the work of
TOMMASINO et al'39 who used a Cf252 source to irradiate MOSCs under bias and obtained a
correlation between the incidence of fission-fragments and the number of breakdowns occurring in
the MOSCs which were not due to defects, but appear to be intrinsic breakdowns (this is discussed
in great detail in Chapter 4, which deals with radiation effects in MOSCs). Fission-fragments are
seen to induce breakdown, the study of which may add another facet to the complex process of

intrinsic dielectric breakdown.

3.2 The Breakdown Event

The most recent, and generally accepted, description of the breakdown event is that proposed by
KLEIN138, who describes breakdown in MOSCs as a multistage event, consisting of:

(1) aninitiating stage, followed by

(2) instability and current runaway

(3) the voltage collapse and discharge of the electrostatic energy stored in the specimen

and (4) the establishment of a new low-voltage state.

The discharge usually occurs in a filament of oxide and, for MOSCs with thin (<100nm) counter
electrodes, non-shorting breakdowns, where the high localised currents and temperatures
evaporate the electrode material around the breakdown channel, may occur 140 isolating the
damaged area.
For the non-shorting event, two additional steps are required in Klein's description:

(5) quenching of the hot breakdown channel

and (6) recovery of the circuit via series-resistance sample-capacitance time constant.

Klein postulates the existence of a short gaseous arc during the destructive stage of the
breakdown, with a voltage of approximately 10V needed to sustain it. Arc temperatures of over
4000°k have been measured spectroscopically by OSBURN and ORMOND 141 who correlated the

energy for destruction of the oxide with the electrostatic energy stored in the MOSC.



109

In the case for shorting breakdowns, where the top gate electrode is comparatively thick (>100nm),
the top metal electrode is melted but does not evaporate; the molten metal replaces the filament of
oxide, which has evaporated to leave a small channel or crater, and creates a conducting path from
the metal gate electrode to very near (or even into) the silicon substrate. If, after breakdown, this
conducting channel only reaches part-way into the oxide the likelyhood that a further breakdown will
occur at this (defect) site due to field-enhancement is very great, and subsequent breakdowns at
this site will, eventually, produce a shorting breakdown.

The non-shorting form of breakdown has been studied in depth by YANG et al'42 who present
evidence of interesting star-shaped patterns of destruction in their <100> silicon-based MOSCs
after breakdown testing which is attributed to asymmetry in the <100> silicon substrate properties.
The usual form of the non-shorting breakdown "pit" is a volcano-like crater, often from 2nm to 8nm
across, and nearly the depth of the oxide layer13S.

SHATZKES et al143, using nanosecond pulsed-voltage techniques, claim a true switching
behaviour in their MOSCs which is phenomenologically similar to non-shorting breakdowns;

however, they maintain that their low-voltage state was a true high-voltage conductivity state of
SiO», sustained by impact ionization and injection, rather than by a gaseous arc, even with thick top

gate electrodes.

3.3 Breakdown Testing: Electrical Technigues

Breakdown data for SiO-on-Si based MOSCs has been reported for a variety of devices fabricated

using a variety of processes; both shorting and non-shorting breakdown data is available. For
non-shorting breakdowns, many breakdown tests may be carried out on a single MOSC whereas in
contrast many MOSCs are needed to investigate shorting breakdowns.

Breakdown detection is usually performed by sensing the associated voltage drop across a sample
series resistor ( often betweent and10MQ, dependent on the device under test) which is included
in the circuit to limit the current flow through the MOSC at the time of breakdown. For MOSCs under
bias such that they are in an "accumulation” state (as described in section 2.2.1), pulses of several
volts amplitude and of microseconds duration are possible on non-shorting breakdown 140,142,

Several workers130.144-145 haye used oxide leakage current levels to define breakdown;
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however, this author believe's that'care musi be exercised when interpreting data using this
definition because high currents can flow through the oxide without breakdown due to the
Fowler-Nordheim conduction mechanism, particularly in thin oxides (where breakdown fields are
higher146).

Figure 43 shows a typical circuit for measuring breakdown voltages and currents; the inclusion of a
timer circuit permits breakdown versus time experiments to be carried out. OSBURN'41, in his
timer-testing technique, distinguishes between the first (non-shorting) and final ( shorting)
breakdown, although it is not clear to what extent the final shorting breakdown is a fundamental
property of the insulator. Using either shorting or non-shorting breakdowns, breakdown testing is
performed using a ramped or stepped applied field in which gither the -applied voltage causing
breakdown or the times to (and between) breakdowns are measured; these are further divided into
short-time tests (usually ramped-voltage tests) and longtime tests (usually stepped-voltage tests),
often at elevated MOSC temperatures. Long-time elevated-temperature tests are known as
“lifetime" tests and are widely used by industry to assess the reliability of their final product;
breakdown in this mode of testing is called "wearout" by OSBURN et al147, who use the resuits of
wearout tests to determine the activation energy for breakdown.

The most common forms of electrical breakdown testing have been used in this study ; these are
described in Chapter 5 (Experimental Techniques) and, for the sake of brevity, wiil not be

discussed here also.

v COoNTRoLLER
and ALQUISITION SYSTEM |

Figure 43: A typical breakdown voltage and timer system for the acquisition of breakdown
statistics.
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4 Breakdown isti
Using the fast-ramped-voltage technique, histograms of breakdown voltages in SiOp have been

presented by many workers.A typical histogram, obtained by OSBURN and ORMOND141js
presented in Figure 44; FRITSCHE 144 separated his data into histograms with primary, secondary
and tertiary peaks, the primary peak being in the field range 6-10 MvVem-1, and related the primary
peak to the intrinsic breakdown mechanism and the secondary and tertiary peaks due to
defect-related breakdowns. OSBURN and ORMOND identify the primary peak with their final
breakdown histogram, but attribute details of the secondary and tertiary peaks to FRITSCHE'S

testing method. Histograms are particularly useful in identifying trends in breakdown voltages, and
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Figure 44: An initial and final breakdown histogram for a <100> p-type 2-4Qcm silicon based
Al-SiO5-Si MOSC with a 100nm oxide layer and 31.5nm Al gate electrode (32 mil

diameter); the gate was negatively biased with respect to the silicon substrate.
(After OSBURN and ORMOND, Reference 141)
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especially in determining the breakdown strength of .a particular batch of devices.

Both intrinsic breakdown and defect-related breakdown have been shown to be both oxide field
and length-of time-of-application-of-field dependent139'148; defect-related breakdown has also
been shown to be area dependent, although this is to be expected since, although the defects
over a particularly small area may be considered randomly sited, over the much larger area of oxide

covered by the gate electrode they might appear more evenly distributed.

3.4.1 Intrinsic_Breakdown Time and Field Dependence

The results presented by KLEIN139 for a series of consecutive breakdown tests, using
non-shorting breakdowns in Al-SiO»-Si MOSCs, are shown in Figure 45; the process of weak spot

elimination is clearly depicted. However, even after reaching a statistically stationary state, the
breakdown voltage is seen to continue to fluctuate about a mean value.KLEIN believes that this
fiuctuation results from an inherent randomness associated with an intrinsic breakdown mechanism.

On applying stepped voltages and monitoring breakdown times, using a non-shorting-breakdown
detection circuit, times to breakdown 148in SiO»-on-Si based MOSCs have been found to follow a
Poisson distribution, which is the necessary requirement for the breakdown events to display
randomness.The field dependence of the mean time to breakdown for SiO5 in similar MOSCs is
shown in Figure 46, reproduced from KLEIN'39, and it can be seen that the times to breakdown
decreases quasi-exponentially with the applied field. For SiOo the curve is very steep and this,
together with the Poisson-like distribution has led many workers to believe144-145 that intrinsic
breakdown in SiO, is time independent. SOLOMON148has demonstrated that this, however, is

not the case and intrinsic breakdown is indeed time dependent; the model SOLOMON has
proposed to correlate the statistics of ramped and stepped breakdown events in the intrinsic
breakdown regime gives excellent agreement with later work shown, as a ramped-voltage

breakdown-voltage versus probability of breakdown histogram, in Figure 47.
Very little evidence exists to suggest that Al-SiO5-Si MOSCs under breakdown conditions ( after

defect related breakdowns have been eliminated by weak spot elimination) do not demonstrate a

field and time dependence for intrinsic breakdown; this is a major factor in the most recent models
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Figure 46: A plot showing the increase in breakdown rate versus the electric field applied to a
<100> n-type 0.01Qcm silicon based Al-SiO5-Si MOSC with a 150nm oxide layer

and 36nm Al gate electrode (1mmdiameter); the gate was positively biased
with respect to the silicon substrate.
(After KLEIN, Reference 139)
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Figure 47: The probability density function and histogram of breakdown voltages of a <100>
p-type silicon-based Al-SiOp-Si MOSC with a 97.2nm oxide layer and 27nm Al gate

electrode (1mmdiameter); the gate was positively biased with respect to the silicon

substrate.
(After SOLOMON et al, Reference 148)
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based on impact-ionization discussed in section 3.6.

.4,2 Defect-R Breakdowns: Area Dependen
Defects in SiO, are generally quantised by a defect density, D, which, aithough not always

recognised as such, is a function of both oxide field and time-of-field-application47. Thus

D= D{F1t) -68
where D (F,t) is the (infinitessimal) probability cm 2 for a defect-related breakdown to occur in the
time, t, of application of the field ,F. The yield, Y(F , ), fora MOSC to survive the breakdown testing

is given by OSBURN and CHOU147 in a form equivalent to

Y=g “AD -69

where A is the MOSC gate electrode area in cm2. However, MEEK and BRAUN149 and LI and

MASERJIANT50 following PRICE191, suggest that the yield is more likely expressed as

o —1 -70
(1+AD)

The latter formulation is based on Bose-Einstein statistics, where the defects are assumed to be

indistinguishable; however

(1) there is no physical reason to believe that defects are indistinguishable.

and (2) according to BUDENSTEIN130, Equation 70 violates the principle of statistical

independence for parallel-connected capacitors.

Thus, one expects an exponential dependence of defect-related breakdowns on the area of the
gate electrode covering the oxide in the MOSC.
A quasi-exponential dependence of defect-related breakdowns on field has been found by

OSBURNT141; however, in the high field region the defect related breakdowns become
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indistinguishable from those due to intrinsic breakdown mechanisms and Equation 30 is a better
description of the breakdown dependence on A and D .

Since for different substrate materials and fabrication processes different dependencies of the
defect density, field and length-of- time-of-application of field on breakdown may be expected, the

results presented by workers may not always be compared on any quantifiable basis.

3.5 Breakdown Process and Materials Dependence

The effects of processing and of materials' dependence on breakdown in Al-SiOp-Si MOSCs has

been extensively studied and, in itself, represents a large proportion of the published material
concerning breakdown in MOSCs; a summary of the conclusions drawn from the most recent,
available data is given in Tables 2 and 3 which consider the effects of MOSC parameters (such as
oxide thickness, temperature, polarity of applied field and silicon substrate doping density) and of
processing parameters (such as oxidation temperature, oxidation ambient and so on), respectively.
In compiling the tables, data was drawn from:

References 121,122,130 and 152. -Table 2
and References 121,122,131 and 135. -Table 3

Table 2 is divided into three columns considering the effect of: maximum breakdown field, defect
density and the time-to-wearout on the breakdown characteristics of similarly fabricated Si-SiOp
based MOSCs since the effect of processing on these parameters is found to be considerably
different according to which type of breakdown (intrinsic or defect-related) is considered. The
post-metallisation annealing (PMA) factor is the difference in the various parameters between the
device being given PMA (in a dry Np ; Ho mixture, 15% Hp at 450°C) and not being annealed; the
electrode material factor is for those gate electrodes chosen different from aluminium (considered
as the electrode producing the highest dielectric breakdown strength and lowest number of

defects in the MOSC).

Here "defects” refers to low-field breakdowns obtained during relatively short timescale

room-temperature measurements while wear-out refers to results from extended high-field

stressing.
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Table 3 shows the effect of processing on the two main parameters of breakdown dependence
considered by workers: the maximum breakdown field and the defect density dependencies.
These are shown with respect to the effect of increasing the processing parameters (oxidation
temperature, oxidation ambient and so on ) from the process which produced the best quality
MOSCs with the highest breakdown field strength and the minimum number of defects.The
presence of a thin (=10nm) phosphosilicate glass overlay remaining on the surface of the silicon
substrate after cleaning, and just pre-processing, has also been considered; the usual effect of

such a layer is to passivate the surface states in existence on the "clean” silicon substrate.

Parameter Effect on Maximum Effect on Defect Effect on Wearout
increased Breakdown Field Density Time
Oxide Decreases (121) Increases (121) Increases (152)
Thickness Constant (130)
Decreases (152)
MOSC
Temperature increases (152) Constant (152) Decreases (152)
Post-metallisation Constant (130) Increases (130) Decreases (130)
Anneal
Electrode material Constant (121,122) . Constant (121) Increases (121)
Polarity of Gate Constant (121,122) Constant (121) Decreases (121)
Electrode (Al+ ve)
Silicon Substrate Decreases (122) Constant (122) Increases (122)

Doping Density

Table 2. Parameter Effects and Materials Dependence of Breakdown of Si-SiQo Based MOSCs

(The figures in brackets refer to the source Reference number)



Paramerer Effect on Maximum Effect on Defect
increased Breakdown Field Density
Oxidation X Increases  (122)
Temperature
Oxidation
Ambient Constant (121,122) increases (121)
(Wet to Dry)
Extended
Mid-Oxidation X Increases (130)
No Anneal
Presence of Decreases (131) Decreases (131)
HCI
Phosphosilicate Increases (135) Decreases (135)
Glass Layer
{=10Nnm)

on Substrate

Table 3. Effects of processing on Breakdown in SiQ»-Si based MOSCs

An “"X"in any position means that the dependence has not been satisfactorily established.

(The figures in brackets refer to the source Reference number).

3.5.1_Intrinsic Breakdown

The dependencies of the maximum breakdown field on the parameters in Table 2 can be seen to
be is slight, except for the thickness dependence for oxide films thinner than 50nm, as determined
by DISTEFANO and SHATZKES'®3 and illustrated in Figure 48.

The temperature dependence, as shown in Figure 49 for an Al-SiO»-Si MOSC with the aluminium

negatively biased, is, according to OSBURN and ORMOND41 aithough slight, highly significant to
the intrinsic breakdown mechanism.

The relative independence of breakdown parameters on the gate electrode material, as
demonstrated by WOLTERS and VERWEY 121 and KLEIN'22 is remarkable considering that
current flow in the MOSC is limited by Fowler-Nordheim tunnelling, and even for the gate biased

negative varies very little, especially for devices with aluminium electrodes.
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Figure 48: The dielectric strength experimentally determined as a function of the thickness of
SiOs layerina p-type silicon-based Al-SiO5-Si MOSC.
(After DISTEFANO and SHATZKES, Reference153)
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The effect of measurement temperature on the breakdown field strength of <100>
p-type silicon-based Al-SiOp-Si MOSCs; the gate was negatively biased with

respect to the silicon substrate.
(After OSBURN and ORMOND, Reference 141)

Figure 49:
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3.5.2 Defects
The density of defect-related breakdowns in SiO» based MOSCs is found to be affected by the

quality of the semiconductor wafer (substrate) and wafer cleaning proceduresm""154 before
fabrication of each batch of MOSCs, and also by the cleanliness of the oxidation furnace and
metallisation chamber. it is an extremely complex procedure to include all the possible variables of
the fabrication process which affect the generation of defects in the fabricated MOSC in one
function determining the outcome of a particular set of fabrication conditions. Absolute values of
the defect density are dependent on the defining threshold for defects (see section 3.4) and the
method of detection. It is not surprising, therefore, that few clear trends are observed in Tables 2
and 3; indeed, the thickness dependence is still unclear, with the defect density increasing with
increasing thickness!21, remaining constant 130 or decreasing92.

The effect of PMA on the density of defects is clearer; Budenstein has found the defect density to
dramatically increase after extended PMAs (of approximately 80minutes at 500°C) for aluminium

gate electrodes. Optical and metallographic examinations have shown that aluminium reacts with
the underiying SiOo at these temperatures, causing short-circuit paths through the oxide to the

substrate by aluminium diffusion; some correlation of the number of defect-related breakdowns with
dry-processing ( at approximately 1500°C) is shown in Table 3. Both HCI and a thin layer of
phosphosilicate glass, both used to stabilise MOSFETs against threshold voltage instabilities, also

reduce defect densities!31:135, whereas high oxidation temperatures 122 and nitrogen anneals

of the just-grown oxide layer (at approximately 800°C in dry Np) increase defects121.

3.5.3 Wearout

Most of the published data presented for wearout of MOSCs is due to OSBURN and
co-workers146’147-154. Times to breakdown are exponentially field and temperature activated and
show strong polarity and electrode material dependencies.

Figures 50 shows the maximum time to failure for MOSCs, with aluminium gate electrodes, at 300°C,
for the Al gate both negatively and positively biased. Figure 51 shows the temperature

dependence of wearout for similar devices with the Al gate electrode positively biased. It can be
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Figure 50: The maximum time-to-failure as a function of applied field and Al gate electrode
polarity for a <100> p-type silicon-based Al-SiO5-Si MOSC with a 35nm oxide layer ;

measurements were made at 300°C.
(After OSBURN and BASSOUS, Reference 154)
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Figure 51: The temperature dependence of wearout for a <100> p-type silicon-based
Al-SiO5-Si MOSC with a 35nm oxide layer ; the gate was positively biased with

respect to the silicon substrate.
(After OSBURN and BASSOUS, Reference 154)
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concluded from these Figures that the electrode material and polarity dependence of wearout
depends primarily on the anode material and the temperature, to the exclusion of most of the other
effects.

It can be concluded from section 3.5 to 3.5.3 that comparing Al-SiO»-Si MOSCs on any

quantitative basis requires a thorough knowledge of the processes by which the devices have
been fabricated. It also enables the choice of the process conditions in order to fabricate MOSCs
which have high dielectric breakdown strengths and low defect densities to be made. From Tables
2 and 3 and the brief summary of process dependencies found by other workers given above,

perhaps the ideal MOSC fabrication process, to produce low defect-density and high breakdown

strength devices, might include

(1) Low doping-density <100> silicon substrates, with a thin (=10nm)

phosphosilicate glass passivating layer overlaying the surface after cleaning.

(2) a thermally grown oxide layer grown at minimal (= 1100°C) temperatures in wet or

dry conditions

(3) an aluminium gate electrode

and (4) a post-metallisation anneal at low ( =400°C) temperatures.

3.6 Intrinsic Breakdown Mechanisms

Breakdown mechanisms have been identified for breakdowns where current runaway is caused by
electromechanical 15 or by thermal instabilities 196 in MOSCs. The former is frequently observed
in silicon based MOSCs, the thermal nature of the process clearly recognisable and the breakdown
voltages found by a.c, d.c, and pulse experiments agree well with the theoretically calculated
values for a wide range of temperatures and oxide fields; breakdown due to thermal instabilities
alone have been observed in Al-Si02-Si MOSCs157 for oxide field as high as 9.5 Mvem 1.

For applied gate voltages in the breakdown voltage regime for MOSCs, minute leakage currents
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through the insulator layer produce a negligible temperature rise; breakdown in such cases
cannot, therefore, be ascribed to thermal instabilities. From the work of VON HIPPEL158, a
mechanism for such breakdowns, based on an electronic impact-ionization process within the
insulating layer, has been suggested as the cause for such non-thermal breakdowns®. The aim of
this section is to review the main non-thermal breakdown theories and to discuss these with

respect to recent experimental evidence.

3.6.1 lon-induced and Qther Non-Thermal Breakdown Models

A purely ion-induced mechanism has been proposed by GUNDLAPP and SCHNUPP199 to explain
breakdown in very thin (<10nm thick) SiO5 films in Si-based MOSCs. In this model ionic transport of

the anode to the cathode and the formation of metallic protrusions as a result is postulated. The
increasing field-enhancement at a protrusion accelerates it's growth and this positive feedback
effect leads to runaway in growth and to a local breakdown at the protrusion; the time to breakdown
is found, by calculation, to be inversly proportional to an exponential function of the field.
Experimental evidence has not, as yet, been found for this mechanism in ultra-thin films but there is
no reason why this simple model should be thickness limited; it is probably an example of much
more complex electromechanical processes that lead to breakdown by the formation of a metallic or

semiconducting bridge across the insulator in MOS devices. CHOU and ELDRIDGE 160have found
that, in SiO, at elevated temperatures, the development of breakdowns is promoted by the

electrode metal-oxide reaction, which may lead to the growth of conducting bridges. OSBURN and
cHoU147have proposed that the high temperature breakdowns (which occur at far lower fields
than room temperature breakdowns) arise because of localised thermal runaway due to a localised
barrier height lowering at the electrode-oxide interface and not as that CHOU and EILDRIDGE had
previously proposed. However, extrapolation of OSBURN'S and CHOU'S data indicates that the

high temperature breakdowns are, fortunately, not operative at MOS device working temperatures.
An ionic theory, based on the assumption that breakdowns in SiO are initiated at isolated  (1-10nm

in diameter) protrusions that exist naturally on the surface of the cathode, has been developed by

RIDLEY161. Field enhancements at such a protrusion by a factor of ten would produce current
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densities of approximately 102-108 Acm2, raising the temperature locally by hundreds of degrees
Celsius. Such a temperature rise would generate ions by dissociation of contaminant particles and
the positive ions produced could move toward the protrusion and enhance the field and cuurent

injection locally; this positive feedback effect could cause current runaway for oxide fields above a

certain critical field, F,. Although no explicit relationships have been derived for the critical field, it
appears that in this model F, decreases with increasing (ambient) temperature and is strongly
dependent om the electrode metal. These phenomena are not confirmed in SiOp since, according
to OSBURN et al141.146experimentally, F, does not depend on the electrode metal and only a

very slight increase in F, with temperature is found. it therefore seems unlikely that the modetl

proposed by Ridley is a good, whole description of intrinsic breakdown in MOS devices.
BUDENSTEIN130 proposes that the mechanism of dielectric breakdown in solids involves the
formation of a gaseous channel through the dielectric. The high conductance on breakdown is
associated with this channel and not with conduction through the solid itself. The formation of a
gaseous channel before a marked change in conductance is ascribed to energy supply from the
external source and its storage in the solid by polarisation, collision ionization, trapping and atomic
displacement resulting in a change in the local charge balance and in broken molecular bonds. This
author believes, however, that the formation of such a gaseous channel at even low voltages would
be detectable as a marked change in conductance due to the agglomeration of contaminant
particles around the channel, forming a conductive path from near the oxide-semiconductor
interface to the gate electrode; this is, in fact, typical of the effects of the passage of ionizing
radiation through an insulating layer with detectable contamination levels of Na* ions232 (see
Chapter 4, section 4.4).

JONSCHER and LACOSTE162 propose a similar breakdown mode to that of RIDLEY 161, whereby
point defects exist in the insulator region. On application of a high field, charge carriers are assumed
to generate additional defects preferentially at existing defects. A cumulative process sets in, with
the formation of defect clusters by carriers; it is proposed that these clusters could grow by further
defect generation into a highly conducting channel connecting the gate electrode to the
semiconductor substrate and producing destructive breakdown. This has not in practice, however,

been seen to be the case.



Degradation processes have been invoked to interpret certain breakdown observations in thermally
grown SiOy in Al-SiO5-Si MOSCs: Positive sodium ion drift toward the cathode has been found to
decrease the breakdown voltage considerably. Bias temperature-stressing of the MOSCs for C-V
calculatiqns has shown that such Na*drift can produce increasing field enhancement at the cathode
which OSBURN and RAIDER163 have shown to cause breakdown by basic electronic conduction
processes at a critical field. Negative charge accumulation has been observed by HARARI164 prior
to breakdown in SiO»-based MOSCs with thin (<30nm thick) oxides as a result of electron trapping
enhanced by trap generation; a field distortion is assumed to be created and breakdown is again
interpreted to arise when a field, in this case at the anode, becomes critically high and causes
breakdown by basic electronic conduction processes.

Other breakdown mechanisms of interest are due to electromechanical and double-injection
processes, which have both been treated analytically: the electromechanical mechanism proposed
by GARTON and STARK155succestully explains the breakdown of "soft" SiOp, while the
double-injection process proposed by BARNETT and MILNES165 has been applied, in the main,
to semiconductors. According to SCHMIDLINT66, double-injection can cause current runaway in

insulators when positive carriers are trapped at the cathode and negative carriers at the anode;

instability of such a nature has not, as yet, been found to be the case for SiO5.

3.6.2 Electronic Impact-lonization Models

in semiconductors such as sificon, breakdown by impact-ionization is described by a two-carrier
ionization model. The positive feedback effect, which causes instability and current runaway in this
model, is the mutual enhancement of carrier multiplication by holes and electrons, both of which
produce electron-hole pairs on impact ionization.

In wide bandgap insulators such as silicon dioxide, impact-ionization is believed to be feasible by
one type of carrier only, owing to deep trapping of the second carrier type167. Under such
circumstances, different instability mechanisms, such as those proposed by O'DWYERg, are
thought to apply. Assuming that the ionizing carriers are electrons, the mechanism proposed may

be seen in a simple form which has the following features: electrons injected from the cathode
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traverse the insulator (SiOp) layer rapidly; these electrons can produce electron-hole pairs by

impact-ionization, and the holes generated become deeply trapped. The effective mobility of the
holes is very small and so a positive charge arises which enhances the cathode field and hence

enhances the current injection and impact ionization. The effect of this regenerative process is

successfully opposed for fields below the current runaway field, F,, by hole removal, by drift or
electron-hole recombination. For fields larger than F;, however, instabilities arise and it is proposed

that the time to current runaway, t,, decreases quasi-exponentially with increasing field 139,

The first theoretical analysis of this model was presented by O'DWYER? for the case when
impact-ionization is opposed by drift (the ID model). This theoretical form of the model can only be
obtained by numerical methods; KASHAT and KLEIN168 have developed an approximate
treatment of the model which results in closed expressions for Fy and t,. The F values calculated
from the approximate form are only a few percent less than those obtained using O'DWYER'S
rigorous treatment.

The theory for the case where the effect of impact-ionization is opposed by recombination (the IR

model) has been analysed by DISTEFANO and SHATZKES 162 and by KLEIN and SOLOMON170.
Fr and t; can be calculated by determining the condition for current runaway from the set of

conduction equations for an insulator. To illustrate this approach the set of equations for the IR
model is given with the assumptions that the insulator is planar and current injection from the

cathode occurs by tunnelling170:

2
i = AF; € (-B/Fc) -71
o = o -72
ox €o€
RN - j/q (a-sp) -73
ot

and a = agé€ (-H/p) -74

Equati&\ 71 is the Fowler-Nordheim equation for current density j. Equation 72 is Poisson's
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equation. Equation 73 is the rate equation for holes, where a is the ionization coefficient, s is the

recombination cross-section and p is the hole density. Equation 74 gives a simple form of the field
dependence of a. F is the field, F. the cathode field, q the electronic charge and C4 and C the

absolute and relative permittivities of free space and the insulator, respectively.

The remaining symbols represent constants; according to O'DWYERDY, the constant H in Equation

74, for the ionization coefficient a , depends on the energy of impact-ionization, E;, and the mean

free path for a phonon collision in the direction of the field, Ip , such that

H="E/(q Ip) -75

The solutions to Equations 70-72 give expressions for F, and t, for the IR model. Expressions for

F, and t, have also been derived for two cases of the ID model: in the first, for small ionization, the

product aT'<1, and in the second, for large ionization, aT'>1 ( where T' is the oxide thickness).
These relationships are given in Table 4 for comparison with the IR model. Table 4 also gives
expressions for a simple two-carrier ionization model if equality of hole and electron ionization
coefficients and a uniform field in the insulator are assumed.

For the ID models it is assumed that holes are released by tunnelling from traps and the hole

mobility, Hp, is given by

w, = CF e (D) -76

where C and D are constants167.

The problem as to which of these models applies to the Al-SiO»-Si MOSC under various conditions
this author approaches from a qualitative standpoint: current runaway by one-carrier ionization is
dependent on positive feedback to establish a positive space-charge region in the SiOo. For this

reason, the faster the holes are removed from the oxide, the larger the rate of hole generation by
impact-ionization must be for current runaway and the larger the breakdown field. The model is

strongly dependent on the magnitude of the effective hole mobility, and this may have values that
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vary over many orders of magnitude.
For extremely low effective mobilities, say 10°13 cm2v-1s"1, hole removal takes place mainly by
recombination and for breakdown the IR model applies. With increasing mobility, hole removal can

become more effective by drift than by recombination; in this case the small ionization ID model (for
which the product aT'<1) can become operative. A further increase in Hp leads to the case of the

large ionization ID model with aT'>1 for runaway to occur. A qualitative change in the breakdown
process must then arise in the breakdown process since for al'>1, injected electrons produce
small avalanches and breakdown may then also occur by consecutive avalanches at one spot171,

For a further increase in the effective hole mobility, high mobility holes appear in the valence band
of the oxide; if these holes cannot establish the positive charge needed for current runaway, but
can generate sufficient electron-hole pairs by impact-ionization, the two-carrier model would be the

accurate description of the breakdown mechanism in operation.

3.6.3 Discussion of the Impact lonization Models

The results summarised in Table 4 show clearly defined runaway conditions, but they relate to
idealised models. Models which are descriptions of real MOSCs are certainly far more complex: the
physical processes which determine j, a, s and pp can be very different from those presented in
Table 4; for example, a model has been proposed by O'DWYER119 which includes a derivation of
the current runaway for the ID model when current injection into the insulator is thermionic. Other
variations arise in the calculations when the trapping of positive charge is restricted to a thin layer at
the cathode. Trapping of electrons is known to strongly influence the breakdown process and has
been found 168 to increase F; in contrast, field ionization of states below the Fermi level and
positive ion motion toward the cathode decreases Fr168

The results shown in Table 4 were obtained on the assumption that the effective ionization
coefficient, a, is position independent in the insulator (oxide) layer; in fact, electrons from the
cathode have to fall through a potentialdrop of at least Ei q before they can ionize by impact, and no

impact ionization takes place at a narrow band at the cathode. Aliso, the mean electronic

temperature increases toward the anode, as does the ionization rate172. The IR model proposed
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by DISTEFANO and SHATZKES169 takes these effects into account and numerical calculations for
oxide layers thinner than 100nm (wherein the effects above would be most prevalent) result in Fe
values higher than those obtained with the IR model shown in Table 4.

The expressions for Fr and t, in Table 4 are deterministic solutions to sets of conduction equations;

they do not take into account the finite properties of the electronic carrier and the important
influence of fluctuations of these on breakdown. Fluctuations diminish breakdown fields to below
their deterministic value and restrict breakdown events in MOSCs to small volumes. The latter effect

is widely observed139 and the stochastic nature of breakdown events has been proved for

Si0, 148,

No calculations are available for the effect of fluctuations on Fy and t,, except for the large ionization

ID model; this case has been treated by KLEIN171 in an approximated theory based on the
"succession of avalanches” mode! (presented earlier in this chapter). In this hybrid model, most of
the avalanches produced by electrons injected into the insulator are ineffectual in causing
breakdown. Breakdown can only arise in the stochastic event when a sufficiently rapid succession

of avalanches occurs at one place in the insulator.

3.6.4 Comparison_With Observations

Both direct and indirect breakdown data are measured to establish the breakdown propertiesof
MOSCs: direct data give the thickness, temperature, electrode material and time dependencies of
the breakdown field; indirect data are obtained by measuring charges in the insulator121, by
studying electroluminescence 73 or by determining the influence of ionizing radiations 10, ion
implantation174, fission tragments138 and other variables on breakdown.

Many workers have presented data which is in agreement with one of the models presented in
Table 4 and, for instance, the exponential nature of the field dependence of t is widely

observed171. Such a functional dependence, however, is predicted also by models which are not
based on impact-ionization. Ambiguities arise, therefore, and these are found even within the

framework of the impact-ionization models.
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This can be well illustrated with the example of the dependence of the breakdown field on oxide
thickness; many attempts to establish this property can be found in the literature119. An inspection
of the relationships for F in Table 4 shows that the functional dependence of F, on T' can hardly
reveal which of the four models is pertinent in a given case. The electrode dependence and the
current transients are much stronger indicators of the breakdown mechanism.

The identification of the breakdown mechanism is usually a difficult task and the question arises as
to which experimenta!l evidence supports the impact-ionization breakdown process?. This is

illustrated with several interesting results: assuming that impact ionization occurs in thermally grown

SiO, at the breakdown fields expected and not before, SOLOMON and KLEIN175 have

determined the field dependence for a from current transients: @ = 6.5*1011¢ (-180/F) cm1,
where F is the field expressed in MVem 1. This is in agreement with the functional dependence of
Equation 75 which is based on a simple impact-ionisation theory. Since F, has been observed to
be rather electrode independent!4? an IR model is thought to explain breakdown in thermaily

grown SiOs in Al-SiO5-Si MOSCs169. Generally the application of the IR model to breakdown in

SiO, films thicker than 15nm has been fairly well supported by observations’ 69 on the thickness,

temperature and electrode dependencies of breakdown on current and voltage transients!75 and
on positive charge generation176 (which produces the feedback effect for current instability).

The origin of positive charge generation by band-to-band impact-ionization is, however, a subject of
serious dispute since alternative sources of positive generation are known177. This has been
strikingly illustrated by SOLOMON and AITKEN!78 who performed experiments on Al-SiOp-Si
MOSCs at fields approaching gMvem™1 with negative gate metal polarity; rapid positive charge
generation was found near the metal electrode at a rate decreasing with increasing temperature and
this charge generation can be ascribed to impact-ionization and subsequent hole trapping. Positive
charge generation, however, was found near the positively biased silicon substrate electrode too.
The charge grew at a slow rate which was temperature independent; this charge could only slightly
influence breakdown. SOLOMON and PANTELIDES’0 have also investigated the energy

distribution of electrons emitted from Al-SiO5-Si MOSCs, with oxide thicknesses of 30nm and

aluminium gate electrodes 12nm thick, under bias to fields of between 6.7 and 10Mvem™1.



Electrons with energies gerater than the bandgap of SiO» (=8.8eV) were observed although the

number of such electrons was greatly decreased by attenuation in the aluminium gate electrode.

This result offers further evidence to support the interpretation of breakdown by impact-ionization in

SiO» layers and calls for additional experiments to assess the attenuation by the thin Al gate
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electrode and to assess the numbers of above-bandgap electrons.

The conclusions which may be drawn from the data presented above from recent studies of the

breakdown process in Al-SiO»-Si MOSCs may be summarised, thus:

(1)

When breakdown processes are described by the IR model the critical field,
F,, and the time-to-breakdown, t,, increase with increasing trapped electron

charge.

In processes described by the ID breakdown model, F, and t; can be strongly

affected by the magnitude of the trapped electron charge. The effect of the
electron charge is much more pronounced in the small ionization ID model

than in thel arge ionization ID model. Experimental data available shows the
increase in F, and t, with the increase in electron charge, exhibiting a

protective effect from breakdown.

The time-to-breakdown on slow ramped- voltage tests is proportional to t, on

stepped-voltage tests. This proportionality does not hold true in fast
ramp-voltage tests and the ramp breakdown characteristic is anomalous in a
range in which t, and field decrease together. An anomalous characteristic is
an indication of electron trapping prior to the development of the breakdown
process and a protective effect from breakdown by the electron charge. The

protective effect decreases in the anomalous range of the characteristics.
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(4) Relations for the calculation of Frand t; are assembled in Table 4. These

relations are simple and offer good insight into the effect of processes

producing breakdown.

(5) The breakdown properties of an insulator are strongly dependent on the
properties of electron and hole traps. Since trap states can be subject to farge
variations, dependent on the fabrication processes used, significant
differences can be expected from independent breakdown observations on

different batches of devices.

and (6) Breakdown observations on SiO» can be well interpreted by the theories

developed in this chapter, as demonstrated by the recent work of ALBERT and

KLEIN179 and KLEIN152,
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CHAPTER FOUR.

MOSCs UNDER EXTERNAL INFLUENCES 2:
IRRADIATION
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In this chapter radiation damage and radiation effects in SiO, and how these affect Al-SiOp-Si

MOSC characteristics are discussed. Radiation induced effects, such as oxide charge buildup,
interface trap generation and radiation induced dielectric breakdown, are treated individually;
experimental evidence for these effects is presented in summary form and the mechanisms and

models which appear to describe and account for these are reviewed.

4.1 Radiation Effects in SiO,_and Si-Based MOSCs

The importance of radiation -arises mainly from interest in operating semiconductor devices in
industrial, space and military applications in a radiation environment and device fabrication
processes (such as electron beam deposition, sputtering, ion etching and ion implantation) which
expose the device to radiation field far in excess of those encountered naturally. Such radiation
consists mainly of high energy particles such as electrons, neutrons and protons, and energetic
X-ray and gamma-ray photons. In many situation devices may be exposed to other radiation field,
such as alpha-particles and fission-fragments, particularly in the nuclear power industry.

The principal cause of radiation damage varies with the application. For industrial applications
associated with instrumentation in nuclear reactors and high energy X-ray machines, as well as
military applications where the device must survive exposure to nuclear weapons, energetic
neutrons and photons are of primary importance. In processing, such as electron-beam deposition
and sputtering, photons and ions are of primary importance. For space applications, electrons and

protons produce most of the damage in semiconductor devices.
in silicon-based MOSCs, radiation damage in either the silicon or the SiOp will affect device

characteristics. In either material, radiation effects can be placed in two broad classes:

(1) Effects arising from electron-hole pair production in the material by ionizing

radiation -or ionization damage

and (2) effects resulting from defects in the silicon lattice and the oxide produced by energy

particles -or displacement damage.
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The two phenomena often occur together but result from quite different interactions of the

radiation; they have different consequences in the semiconductor and in the insulator of MOSCs.

4.1.1 lonization and Displacement Damage

lonization, or the creation of electron-hole pairs or ions in a solid, can be directly produced by either
charged particles or photons. Figure 52 illustrates electron-hole pair production in any crystalline
s0lid180. Any charged particle passing through the crystal produces ionization by coilisions with
electrons bound to lattice atoms. In insulators and semiconductors, these collisions excite electrons
into the conduction band leaving holes in the valence band; thus, electron-hole pairs are produced

as the incident
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Figure 52: A schematic diagram showing the production of electron-hole pairs by the collision
of a charged particle with the valence electrons in silicon.
(After PECK et al, Reference 180)
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Figure 53: A schematic representation of the jonization processes which can occur in SiO».

charged particle loses energy to electrons bound to the molecules bound to the lattice (or, in the
case of amorphous materials, by interaction with the electrons bound in the short-range order
clusters of molecules), in exact analogy with the production of electron-hole pairs by photons.
Neutrons and gamma-rays also cause ionization of the material through which they pass by
intermediate reactions which produce charged particles that go on to ionize the material. As tar as
the effects that depend on ionization or electron-hole pair production are concerned, the
originating particles identity is incidental. All that matters is how much energy is lost in the solid by

the particle; the number of electron-hole pairs produced is then proportional to this energy loss.
Figure 53 illustrates the ionization process in crystalline SiO». In order of increasing energy, these

_-ionization processes include:

(1) the photoelectric effect
- (2) Compton scattering

and (3) electron-hole pair production.
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Figure 54: A schematic representation of the displacement processes which can occur in
SiOo.

At photon energies less than the bandgap of SiO, (=8.8eV), no electron-hole pairs can be

generated. However, if the photon energy is greater than the barrier energy at either the
metal-oxide or the oxide-semiconductor interfaces of an MOS device, a photocurrent will occur by

carrier injection from one of the electrodes; which electrode depends on the polarity of the bias

applied across the structure. Such currents due to electron emission by UV light have been studied
in detail by NING, who gives a review of recent work in this field'81. In general, the injected
photocurrent saturates at a relatively low bias, which indicates that virtually all of the injected

electrons reach the opposite electrode.
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otons with energy greater than the bandgap of silicon or SiOp can cause photoconductivity by

2 generation of electron-hole pairs; in SiOy, this would require 8-9eV photons, whereas 3-5eV

lotons cause only photoemission of electrons from the electrodes. The energy of the incident
yoton is completely absorbed, and the valence electron injected into the conduction band has an
1ergy which is equal to that of the initial photon energy minus the binding energy of the electron
) the lattice atom. This energy is dissipated as kinetic energy by the electron injected into the
onduction band. If the injected electron has sufficient kinetic energy it can produce secondary
lectrons as it moves through the material. For even greater energy photons, electrons can be
jected from the K and L shells of the atoms in the material. The subsequent transition of electrons

rom the outer shells to the K or L shell is accomplished by the emission of additional X-ray photons,
which in turn can produce further ionization of the SiOp.

In a Compton-scattering collision (which occurs for still higher energy photons) an incident photon
creates an electron-hole pair. The photon energy is large compared with the binding energy of an
electron to a lattice atom. Only some of the energy of the incident photon is transferred to the
electron, in contrast to the photoelectric effect, where all of the photon energy is absorbed. The
scattered photon in the Compton effect can continue to produce more electron-hole pairs until it is
completely absorbed. The KE of the scattered electron can be a significant fraction (>0.5) of the
incident photon energy so a large amount of secondary ionization can be produced as the electron
is decelerated by the material. If the scattered electron energy is of the order of several hundred
KeV, displacement damage can also be produced.

When the incident photon energy exceeds 1.02MeV, the interaction of the photon with the
Coulomb field of the nuclei of the lattice atoms may result in the creation of an electron-positron pair.
The photon is completely annihilated and the energy in excess that is required to produce the
electron-positron pair is approximately evenly distributed between the two particles as KE. Photon

energies high enough to produce electron-positron pairs are not usually encountered in radiation
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:nvironments in most applications (but are most frequently found in the nucléar power industry) and
slectron-hole pair production is the usual form of radiation effect encountered.

In silicon, electron-hole pairs tend to recombine with a time constant that is the conventional
lifetime. Therefore, all effects in this class in silicon are transient and persist for the order of a lifetime
after the excitation is removed. The electron-hole pairs produced in the silicon alter its conductivity
and also contribute to anomalous currents in MOSCs.

Pulsed ionizing radiation can alter the conductivities of MOSCs by many orders of magnitude. On
the other hand, in response to a single energetic particle, these effects can be extremely small.
Figure 54 illustrates the second principal type of radiation damage, displacement damage, which
can occur in a solid as a result of collisions of energetic parﬁcies,vsuch as neutrons, with the nuclei of
atoms in the lattice or clusters in the material. If such a collision transfers sufficient energy to the
struck atom, this atom can be dislodged from its normal site and subsequently strike and dislodge
other atoms from their sites before coming to rest in an interstitial site. The cascade of displaced
atoms form disordered regions or damage clusters containing interstitial atoms, lattice vacancies and
more complex defects. In addition to the displacement damage, a large amount of ionization can
also be produced as valence electron bonds are broken in the displacement process.
Displacement damage is rare compared to the ionization events produced by charged particles and
photons discussed previously, but displacement damage creates permanent (or at least

semi-permanent) defects in the amorphous material or lattice structure. Defects and defect clusters

can act as recombination-generation centres in silicon and amorphous SiOp. These centres reduce

minority carrier lifetime in silicon and increase the conductivity of amorphous SiO». In silicon-based

MOSCs, increasing the density of generation-recombination centres in the silicon by displacement
damage can increase reverse currents due to increased carrier generation.

in contrast to electron-hole pair production by ionizing radiation, which depends only on the energy
but not the type of incident particle, radiation damage that produces displacements of lattice atoms
is extremely dependent on the particular particie. Energetic proton, for example, are tar more
effective in producing lattice damage than energetic electrons. BRUCKER et al'82 and STAPOR et
al183 have investigated the damage equivalence of electrons, protons, gamma-rays and heavy ions
in silicon-based MOS devices: they conclude that the damage sensitivity for low energy protons is

reduced compared that of electrons and heavy ions because the highly ionizing particles produce
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initial recombination of the electron-hole pairs, reducing the number of holes reaching the Si-SiO»

interface where trapping occurs. The proton dependence is a function of oxide electric field,
incident particle

angle and particle stopping power. For heavy-ion irradiation of devices under bias, charge
recombination is reported as being so pronounced that flatband voltage shifts in the C-V curves of
the device (compared with the virgin device characteristics) were only a few percent of those
measured for proton exposures.

Work by BRUCKER184 and SROUR, OTHMER and CHEN185 on neutron effects in Si-based
MOSTs has revealed that reactor heutrons produce heavy displacement damage in the oxide layer
with the associated increase in base-emitter current. It has not, however, been shown that the
base-emitter current increase is wholly due to to the neutron because of the (unavoidable) gamma
background radiation producing surface damage by means of secondary Compton electrons. As far
as MOSCs are concerned, in a reactor neutron field the effects predicted are: an increase in bulk
recombination current in the silicon184 and fluence-related changes in the dark current at room
temperature (seen as a near-linear shift in the 1-V curve with increasing neutron fluence ).

Since much of the information concerning neutron irradiations is military oriented, little work
pertinent to this study is available; most of the more recent laboratory and industrial results

published concern reactor neutron irradiation of instruments and LSI devices (such as CCDs).

4.1.2 Radiation Induced Effects

SZEDON and SANDOR186 are among the first workers to recognise that the change in MOS

device characteristics during (and after) irradiation is caused by the formation of positive charge in

the oxide layer of the device. This has led to an intensive study of radiation effects in SiOp. In many

cases the radiation damage in the SiO» is the dominant effect: it has been shown by SROUR,

CURTIS and CHOU187 that, radiation damage in the semiconductor due to low energy particles is
less important than that in the oxide since the incident radiation may lose so much energy in
creating damage in the oxide that it has insufficient energy to create noticeable damage in the

semiconductor. For higher energy radiations the three main degradation mechanisms in
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semiconductors (lifetime degradation, carrier removal and trapping and mobility degradation) arise
due mainly to displacement-type damage resulting from exposure to neutrons and all occur in the
substrate. However, the primary failure mode for MOSCs in a radiation environment is that due to a
buildup of oxide charge | and surface-effects at the metal-oxide and oxide-semiconductor
interfaces. These are termed "radiation induced effects” and are discussed in detail in section 4.2
and 4.3.

TOMMASINO, KLEIN and SOLOMON13have shown that fission-fragments can cause another form
of damage in MOSCs; for MOSCs under bias and fission-fragment irradiation this results in dielectric
breakdown occurring at far lower fields than those due to the field alone. Testing MOSCs in various
radiation fields other workers have demonstrated?88 pulsed and continuous-radiation induced
breakdown in MOSCs. This has become a topic of great importance since it has been suggested 14
that such devices might prove invaluable as dosimeters and as a research tool to investigate
neutron (or electron) induced fission in the nuclear power industry . Radiation induced dielectric
breakdown is discussed in section 4.4, where mechanisms and models are presented and

compared with recent experimental results.

4.2 Radiation Induced Qxide Charge (RIQC)

The MOSC is widely used in the study of radiation effects in SiOp. Figure 55 shows the work of
SNOW et al190 and illustrates the effect of ionizing radiation on the C-V characteristics of an n-type

<100> Si-based Al-SiO5-Si MOSC; it shows a set of high (1MHz) frequency C-V curves before

device irradiation and after exposure to a total dose of 60KRads(SiOg) and 2MRads(SiOp) Cob0

gamma-radiation with the device biased (+2.5V on the gate aluminium electrode), respectively. The
C-V curves can be seen to have shifted along the voltage axis to higher negative voltages, thus
indicating (from the results of Chapter 2) that positive charge has been induced in the oxide by
exposure to ionizing radiation whilst under bias conditions; also, the induced positive oxide
charge-density can be seen to increases with increasing total absorbed radiation dose. In addition
to the shift of the C-V curve along the voltage axis, the shape of the curve has been distorted. After

exposure to ionizing radiation the C-V curves are "stretched-out” along the voltage axis; this is
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Figure 55:The shift along the voltage axis, AV, in the MOSC C-V characteristic as a result of
irradiation of the MOSC by Co80 gamma-radiation to two different dose levels whilst
under the same positive gate biasVg=2.5V; the MOSC was a <100> n-type
silicon-based Al-SiO»-Si MOSC with a 120nm oxide layer and 1pm Al gate
electrode; the gate was positively biased with respect to the silicon substrate.

(After GWYN, Reference 189)
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Figure 56: The shift along the voltage axis, AV, and the corresponding charge, Qgt=AVcoy, in
the MOSC C-V characteristic as a result of irradiation of the MOSC by Co60
gamma-radiation whilst under the same positive gate biasVz=2.0V, shown as a
function of radiation dose; the MOSC was a <100> n-type silicon-based Al-SiO2-Si

MOSC with a 200nm oxide layer and thick Al gate electrode; the gate was positively
biased with respect to the silicon substrate.
(After SNOW et al, Reference 190)
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caused by either an increase in the number of gross charge non-uniformities or by an increase in

the interface trap level density (which will be discussed in section 4.3).

4.2.1 Electrical Properties of RIOC

Figure 56 shows the voltage shift, AV, of the C-V characteristics of an Al-SiO»-Si MOSC as a

function of radiation dose in SiO, at various cumulative doses (for various dose rates). The

flatband-voltage voltage-shift, AV, is taken as the shift from the flatband voltage for the same device

when unirradiated. A different MOSC was used from the same batch for each indicated dose rate. A

noticeable voltage shift begins to appear at approximately 1KRad(SiOy) and AV saturates above a

dose of 100MRad(SiO»). Two important factors in the effects of ionizing radiation on the flatband

voltage shift are evident from Figure 56:

(1) the saturation of AV with dose

and (2) the dependence of AV not on dose rate but only on the total absorbed dose D = Rt,

where t is time and R the rate.

Since all the charge for positive gate bias is known to reside at or very near to the Si-SiO; interface,

the charge density per unit area, Qq;, of the radiation induced charge is given approximately by

OOI=COX AV -77

A scale for Qg is also shown on Figure 56.

Figure 57(a) shows191AV as a function of dose with positive gate bias applied during irradiation wit
Cob0 gamma-radiation as the parameter and Figure 57(b) shows 191 AV as a function of dose of the
same radiation source as for Figure 57(a) but with negative bias applied to the device during

irradiation: it can be seen that at high doses, AV saturates and AV at saturationis dependent on the
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Figure 57: (a) The shift along the voltage axis, -AV ., the MOSC C-V characteristic as a resutt of

irradiation of the MOSC by €080 gamma-radiation whilst under various positive
gate biases, shown as a function of radiation dose; the MOSC was a <100>
n-type silicon-based Al-SiO2-Si MOSC with a 160nm dry thermally grown oxide

layer and thick Al gate electrode.
(After MITCHELL, Reference 191)
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Figure 57: (b) As for Figure 57(a), the shift along the voltage axis, -AV_, the MOSC C-V

characteristic as a result of irradiation of the MOSC by Co60 gamma-radiation
whilst under various negative gate biases, shown as a function of radiation dose;
the MOSC was a <100> n-type silicon-based Al-SiOo-Si MOSC with a 160nm dry

thermally grown oxide layer and thick Al gate electrode.
(After MITCHELL, Reference 191)



146

60

50

4ot

30+

lav| (voLTs)

201

q
0 1 | J
-15 -10 -5 [¢]

Ve (voLTs)

Figure 58: The change in the threshold voltage of a <100> n-type Al-SiO5-Si MOSC as a
function of gate bias applied during irradiation, after a dose of 4MRad(SiOp) of Cof0

gamma radiation. Results for two different thickness oxide MOSCs are shown: open
circles denote a 160nm thick sputtered oxide; Filled circles denote a 120nm dry

thermal oxide device.
(After MITCHELL, Reference 191)

polarity and magnitude of the applied gate voltage during irradiation.
The values of AV at a dose of 4MRads(SiO»), denoted as |AV], from curves such as those shown in

Figures 57(a) and (b), are plotted in Figure 58 as a function of gate bias applied during irradiation for
both polarities191. For negative bias bias, |AV| is the saturated value of AV, whereas for positive bia
it is approximately two-thirds of AV; thus, although |AV] at a given gate bias is dependent on the
fabrication processes used to construct the device, the saturation voltage shift due to induced
positive oxide charge is far greater for positive bias than for negative bias applied to the MOSC
throughout irradiation.

A model which qualitatively explains this behaviour is described in section 4.2.4.
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4.2.2 ion in th xi

Etching experiments on MOSCs which have been irradiated with positive gate bias applied during
X-ray, gamma-ray or high energy electron irradiation have shown that the RIOC and charged -
interface traps are located within tens of nanometres of the Si-SiO interface92.  No charge has
been found to be distributed through the bulk of the oxide. Etch-off experiments and
barrier-height-reduction mechanisms by internal photoemission of electrons from the Al gate

electrode have shown192 that, after irradiation with negative gate bias applied during irradiation,

some of the positive oxide charge produced by radiation is localised at the Al-SiO», intertace (the

density of hole traps at the Al-SiO» interface may, however, well depend on contaminants

introduced during processing?93). Barrier-height lowering by internal photoemission of electrons

from the Al gate is, however, conclusive evidence that charge of some kind is located at the

Al-SiO» interface; a lowering of the Al-SiO5 barrier height of 0.65eV for a dose of 1IMRad(SiO5) and

0.9eV for 10MRad(SiO») has been observed in Al-SiOp-Si MOSCs192. Because the image

potential at the interface, which accounts for barrier-height-lowering, is prominent in approximately
the first 2nm from the interface a portion of the charge must be located very near the intertace,
otherwise barrier lowering of the magnitude reported by workers would not be feasible. According
to the most recent investigations by SHANFIELD and MORIWAKI194 however, the charge may

extend beyond this depth.
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4.2.3 Annealing Effects

Figure 59 illustrates how oxide charge can be thermally annealed from an MOS structure and Figure
58(a) shows the annealing of RIOC by illumination with UV iight190. To investigate this effect
quantitatively, SNOW et al180have investigated MOSCs (with ultrathin Al gate electrodes,

semi-transparent to UV light) which have been irradiated with Co®0 gamma-radiation to a total dose
of 3MRad(SiO») whilst biased at +2V on the Al gate, and then annealed using a UV source and

monochromator. The MOSCs were exposed to equal numbers of UV photons; the percentage

annealing is shown in Figure 59(a) where it can be seen that there is a sharp threshold for annealing
to be initiated which is consistent with the Si-SiOobarrier enérgy of 4.25eV. Thus, when an

irradiated MOSC is annealed it can be assumed that electrons are injected from the silicon into the
oxide conduction band which subsequently neutralise the RIOC. According to KNOLL, BRAUNIG
and FAHRNER193 this is the mechanism underlying the near-complete recovery of MOSCs from
RIOC upon UV annealing and this mechanism is also applicable to the early work on thermal
annealing by SNOW et al190: however, a single activation energy characteristic of the annealing
process has not, as yet, been reported.

Figure 59(b) shows the thermal annealing of RIOC as a function of time and temperature for

AI-SiO5-Si MOSCs which had been irradiated with Cob0 gamma-radiation to a total dose of

3MRad(SiO»). It can be seen that high (=500°C) temperature annealing can very nearly return the

flatband-voltage for the irradiated device to that of the virgin device.

Thus, thermal and UV annealing have been shown to reduce RIOC in MOSCs to near-zero charge
densities regardiess of the total radiation dose and gate magnitude and polarity during irradiation.
Room temperature annealing is assumed to occur,but workers have reported that this annealing is
extremely small and near-undetectable changes in the RIOC charge density have been

reported190-191,193,

4.2.4 Models for RIQC

Two decades ago ZAININGER195, followed independently by GROVE and SNOW196 soon after,

proposed the following simple model for RIOC which quantitatively explains most of the observed
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Figure 59: (a) The percentage annealing of radiation induced oxide charge shown as a
function of photon energy; the data points correspond to an Al-SiOp-Si MOSC
exposed to equal numbers of photons (of the indicated energy) after irradiation
with Co60 gamma radiation to a total dose of 3MRad(SiOp) whilst under constant
gate bias of +2v relative to the silicon substrate. The device was a <100> p-type
silicon based MOSC with a120 nm oxide layer.
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Figure 59: (b) Thermal annealing of the radiation induced oxide charge shown as a function of
time and of temperature. A gate bias of +2V with respect to the silicon substrate
was applied during irradiation with Co60 gamma radiation to a total dose of
3MRad(SiO»). The device was of the same type and from the same batch as

that in Figure 59(a).
(After SNOW et al, Reference 190)
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features of oxide positive charge buildup in MOS devices, which has not, as yet, been superceded
by a model which fits the experimental data available as simply and more precisely: lonizing radiation,
on passing through the oxide, creates electron-hole pairs in the oxide layer by breaking Si-O
bonds, as illustrated in the band diagram Figure 60. Some of the generated carriers recombine, but
most are driven toward the electrodes by the oxide field (created by the applied bias) during
irradiation. Electrons rapidly drift toward the positive electrode, where most flow out into the external
circuit, as shown in Figure 60. Very few electrons become trapped in the oxide. Once holes reach
the Si-SiOy interface, a fraction become trapped (this fraction varies with the oxide growth
technique used and may be as small as a few percent or Iess197) in this intertacial region (also
shown in Figure 60 ).

It has been recently shown by SHANFIELD and MORIWAKI194 that there is very little hole trapping

anywhere in the oxide layer of MOSCs except at the Si-SiO5 interface, and possibly the Al-SiO»

interface, where hole traps are located. Trapped holes at the Si-SiO» interface constitute the
radiation induced positive charge observed. These trapped holes may also be responsible for the
increased interface trap level density usually associated with ionizing radiation effects at large
doses, as described by KNOLL et al193, but exactly how these interface traps are created is not
known (this effect is described in detail in section 4.3).

This model requires hole transport through the SiO5 to occur; such hole transport in SiO5 could be
controlled by bulk oxide traps. (if such bulk hole traps exist they do not trap holes permanently and
differin this respect from hole traps at the Si-SiO» interface, which trap holes for a long time). If so,
the times that holes spend in these traps are spread over a wide range and are comparable with the

transit time of the holes across the oxide. As a result, the transit time, ty, increases more rapidly than

linearly with oxide thickness. The customary hole mobility, up,

Mp= — T -78
ty Fox
is then oxide thickness dependent, field dependent and time dependent. Hole transport cannot be
described by drift alone andvaccording to PFISTER and SCHER198 must include capture and
release of holes from bulk traps.

A number of models of this type have been proposed for such hole transport; the most successful
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Figure 60: An energy band diagram for the Al-SiO-Si MOSC system illustrating the creation of
an electron-hole pair in the SiOp by ionizing radiation and the subsequent drift of
the hole (under the action of the positive gate bias) to the Si-SiOp interface
where it is trapped to form positive oxide charge.
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electron-hole pairs which escape recombination under the actiop of a positive gate
bias in <100> p-type Al-SiO5-Si MOSCs with thermally grown oxides.
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ot these197.199 describes hole transport as phonon assisted hopping between bulk oxide trap
sites. However, theoretical objections200 to this model have yet to be settled.

CURTIS and SROUR201 have proposed another model, which describes hole transport as drift in
the valence band interrupted by residence in bulk oxide traps. These two models are formally
equivalent198 , thus posing a problem in identifying the microscopic transport process.

The most recent model, proposed by KNOLL et at'93, and verified experimentally using tunnel
injection techniques in sequence with ionizing irradiations, accounts for charge buildup considering
hole trapping in neutral oxide states, the subsequent electron trapping (in now positively charged
states) and detrapping of the captured electrons.

The fraction of electron-hole pairs which escape recombination is a function of the oxide field
applied during irradiation and of the energy of the incident radiation. This fractional yield , based on
the proposals made by MCGARRITY202  is shown in Figure 61 for several types of radiation in

Al-SiO5-Si MOSCs. At low oxide fields, many electron-hole pairs recombine before the field sweeps

the electrons away from the holes; the fractional yield increases almost linearly with field in the
region below 0.5MVem-1. At fields above 2MVem™!, recombination is suppressed and nearly all the
generated charge carriers are transported to the interfaces.

Using the Zaininger model and fractional yield dependence on field of Figure 61, the MOSC C-V
curve voltage-shift versus gate bias during irradiation, shown in Figure 58, can be understood
qualitatively: Firstly, for the low oxide fields shown in Figure 58, the fractional yield is proportional to
the oxide field (from Figure 60) and hence to gate bias; thus, the linear dependence of voltage shift
on gate bias is expected. Secondly, the steeper slope of voltage shift versus gate bias for positive
gate bias compared with the slope for negative gate bias is explained by the different number of
holes trapped near the Si-SiO» interface for these two polarities; thus, for a given oxide field applied
during irradiation the same number of holes maybe generated regardless of bias polarity.

However, for positive gate bias, most holes drift toward the Si-SiO5 interfaceand a fraction of those
holes become trapped. For negative gate biases, most holes drift to the metal gate and only a

fraction of those holes generated near the Si-SiOp interface become trapped there (a small number

compared to the case for positive bias during irradiation).

Holes trapped near the Al-SiO5 interface are not appropriate to this discussion because it is the
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product of the trapped charge and its centroid with respect to the gate which determines the

flatband voltage (see section 2.4.2) and the centroid of charge trapped near the gate is near zero.

The early experiments of POWELL and DERBENWICK203 support the ZAININGER'95 and
GROVE196 models, presented in the previous section, for the creation of RIOC. The main feature

of their experimentation is the use of vacuum ultraviolet (VUV) photons as the ionizing radiation; the
advantages of VUV being that the depth of light absorption in the SiO, can be controlled by varying

the photon energy and that only electron-hole pairs are produced with no displacement damage or
other effects (although lattice relaxation effects associated with electron-hole pair production may

occur). The experiments were performed on MOSCs with semi-transparent Al gate electrodes
(=10nm thick) deposited on a 200nm thermally grown (in dry Op) oxide layer on a 0.8 Qcm

<100>p-type silicon substrate. (The electrode configuration and optical apparatus are not

described here); the pertinent results from their experiments are that:

(1) There is an energy threshold for the effect near the fundamental absorption

edge of the SiO» (equivalent to the bandgap of 8.8eV).

(2) Light penetration was of the order of 10nm, thus localising electron-hole pair

production to near the Al-SiO5 interface.

and (3) The positive oxide charge induced was found to be localised at the Si-SiO»o

interface.

These results confirm experimentally the proposals set out in the two models described in the

previous section.
Figure 62 shows the high (1 MHz) frequency C-V curves for an MOSC irradiated at constant dose

rate whilst under positive bias with photon energy as the parameter203: the C-V curves have been
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shifted to more negative gate bias regimes corresponding to the creation of positive charge in the
oxide, as predicted in the model proposed by Zaininger. The shift is a strong function of photon

energy, varying from essentially zero to 8.4eV to over 30V for a 10.2eV photon exposure. The
charging threshold is approximately 8.8eV, very nearly the bandgap of SiO».

When negative gate biases were applied, it was found no nett charge was produced. This is
interpreted as follows: consider first the application of positive gate bias and large (>10eV) photon
energies; there are two processes which occur, electron-hole pair production in the oxide near the
gate and hole injection from the Al gate into the oxide. Hole injection from the Al makes a minor
contribution because no light reaches the silicon at the higher photon energies (however,

according to OLDHAMZ204 the accumulation of a large positive oxide charge could result in a

sufficient field at the Si-SiO» interface to produce significant electron tunnelling from the Siinto the

SiOp, which is one mechanism which may limit oxide charge accumulation at large doses and is

believed to be responsible for at least part of some small relaxation effects observed following
irradiation). The applied field rapidly sweeps electrons to the gate thereby avoiding significant

recombination. There is neglible electron trapping in the oxide204 because electron trapping is a
very ineffecient process and most of the holes arriving at the Si-SiOp interface become trapped

there. Thus, every photon which creates an electron-hole pair contributes a potential positive oxide
charge.

For irradiation under negative gate'bias, only pair production in the oxide near the gate and electron
injection fom the gate can occur. There can be very little (or no) oxide charging because holes will
move toward the Al gate and, if trapped, can be annihilated by electrons injected from the gate. (At

fower photon energies, some positive oxide charging might occur because electron-hole pairs are

created near the Si-SiO» interface and hole injection from the Si may become significant as more

photons reach the silicon).

Many workers have investigated RIOC effects due to other radiations such as alpha-particles and
protons and found that similar mechanisms to that described above for photons occur for each
radiation field investigated: BOESCH and TAYLORZ205 have recently reported that high energy
jonizing radiations (0060 gamma-rays and LINAC electron beams) used to irradiate a variety of

MOSCs produced positive charge in the oxide such that one electron-hole pair is produced for
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each 18eV absorbed in the oxide. This yield has been found to be dependent on the internal
electric field in the oxide, which corroborates the work of AUSMAN and MCLEAN206,

For high linear energy transfer (LET) radiations, such as alpha-particles, the Al gate electrodes used
by OLDHAM and MCGARRITY207 were thin enough (105nm) that the energy lost by the charged
particles will be almost neglible (a 2MeV alpha-particle passing through the 105nm of Al would lose
slightly less than 0.04MeV208 and for 700KeV protons, the energy lost in this thickness gate
electrode is even less, 0.005 MeV) and so all radiation effects are, approximately, due to the oxide

only. The RIOC produced by 2MeV particles has been found to produce a flatband voltage shift of

approximately -6mVper 3.8K Rad(SiO») at an applied field of +1 MVcm-1applied to the gate in 35nm

thick oxide Al-SiO5-Si MOSCs with thin (105nm) gate electrodes; the voltage shift increasing

linearly with dose and oxide thickness.

For proton irradiations on similar devices under the same electrical conditions the voltage shift was
seen to be much smaller, approximately +3mVper 0.54 KRad(SiOp). OLDHAM and

MCGARRITY207 ascribe this voltage shift as purely radiation induced positive oxide charge by the
mechanism described for photons and not due to interface state generation. KNOLL, BRAUNIG
and FAHRNER193 have produced similar results, conluding that any injected electrons produced
in the oxide layer by irradiation of the silicon substrate (whilst the device is under positive bias) need
to gain sufficient KE in the high field across the insulator to generate electron-hole pairs by

impact-ionization; thus, high-energy high-LET particles produce a smaller RIOC than do low-energy
high-LET particles because of recombination effects in the oxide near the Si-SiO» interface where

interface traps may be generated by the radiation.

Very little work has been reported for RIOC by neutrons via displacement damage and intermediate
ionizations in the oxide layer. The majority of the work published is based on interface state
generation and neutron effects in the silicon substate producing oxide charge rather than induced
oxide charge by effects in the oxide. However, SROUR et al20% have produced a further model for
radiation interaction with MOSCs; it is an analysis of the radiation effects of neutrons on the
depletion region in MOSCs producing a build-up of positive charge. The model! is based upon data
from an investigation of the degradation of the generation lifetime (a characteristic time associated

with the thermal generation of carriers in the depletion region of MOSCs) due to the introduction of
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jeneration centres in the depletion region bulk by neutron irradiation. MCLEAN210 has noted,
owever, that this model is based upon results of a study which used a radiation source with a
soncomitant gamma-radiation incident on the MOSCs under test, which could be the primary effect
producing the observed positive oxide charge build-up, rather than the neutron irradiation on which
the model is based.

There is little evidence to suggest that neutrons produce an intrinsic build-up of positive oxide
charge and the evidence produced in favour of this is, in this authors opinion, more likely due to

effects in the silicon substrate than in the oxide layer.

4.3 Radiation In Interf Ril

Although ionizing radiation does not create energy levels (traps) in the oxide, it does generate
interface trap levels within the silicon bandgap of MOS devices; such traps are similar to the intrinsic
hole traps which occur at the Si-SiO» interface, as discussed in section 2.5.2.

Much experimentation has been carried out in order to identify the nature of radiation induced
interface traps and, despite a wealth of evidence to suggest mechanisms for RIIS generation, no

firm conclusions have yet been reached or may be drawn from the data.

4.3.1 Evidence for RIS Generation

The principal evidence for the generation of interface trap levels is the radiation-induced distortion
of C-V and I-V curves of MOSCs (and other MOS devices) as shown in Figure 63 for a typical
silicon-based MOSC after Co90 irradiation. However, as discussed in section 2.5.2, gross charge
non-uniformities and intrinsic interface traps can produce similar distortions in the C-V and I-V curves
of MOSCs. To distinguish between these two sources of distortion, one procedure is to measure
(indirectly) the surface recombination-velocity in the device.

If interface traps are produced uniformly across the interface, then, according to WINOKUR et ai?11,
the surface recombination velocity is proportional to the interface trap level density and the square

root of the product of the hole and electron capture cross sections. These parameters can be

measured independently using the conductance method (described in detail in the text by
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Figure 63: (a) Distortion of the C-V curve for a <100> p-type Al-SiO5-Si MOSC with a thermally
grown 91nm oxide layer after irradiation under positive gate bias of 5V to a total
C060 gamma radiation dose of 2.5MRad(SiOp).

(After WINOKUR et al, Reference 211)
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Figure 63: (b) Distortion of the G-V curve for the same device and radiation, bias parameters as

in Figure 63(a).
(After WINOKUR et al, Reference 211)
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1
NICOLLIAN and BREWS6) 1o ensure that the interface traps are produced by the radiation. To

measure surface recombination velocity, S, a small reverse bias, Vy, is applied (V, =0.3V is not
atypical) to the gate electrode of the MOSC and the reverse current is measured as a function of the

gate bias; a peak occurs in the |-V characteristic when the silicon surface under the oxide is

depleted because depietion ailows current to be generated through interface trap levels near
midgap. The current peak is due to the surface component of the generation current, lgen s: and is

related to Sg by

lgen s = AN Sp Ag -79

where Ag is the gate area21,

Figure 64 shows Sg as a function of €060 gamma-radiation dose for an MOSC exposed with Vg=0.
The value of S prior to irradiation was 5 cm sec!; this illustrates that Sg increases with dose and
finally saturates for doses above 100MRads(SiOp). The increases in Sq takes place over the same
dose range as the distortion of the C-V and |-V curves, and this suggests that S increases because
of radiation induced interface states ( traps ) increasing Di;.

WINOKUR et al211 have concluded that, for such Co80 irradiations, Dj; is uniformly distributed in

energy near the centre of the bandgap and, therefore, Sg and Dj; are related thus
Sq = Vo v mkT Dit V (spsp) -80

where sp and sp are the electron and hole capture cross-sections, respectively; v is the thermal
velocity, assumed to be the same for electrons and holes; and T is the absolute temperature.

An order of magnitude estimate for the product sp, Sp for RIIS can be found from Equation 80 using

measurements obtained from the MOSC and Dt from conductance measurements; this leads to

Vs, s~ of the order of 1016 t010°1° cm?, which is in good agreement with the data obtained
n=p

directly from conductance measurements of interface traps on the same dry thermal oxide after

irradiation211. Conductance measurements ¢an also be used to demonstrate that sy and sp are
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Figure 64: The surface recombination velocity, Sy, of a depleted silicon surface as a function
of radiation dose for a (100) p-type Al-SiO»-Si MOSC with a thermally grown 91nm
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invariant with irradiation and consequently the increase in Sg with dose shown in Figure 64 is,
according to Equation 80, due to anincrease in Djt with dose. Thus, ionizing radiation generates
interface traps (states), and increases Djt with increasing dose, in MOSCs.

Many workers have reported the buildup of interface states in MOSCs due to ionizing radiation

effects; in general, the data published provides near-conclusive evidence for ionizing radiation
induced interface trap generation such that the increase in D;t with dose is near-linear for

negatively biased devices under irradiation (see, for examples, the recent experimental data in
References 212-219). SHANFIELDZZO, however, reports that gamma-radiation generates interface
states which trap holes and produce results, similar to those presented in Figure 65 where a definite

increase in interface states can be seen over a large dose range, with a (dose)2/3 dependence on

production of interface states. KNOLL et al219 have produced data which affirms this for Al-SiO2-Si
MOSCs, and is reproduced in Figure 66 where the growth of Dj; can be seen to be linear in only the
dose in low KRad(SiOp) dose range; there is no evidence to suggest that different ionizing

radiations shouid produce anything other than a linear dependence of Dj; with low dose, although

the relative effectiveness of generation of interface states is in agreement with the correlation
between radiation damage in MOSCs discussed in section 4.2.5. The more heavily-ionizing

radiations (for example, alpha-particles) produce more interface states with the same dose than

less-ionizing radiations (for example, gamma-radiation)214-215.

This dose dependence of interface trap buildup is well-recognised and, in recent years, a great deal

of empirical information concerning this dependence has been obtained; also the dependence of

this buildup with time, oxide field and bias polarity has been reported2“’212v223. It has been

shown that interface trap buildup can occur in MOSCs only if a positive bias is maintained on the

gate during the entire buildup process during and after irradiation224; thus, the buildup has been

shown to be strongly time dependent. interface trap buildup has also been shown to be

temperature dependent212'215; Dy decreasing with increasing temperature during (or after )

irradiation due to an annealing effect.

Evidence exists to suggest that the buildup of interface states is a two-stage process dependent

on field-induced ion release in the bulk oxide of MOSCs under bias and irradiation223. This forms
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the basis of an empirical mode! which has been proposed by MCLEAN223  discussed in section
2.2.3 and will not be dwelled upon here.

Evidence that non-directly ionizing radiation, such as neutron radiation, produces interface states
has been produced by SROUR et al209; however, this evidence is based on purely the changes in
the surtace-recombination velocity of silicon-based MOSCs when exposed to reactor neutrons. In
this authors view, no firm conclusion can be drawn from these data since, almost certainly, there
would have been concomitant gamma-radiation with the reactor neutrons and also no evidence has
been produced to show the (expected) C-V and I-V curve distortion for the devices; a variety of
extraneous effects may, therefore, be responsible. WINOKUR and BOESCH212 have performed

experiments using similar MOSCs to those of SROUR et al209and found no shift or increase in
distortion of the C-V curves for the devices after reactor neutron irradiation, as may be expected if
these neutrons were producing large numbers of interface states; the increase in surface

recombination velocity with neutron irradiation has been ascribed to neutron induced damage in the

silicon depletion region and not due to an increase in interface states at the Si-SiOy interface.

4.3.2 Annealing Effects

The increase in surface recombination velocity and density of interface traps in MOSCs exposed to

ionizing radiation can be thermally annealed in the same temperature range as discussed previously
for oxide charge212,:215_ Annealing curves for Al-SiO2-Si MOSCs are presented21 in Figure 67;

the devices were irradiated at zero gate bias to a total absorbed dose of approximately

1O9Rad(SiO2) of 20KeV electrons; the devices were heated from room temperature in 25°C steps

to the final testing temperature for 5 minutes at each temperature increment. Figure 67 shows that

some annealing took place over the entire temperature range and that the MOSCs were completely

annealed at 300°C. Because Sy is proportional to Dj; one can see that Figure 67 indicates an

annealing (reduction) of radiation induced interface states in the device.

Several other workers have demonstrated similar annealing effects in Al-SiOp-Si MOSCs (for

i imilar fashion to that for RIOC, radiation
examples, see References 216-222) and report that, in a similar fas

induced interface states produced by ionizing radiation can be annealed216 from such a device at
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temperatures above 230°C. These workers show that there is some evidence to suggest that room
temperature annealing over long (hundreds of hours) time periods is the case for the observed
gradual relaxation of RIIS in MOSCs, as reported by STASSINOPOULOS222 and shown in Figure

68 for post-irradiation room (20°C) temperature annealing of MOSCs exposed to a mixed electron,

proton and gamma-radiation radiation field.

4.3.3 Empirical Models for RIS Generation

Evidence that the buildup of interface states in irradiated MOSCs is a complex time-dependent

two-stage process has been presented by many workers220-224: the first stage, which occurs

during the time («1s) required for radiation-generated holes to travel to the Si-SiOy, interface under

positive bias, determines the final (or saturation) value of Djt and has been found to be field

dependent and temperature independent; this stage depends critically on some interaction of the
holes as they traverse the oxide layer: the second stage, which begins after the holes have reached
the interface and, at room temperature, continues for thousands (or even tens of thousands) of
seconds, determines the time scale for the buildup and has found to be both field and temperature
dependent. According to WINOKURZ25 the buildup is observed only if a positive (or zero) bias is
maintained on the gate during the entire buildup proéess. Switching to negative bias after the first

(transport) stage inhibits further intertace state generation, and if the bias is switched negative for

some period of time and then back to positive, Djt is reduced to below the value obtained if a

positive bias is maintained throughout the buildup process.

The bulk of the evidence presented by workers has been summarised Dy WINOKUR225and has

lead to the proposal that two key factors in RIS generation are:

(1) the existence of the interaction between radiation-generated holes in the

bulk oxide layer

and (2) the role of water-related species and defects in the oxide.

Two models have been proposed which include these proposed factors: SAH226 has proposed
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that the holes when under a positive gate bias interact in the interface région to break weak Si-OH

bonds, freeing OH™ radicals to drift toward the gate, leaving dangling Si bonds which result in
interface states. However, the two-stage nature of the buildup cannot be understood with this
model, especially the long-term generation process continuing long after the hole transport is
complete. SVENSSON227 has postulated a possible two-stage process, based on the previous
work of REVESZ228, in which transporting holes break Si- H bonds in the bulk of the oxide layer,
leading to positively charged trivalent-Si centres in the bulk and neutral interstitial hydrogen atoms
which are free to diffuse throughout the oxide; the atomic hydrogen which diffuses to the interface
reacts with Si- H bonds in the interfaciai region to form molecular hydrogen and to leave dangling
silicon bonds, which, as in the SAH model, results in the creation of interface states.This model
involves a two-stage process as required by the experimental evidence but, however, fails to
explain the field and polarity dependencies of the second stage. In particular, it fails to explain how
the field during the second stage affects the timescale for buildup and how reversing the bias

polarity inhibits interface generation. SHINO et al229 have recently suggested that, since interface
traps appear to be generated under a positive oxide field, breaking the Si-OH bonds at the Si-SiOp

interface, enhanced by hole capturing, is the dominant generation mechanism.

MCLEANZ223 has compiled the experimental evidence supporting a two-stage process, together
with the proposed mechanisms for RIIS generation, into an empirical model of the two-stage
process which gives the mathematical dependencies on time, field, temperature and radiation
dose. It is, by far, the most succinct model which exists to date which explains RIIS generation.

The two-stage character of the buildup process can, according to MCLEAN223, be expressed as

ANgglt) = Ngg[E1.D] A/ ) -81

where the change of interface state density as a function of time, ANgg(t) , is written as the product

of two expressions: the saturated values of Djt at long time, Ngs™: and a time dependent function,

£(1/7 }, which approaches unity at very long times. The densities ANgg(t) and Ngg™ in Equation 81

represent integrated values of the interface state distributions over a selected energy interval in the

Si bandgap. The saturation value, Ngg™is determined soley by the first stage of the process, during
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the time that the holes move through the oxide film, and is a function of irradiation dose, D, and field

applied during the first stage, E1, but is independent of temperature. The time dependence of the
buildup is the timescale T [T,Ep], which depends on the temperature, T, and the field applied

during the second (long-term buildup) stage, E, and not on the field or temperature during the first

stage.

The explicit dose and field dependence of the “first stage function”, Ngg*°, is given by

NgsTE1,0] = AgDZ/3 g (B VEq) -82

The functional dependencies are the same in wet and dry grown oxides, although the numerical
constants vary between the oxides225 The rather unexpected two-thirds power law dependence
on dose has been observed to apply to a number of aluminium-gated silicon-based MOSCs with
different oxides over a range of doses with no apparent saturation225,

This dependence has not been fully verified and its origins are uncertain, but MCLEAN includes it in

his empirical model223. The exponential dependence of Ngg™ on JE is evident from the semilog
plot of Ngg®® versus VE shown in Figure 69 for wet and dry grown SiOp-on-Si after total dose

exposure of 5SMRad(SiO») C060 jrradiations.

Although for a fixed dose Ngg™ is determined by the field during the first stage, Ngg(t) does not

achieve the saturation value until very long times after irradiation. At room temperature and for
positive bias, the interface states begin to manifest typically in the range from 0.1 to 1.0s after the
initiation of irradiation and continue increasing in approximately a logarithmic fashion until saturation

occurs at thousands to tens-of-thousands of seconds. Hence, according to Mclean, for positive

bias the second stage time-dependent function can be expressed as

f{t/T}=bm(1+l/T) (Vg>0) -83

fot t less than a time tg at which saturation occurs. The factor b is chosen such that f { t /7 } ->unity
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ast -> tg, thatis,b={In (1 +t/T .

For negative bias

filiry=o0 (Vg<0) -84

The important quantity associated with the second stage appears to be the timescale T for the

buildup which has been found to be both temperature and field activated. McLEAN describes this
by

the expression
T=Ty elld /kT)-akp)] -85

where A is an activation energy and a and Tp are constants. This has been found to be the case
by WINOKUR et al211,

Consider an analysis of the time dependent data as a function of temperature and field in the oxide;

McLEAN takes the time at which half of the final (saturated) interface state density is reached, Ty 5 .
In Figure 70 a plot of logTy 5 versus reciprocal temperature (an Arrhenius plot) over the

temperature range 273 to 324°K for an Al-SiO5-Si MOSC at a constant applied field is shown.
From the gradient of the straight line estimate to fit the data the activation energy for trap generation

is 0.82eV. In Figure 71, log7g 5 is plotted versus applied field (of 2 to 6 Mvcem-1) at room (20°C)

temperature; the exponential dependence of Tg 5 is evident, and a value of the constant a in
Equation 76 of a = 0.51MVem-lis easily obtained. Finally, using the room temperature value of

Tp.5 together with the estimated value of the activation energy the pre-exponential factor To

associated with the half-buildup time can be seen to be Tg ~2*10-13 seconds. This is well in
agreement with the experimental data presented by WINOKUR et al211and gives great credence to

the empirical model.

It is evident from the empirical model of the interface state buildup that extremely complex

microscopic mechanisms must be involved in the process; these are considered beyond the scope

of this thesis and the reader is refferred to the work of MCLEANZ223 for further discussion of these.
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4.3.4 Implications of the Empirical Model

Considering the field dependence of the first stage, that is, of the saturated interface density

shown in Figures 69 and 70: the exponential dependence on the square root of the field is the
fingerprint of charge ejection over a field-reduced Coulombic barrier (1/r potential) or Schottky

effect. This would suggest some interaction of the radiation generated holes in which an ionic
charge is released. The fact that the first stage is temperature independent suggests that the
thermal energy is not significant to the process and that, essentially, all the energy for any
bond-breaking and ion release is derived from the transporting holes.

One possibility for this process is a mechanism in which a hole makes a transition to a localised trap
site adjacent to (or involving) a weakly bound ion impurity where the initial overall charge state of the

impurity is neutral. Considering the work of MCLEAN et al'97, HUGHES230, CURTIS et al201 and
BOESCH et al205 on hole transport in SiO», a broad distribution of energies in the range 0.5 to

1.0eV is expected to be deposited locally whenever a hole undergoes a trapping event (or ,
according to TZOU et ai213, a polaron hopping transition); the ion is then liberated by a sudden
localised energy excitation. If the released ion has positive charge then the interaction probably
involves a charge transfer process in which the hole is annihilated by an electron initially involved in

bonding the ion, and the positive charge is carried by the ion. The defect remains in a neutral

charge state.
Based on the observation that positive bias must be applied to the oxide in order for interface state

buildup to occur224 , one might associate the first stage with an interaction of the hole-flux at the
Si-SiOy interface rather than in the SiOp bulk. However, field switching experiments performed by

BOESCH et al205 indicate that this is not the case.

Table § summarises the reported effects of gate bias polarities during the first and second stages of

interface trap buildup for Al-SiO2-Si MOSCs during and after Co80 gamma-irradiation. For the case

where a negative gate bias was applied to the gate during the hole transport (first) stage, but then

the polarity was switched positive at approximately 1 second and maintained until approximately 104

seconds after irradiation, the observed result has been shown to be a buildup of Ngg comparable to

that for the case where the gate bias is maintained positive throughout. Since in the case of

negative polarity during the hole transport phase,essentially, all the holes are removed at the gate,
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these reults imply that the first stage interaction occurs in the bulk of the oxide layer.

Gate Polarities

1st Stage 2nd Stage Ngg Buildup
0 -1 seconds 10-104 seconds
POSITIVE POSITIVE YES
NEGATIVE NEGATIVE NO
POSITIVE NEGATIVE NO
NEGATIVE POSITIVE YES

Table 5. The Effect of Gate Bias on Ngg in Al-SiO»-Si MOSCs during and after
Co60 [rradiation (After BOESCH et al209).

For the case where a negative gate bias was applied to the gate during the hole transport (first)
stage, but then the polarity was switched positive at approximately 1 second and maintained until

approximately 104 seconds after irradiation, the observed result has been shown to be a buildup of
Ngg comparable to that for the case where the gate bias is maintained positive throughout. Since in

the case of negative polarity during the hole transport phase,essentially, all the holes are removed
at the gate, these reults imply that the first stage interaction occurs in the bulk of the oxide layer.
Also, the final number of interface states is directly related to the number of ions released during the

first stage, and this number is determined by the magnitude of the applied field, but not its polarity,

during the hole transport process.

With the first stage process apparently that of ion release in the bulk oxide, the interpretation of the

second stage (long-time) buildup could be that of a field-assisted ionic transport to the Si-SiOp

interface, with a subsequent interaction of ions at the interface producing the observed interface

states.

From Table 5 it can be seen that the important polarity condition for Ngg buildup is positive gate bias

during the second, long-term, buildup stage. This then implies a positively charged ion species
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which would drift toward th Si-SiO, interface under positive bias; it is reasonable to assume that the
ionis H*, since hydrogen is expected to be relatively mobile in SiO, at room temperature and since,

according to WINOKUR and BOESCH?225, the difference between the buildup of Ngg in wet and
dry grown oxides appears to be only one of magnitude.
To summarise, a great deal of the empirical information obtained from the electrical measurements

of RIS can be understood simply on the basis of a positive ion release in the bulk SiOp layer by hole

transport and the subsequent field induced drift of the ions to the Si-SiO, interface, as described

by MCLEAN'S two-stage empirical model of interface state buildup223. This agrees well with the

essenceof the model proposed by SVENSSON227with the modification that, perhaps, hydrogen

ions instead of neutral atomic hydrogen are released and diffuse in the bulk SiO, layer.

4.4 Radiation Induced Dielectric Breakdown (RIDB)

Radiation induced dielectric breakdown (RIDB) in MOSCs was first reported by TOMMASINO,

KLEIN and SOLOMON13 in 1974; in their studies of fission-fragment induced breakdown in
Al-SiO»-Si MOSCs the possibility of using this style of device as a research tool was mooted. Since

then, several workers have verified the initial findings and used MOSCs for fission-fragment
dosimetry. However, investigations of the breakdown response of MOSCs to other radiations has
been limited to alpha-particles, heavy ions and LINAC pulsed radiations; little, if any, work has been
reported on the breakdown response of MOSCs under neutron, proton, gamma and electron
irradiation.

RIDB differs from intrinsic breakdowns and defect-related breakdowns both in the posiible
mechanisms causing the breakdowns and the field at which it occurs. The breakdown field of
devices under fission-fragment irradiation has been found to be markedly lower than that for intrinsic

or defect-related breakdown.

In this section. evidence of RIDB is presented; various models (and mechanisms) proposed to

describe the RIDB process are reviewed and compared with recent experimental observations

made on Al-SiO5-Si MOSCs in various radiation fields.



4.4.1 _Evidence for RIDB

In a series of papers13,231-234 y\ g|N, TOMMASINO and SOLOMON have presented evidence
to show that, when exposed to Cf252 fission-fragments, Al-SiO,-Si MOSCs with thin gate

electrodes exhibit dielectric breakdown at a lower applied voltage than the intrinsic breakdown (or
defect-related breakdown) voltage for the same device. The breakdowns have been shown to be
non-shorting if a thin (<50nm) Al gate electrode is used and the number of breakdowns correlate

with the approximate number of fission-fragment incident on the MOSC gate electrode. Figure 72

shows typical breakdown data for the rate of breakdowns in an Al-SiOp-Si MOSC with 115nm

dry-grown SiO5 on a <100> p-type Si substrate; the Al gate electrode is 30nm thick and negatively

biased with respect to an Ohmic contact on the underside of the silicon substrate.

As can be seen from Figure 72, the breakdown voltage for the device when exposed in vacuum to a
C1252 source is markedly lower than that due to the applied field only. In this instance, no
investigation was made as to whether this was due to the fission-fragment inducing breakdown, or
the concomitant alpha-particles and neutrons from the 1252 source used. In a later work233 the
relationship between the number of fission-fragment crossing the gate electrode and the number
of breakdowns has been investigated; this data is represented in Figure73. As can be clearly seen
there is a very strong correlation between breakdown counts and number of incident
fission-fragments.

TOMMASINO et al233 have also investigated the effect of alpha-particles (from an Am241 source)

on similar Al-SiO»-Si MOSCs and found no evidence of induced breakdown. From these results it

has been concluded that alpha-particles could not induce breakdown.
The size and shape of the breakdown pits in many devices have been analysed and found to be
indistinguishable from those due to intrinsic and defect-related breakdowns; typically the

breakdown spots are of the order of 4 to 6um across and approximately circular, as shown in Figure

74,

initial proposals of mechanisms for such radiation-induced breakdown are based on evidence of

current pulse production in the devices tested when irradiated with a fission-fragment or

alpha-particle source. Charge pulses of approximately 10-15C have been associated with the

passage of a fission-fragment through the oxide layer, the mean pulse size increasing with
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Figure 74: An optical micrograph of sites of fission-fragment induced breakdowns in a <100>
p-type Al-SiO5-Si MOSC shown at two magnifications: the left-hand photograph is
taken at a magnification of x140, the right-hand photograph is taken at a
magnification of x700.
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Figure 75: (a) A plot of the mean pulse charge (crosses). and number of current pulseg
(circles) as a function of the bias voltage applied to a <100> p-type Al-SiOo-Si
MOSC with a 380nm oxide layer and 20nm Al gate electrode; the gate
electrode was biased negatively with respect to the silicon substrate.
(After KLEIN, Reference 234)
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increasing bias across the MOSC. Figure 75(a) shows a plot of the mean pulse charge (and number
of pulses per 100s) as a function of the bias applied across an Al-SiO5-Si MOSC; a typical pulse

from the MOSC under irradiation is shown, together with the pulse detection circuit used, in Figure
75(b). KLEIN, SOLOMON and TOMMASINO234 have used pulse-height analysis to investigate the
distnbution of current pulses with channel number using a multichannel analyser connected to the
detector circuit shown in Figure 75(b); the spectrum obtained is shown in Figure 76 and consists of
two partially overlapping peaks due to light and heavy fission-fragments, respectively232,234,
similar to that obtained with a silicon surface-barrier detector, but with low resolution. KLEIN et al234
have concluded that breakdown counting and current pulse counting of fission-fragment induced
phenomena are valuable techniques but, the signal-to-noise ratio for current pulse counting is too
low, the large pulses at high field being most easily detected but often swamped in noise.
SMIRNOV and EISMONT235 have investigated the effects of heavy ions and alpha-particles on
MOSCs with <100> n-type silicon substrates. They have reported similar results to those of
TOMMASINO et al for <100> p-type silicon substrate MOSCs. The "counting characteristics" for
such an n-type MOSC are shown in Figure 77 and can be seen to be similar to those shown in
Figure 72 for p-type MOSC. SMIRNOV and EISMONT report a threshold minimum energy of ion for
detection as (18+2)MeV for a mean light ion (or fission-fragment ) at a plateau operating voltage of

85V for the device. (This was later modified to a registration ability of the devices to heavy-ions with
a stopping power in SiOp greater than ((22+2) MeVmg'1cm'2). This implies that such devices will
not respond by RIDB to alpha-particle or any other radiation which cannot deposit enough (at least

(22+2) MeV mg"1 cm-2) energy in the oxide layer.
DONICHKIN, SMIRNOV and EISMONT236 have reported that the energy threshold for registration
is larger than =15 MeVmgTcm™2 and the registration capacity (that is, the number of radiation

induced non-shorting breakdowns the device can sustain before failure) for n-type devices of

3106 cm-2 and for p-type devices =104 cm 2 is typical; DONICHKIN et al have concluded from

their investigations that the breakdown pulse-height distribution is not dependent on the energy

and ionizing power of the charged particles incident on MOSCs since these devices, when used

in conjunction with a multichannel analyser in a similar fashionto a silicon surface-barrier detector, do

not give the energy spectrum of fhe irradiating source; a later study by GANGRSKII, MILLER and

UTENOV237 has verified these results and draws similar conclusions, with the proposal that
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analyser for amplified current pulses due to fission-fragment radiation effects on the
oxide of a <100> p-type Al-SiO»-Si MOSC with a 380nm oxide layer and 20nm Al

gate electrode.
(After KLEIN, Reference 234)
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MOSCs be used for detectors in investigations where high time-resolution and high selectivity of

recording of fission-fragment is required. GANGRSKI! et al report that the time resolution of
AI-SiO2-Si n and p-type MOSCs is not less than 10 nsecV-1 for devices working in the plateau

operating region for fission-fragment detection described by KLEIN et al234 They too report no

evidence for RIDB by other radiation, only weak current pulses being detected.
SMIRNOV, EISMONT, NOGA and RANJUK238 report no response of Al-SiO5-Si n-type MOSCs to

pulsed gamma or pulsed electron irradiations. The possibility of application of these MOSCs to the
study of electro and photo-fission of heavy nuclides has been proposed, based on SMIRNOVet al's
studies of U238, Bi209 and Ta181 1.2GeV electron induced fission-fragment irradiation, where
from the available data the devices appear transparent to the fission-fragment initiating radiation;
this is similar to the proposal of DORSCHEL et al239 who have investigated the feasibility of using
MOSCs combined with a fissile radiator (for example, U235) as neutron detectors , as shown
schematically in Figure 78. In the investigations by SMIRNOV et al, no effects were seen when the

devices were irradiated (with and without constant gate bias ) with the electron beam alone and it
has been concluded that even high energy electrons do not induce breakdown in Al-SiOo-Si

MOSCs. (Electrons do, however, induce large (10-120) current pulses 238which can be easily

detected with the method used by KLEIN et ai234).

The voltage characteristics of the neutron / fissile-radiator-induced breakdowns are shown in Figure
79 (reproduced from Reference 239) for an Al-SiOo-Si MOSC with <100> n-type silicon substrate;

reactor neutrons were the fission-initiating radiation with flux densities of:1.6*107 cm2s™1 with

energy lower than 0.4eV; 1.5°107 cm-2s-1 with energy between 0.4eV and 1MeV; and 2.8*106

cm-2s-1 with energy above 1MeV (calibrated using gold activation detectors) to produce
threshold-induced fission-fragment which irradiated the device. There is no evidence to suggest

that neutrons alone induce breakdowns when the fissile-radiator is removed and this has been

confirmed by work presented in the recent review artice by SMIRNOV and EISMONT240,
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thermally grown 140nm oxide layer. The Al gate electrode was 50nm thick and
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substrate.
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Figure 78: Scheme of the MOSC fission-fragment detector and associated circuitry to detect
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electrode.
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180

(cz @ousIvley ‘B 18 1TIHOSHOA 12uY)

"$S80IABp paselq

Ajoanisod pue Ajaanebau 10} sONSUBIOBIEYD UMOPYEDBIQ BU} MOYS S8AIND OM] 8yl

“YOIY} WUQ} Sem aposjoaje aleb

v 8y} 4ake] apixo wug umoib Ajlewsay) Aip e yim OSONW 1S-¢01s-lv 8dAi-u <001>

B Ul sumopyealq Buioys-uou 8donpui 0} JOJEIPE. ajIssyy B Wolj sjuswbelj-uoissy
Buisn (gz @inBi4 Ul UMOYS Sk) J0J0818p uolinau e j0 sonsyajorieyd abejjon ayl 6L 2.nbi4

{A) 2060304

05 [1}]
et

140

-{00Z

_ Aguoied
sanyndou

-{00€

AQUMU UMODNYDIT

007




181

4.4.2 Mechanisms and Models
Breakdown due only to the applied field has been discused in Chapter 3; it has been shown that
breakdowns are not thermal in SiO, because the leakage currents prior to breakdown are very small

and no observable temperature rises occur. The breakdowns appear to be electronic, initiated by a
small rate of impact-ionization. The rate of this impact-ionization decreases approximately
exponentially with decreasing field, so that no impact ionization is expected to occur below the field
range of the breakdown characteristic.

TOMMASINO,KLEIN and SOLOMONZ232 have proposed a series of mechanisms which give a
simple model of fission-fragment effects in MOSCs under bias: a fission-fragment crossing the
oxide layer of the MOSC produces large changes along its track including a thermal spike, large
ionization, atomic dislacement damage, possibly nuclear reactions and melting. These are very
complex and transient processes which may lower the breakdown voltage in a number of ways. The
effect of the ihermal pulse (or spike) on breakdown has been treated by KLEIN167 who has shown
that such a pulse can theoretically initiate breakdown; accordingly, a thermal spike initiates
breakdown when it increases the local conductivity sufficiently to cause a significant further
temperature rise by Joule heating. The field at which thermal breakdown occurs due to a thermal
spike can be calculated by stipulating that local current runaway arises before the local temperature
spike dissipates by heat transfer. Such a calculation is illustrated for a much-simplified model; the

fission-fragment, characterised by a stopping power W in the insulator, is assumed to produce, in
the insulator, instantaneously a temperature rise Ts-Tg above the ambient temperature To uniformly

in a cylindrical track of cross section A along the track, as illustrated in Figure 80, and is given by

Ti-To="W /ca -86

where ¢ is the specific heat per volume of the insulator layer. The temperature rise initiates a

significant current in the insulator, the density of which is jo at temperature Tf and jo€ [a(T-T)] at

higher temperatures T, '@’ being a constant.
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Figure 80: Sketches of the heated cylindrical volume around a fission-fragment track and the
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(After TOMMASINO et al, Reference 234)
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Heat conduction can be neglected when the rate of temperature rise in the small cylinder of

insulator is related to the Joule heating by

TcAdT = jpe AT-TlA FT .87
dt

where tis the time , F the field in the insulator and T the insulator thickness.

integration of Equation 86 shows that the current and temperature runaway, j->e and T->e OCCUr

after a time t such that

= C/aF
t = an .88

The current runaway can occur only if ¢ is short enough so that heat transfer from the cylinder during
t is negligible. The limit of ¢ has been estimated by KLEIN122, from data on the heat conduction in

cylindrical bodies, to be
t <Ale0K -89

where K is the thermal diffusivity around the track of the fission-fragment.

Replacing ¢ in Equation 89; the smallest current density at t=0 required for thermal runaway is

jo 2 60K /aAF -90

Applying these resutts to an Al-SiO2-Si MOSC with a 115nm thich oxide layer, using Equations 86

and 89 (and using the general information concerning properties of light and heavy

fission-fragments given in Table 6) replacing W =10600eVnm'1 for a light fission-fragment, c=

o50K-1om™3 and K =7°1073 cm2s-1 one can calculate  T¢-Tg and t , given a value for A. The thermal

spike affects the track and the surrounding volume where ionization takes place, and there is

uncertainty regarding the magnitude of the Cross section of the track, A. Estimating a range for A of

3*10-13<A<3*10-11 gives 6+10-13<t <6*10"11 second and 28300 >( T-To)>283°K.
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Fragment Type Light Heavy
Mean energy, Mev 103.8 79.4
Mean mass number 106.0 141.9
Mean charge number 425 555
Stopping power in Al,
evnm~ 11200 11400
Stopping power W in SiO»,
evnm’ 10600 12000

Table 6. Relevant properties of light and heavy fission fragments

To assess the possibility of thermal runaway, the required current density jg as a function of A must

be compared with the current density arising due to the thermal spike. Little is known about the
electrical conduction properties of thermally grown highest-purity silicon dioxide fitms at high
temperatures and high fields. Low field measurements by MILLS and KROGER?241 at 600°C have
shown SiOp conductivities of up to 10-6Q-1cm-1, indicating both ionic and electronic conduction
with an ionic transference number of 0.4. CHOU242 has observed, at 340°C, electronic currents
with an activation energy of 2.5eV, due to thermionic injection from Al gate electrodes.

TOMMASINO et al232 assume that such thermionic injection arises also at high temperatures and

have calculated the current density, j;, due to the thermal spike with

i =ATR g {-[E- VF Y (& 32 /4nco0))
KTy

_AT2 e (-B/Ty) -91

Here A = 120 A /em™2 °K-2 and E, the activation energy is 2.5eV, Co=8.85'10‘12 Farad m1, and

-1 o
the dielectric constant of SiOo is taken to be C=3.8. F has been chosen to be 5.4 MvVem™!, since

above this field all the fission-fragments in KLEIN'S experiments caused breakdowns, as shown in

Figure 81.

In Figure 82, j as a function of instantaneous temperature rise Ty -To is plotted; Ty -To is given by
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the upper horizontal scale while the lower scale gives the corresponding cross sections, A,
calculated with Equation 75 for mean light fission-fragment. Figure 82 also presents jo. the current

density for thermal runaway, calculated using 89. To find values of the constant a in Equation 89
account is taken of the differences in the conduction relation, given in Equation 86, used in the

derivation of Equation 86 and in the relation for thermionic injection. Stipulating that for both
relations at the temperature T, current densities and their derivatives with respect to temperature

are equal, @ = B/ T2 is obtained.

Figure 82 shows that the current densities j, required for thermal runaway are very high, much

larger than the thermionic current densities in SiOp over a wide range of values for A. Thermal

breakdown is therefore rather unlikely by this conduction mechanism.

Curve (c) in Figure 82 indicates that, to some extent, this may be the case even if the activation
energy of the thermionic injection would only be 1.5eV.

These findings on thermal breakdown have, of course, restricted validity, owing to the great
simplifications in the model and owing to the fact that the dominant conduction mechanism above
1000°C, or even lower, may be very different from thermionic injection.

An alternative electronic breakdown mechanism may be operative due to the ionization produced
by o-rays around the track. Calculations by KATZ and KOBETICH243 show that the ionization spike
produces temporarily very large positive charges and fields around the track. These fields cause
electron injection from the electrodes and in the insulator recombination takes place. When an
external field is applied the field is enhanced at the cathode and diminished at the anode, and most
of the injection occurs at the cathode. For sufficiently large external fields the injected electrons

cause impact-ionization and breakdown becomes possible.

Whilst a simple relation can be derived to illustrate conditions for thermal breakdown by

fission-fragment, conditions for electronic breakdown are more complex, as shown in Chapter 3. Itis

necessary in order to discuss the lowering of the breakdown field for RIDB to develop a new

interpretation of the impact-ionization mechanism: for this reason a different interpretation of

electronic breakdown in silicon dioxide due only to the applied field from that presented in Chapter

3 will be discussed.

TOMMASINO et al's breakdown observations indicate that in the range of fields where breakdown
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takes place impact ionization occurs by electrons injected -at the cathode. The ionization

coefficient,a , has been determined experimentally 232 as a function of field for oxides on n-type

silicon substrates and

a=Be (-CIF) 92
where B=6.5"1011 cm™! and € = 180Mvem-1.

The injected electrons traverse the insulator layer and leave behind positive charges due to
ionization events, and, according to SWAN244 and O"DWYER?® a regenerative process takes
place. The positive space charge increases the cathode field and the electron injection rate, which
further increases the ionization rate. This effect is opposed by recombination of injected électrons
with positive charge centres. For the influence of these processes on the positive charge particle

density, N*, a simplified rate equation for a unit-area T'- thick oxide layeris

dN* = j/q [a-s N7 -93
dt
where t is the time, j is the current density crossing the insulator, and s is the

electron-positive-charge recombination cross section. The first term in Equation 93 is the ionization
and the second term is the recombination rate.
When ionization is balanced by recombinations,

N+=a/s -94

Owing to the presence of positive charge the field is distorted in the insulator, being largest at the
cathode. As a is an exponential function of the field, field distortions enhance its

effectivemagnitude as if an average field F+g N+ would act, where g is a coefficient. Using the field

F+g Nt for the evaluation of the ionization coefficient and replacing a in Equations 85 and 87

N+ = (B/s)e [- C /(F+g N+)]

+
) (B/s)e[-C/F]e[QCN,/FCZI -95

This equation has solutions only below & imit for which N* < N+ and F < Fg, the subscript referring
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to critical magnitudes which are related by

Nc+=F02/gB _96

For fields greater than F recombinations cannot balance impact ionizations and positive space

charge, and current runaway and breakdown arise.

The field F¢ corresponds to the idealised condition of uniform current runaway of the entire sample.
Owing to local fluctuations in positive space charges, breakdowns occur locally at fields lower than
Fc. Indeed, breakdowns due only to the field are observed in 100nm thick SiO», films approximately

from 8 to 10 Mvem1 (see Figure 81). In this range the ionization coefficient increases from 102 to
104 cm1 and is very small at lower fields.

The interesting point for the instability, expressed by Equation 95 , is that when breakdown is due
only to an applied field, the corresponding field distortions are small and the cathode field may only
be a few percent higher than the applied field. The nature of the field variation is illustrated as a
function of X perpendicular to the electrodes by the solid fine in Figure 83(a), while the dotted line
indicates the applied field.

The field distortion is markedly different when electronic breakdown arises due to the passage of a
fission-fragment. Before the passage of the fragment, the relatively low applied field is illustrated in
Figure 83(b) by the dotted fine. The passage of a fission-fragment causes a positive charge around
the track which produces a large instantaneous field distortion. An indication of this field distortion
is shown by the solid line in Figure 83(b). The field is very small at the anode, but large enough at
the cathode to cause impact ionization to occur (shown in Figure 83(b) by the shaded portion). This
impact ionization induces breakdown by fragments, when in the total insulator thickness the
ionization rate is larger than the recombination rate, leading to current runaway. As the possibility of
impact ionization is dependent on the mass and energy of the fission-fragment, the magnitude of
the breakdown fields depends on the properties of the fission fragment.

The ionization produced by fission-fragment can be calculated using the method of KATZ et

al243and, as the ionization coefficients and recombination cross section have been determined

experimentally by KLEIN et a1234, it appears to be feasible, though complex, to calculate the

breakdown voltages as a function of fragment mass and energy.
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The least amenable to assessment is the influence of material changes along the track of the
fission-fragment. A displacement spike is found and instantaneous local melting may occur in the
electrodes but the eftect of these changes on the breakdown field is unclear.

The experimental evidence found by TOMMASINO et al234 is in itself insufficient to identify the

mechanism causing lowering of the breakdown field in SiOy; any of the discussed effects may be
operative separately or act together.

However, KLEIN245 has recently proposed a model, based on the IR mode! discussed in Chapter
3, which deals with the passage of a fission-fragment through the oxide layer producing a large
positive charge around its track by ionization and its effect on the breakdown field. The IR mpdel
presented in Chapter 3 assumes no charges are trapped in the insulator prior to application of a bias
voltage to the MOSC and that the initial field is uniform. KLEIN considers the passage of a
fission-fragment through the oxide of an MOSC at time t=0 producing a large positive charge
around its track by ionization. Data on the ionization energy deposited will indicate vast initial excess
charge densities and electric fields around the fission-fragment track, rapidly decreasing radially and
with time. Calculation of the breakdown voltage would be prohibitively complex in this case. The
KLEIN model is simple and very useful since comparison of its calculations with the experimental
data available indicate its validity and results in a more detailed understanding of the proceses
during the breakdown event.

The model is one-dimensional with the X-direction perpendicular to the electrodes. The trajectory
of the fission-fragment is in the X-direction (KLEIN disregards the dispersion in the angle of

trajectories to the X-direction and the material inhomogeneity caused by the displacement spike is

also disregarded). The fission-fragment is assumed to produce a uniform hole density p° at t=0,

implying that radial hole density decreases are neglected.

The field as a function of X in the MOSC at t=0 is shown in Figure 84 for the case when a steady

external field F" is applied. F is smaller than oF, the mean critical field for p°,=0, and the application

of F* by itself causes no breakdown. The passage of a fission-fragment, however, enhances the

cathode field by AF¢ due to the positive charge produced. Impact ionization can then take place in

the vicinity of the cathode; KLEIN 234 has determined the conditions for breakdown in this case.

The assumptions that electron-hole recombination is the main process opposing the effect of
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impact ionization, that AF is not much larger than F* and current injection remains negligible at the

anode, as indicated in Figure 84, are also made. Calculation of the critical field F for current runaway

by the IR model involves solving a set of conduction equations3 as was performed in Chapter 3, -

namely the equation for the current density, j, which in the case of current injection by

Fowler-Nordheim tunneling is

j=AF2 e (B/Fg) 97

with F¢ the cathode field, A and B constants; the rate equation for hole density, p, accounting for

impact ionization and recombination

R - 1 (@-sp) -98
ot q

where t is time,a the coefficient of impact- ionization , and s the electron-hole recombination

cross-section; the field dependence of a

a=age (" Hip) -99

with F the field, a, and H constants; and Poisson’s equation

F = _® -100
oX €06

with €, and € the absolute and relative permittivities of free space and the oxide, respectively. The

initial condition resulting from the passage of the fission-fragment is p = p°% at t=0.

A time-dependent analytical solution of the set of equations could not be found for the present

case and an approximate calculation of the critical breakdown voltage is discussed.

KLEIN assumes that current runaway arises after the passage of a fission-fragment, when at t=0 the

effect of impact ionization on the current is larger than that of recombination and by stipulating that

the time derivative of the current density >0, implying with Equation 97 that F¢', the time derivative

of the catode field is also greater than zero at t=0.

In contrast, when F¢'<0 KLEIN assumes that a rapid decreases in hole and current density follows.
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These assumplions for an appropriate treatment can be seen to be suported by the results of the
following calculations.

KLEIN has derived a relation for F¢'and found first the expression for the cathode field Fe:

Tl
Fc=F‘+1/TJ g XdX 101
0 €.
Here F" is the mean field applied to the MOSC. The time derivative Fe
T
Fo = 17 (9 )I gp  XdX 102
0 So®
and replacment for (ap/at) from Equation 98 gives
Tl
Fo = j J(a—ap))@( -103
E,E€T ¢

The condition Fg' =0 at t=0 determines the lower bound, that is the critical cathode field F for

current runaway and the relation for the calculation is, with Equation 103

T T
JaXdX - JsponX -104
0 0

where p has been replaced by Pg-

Equation 99 can be replaced for a in Equation 104. an approximate form for a is

g - -105

with a-e (PVE) and b=H/F? -106



The relations for the constants a and b have been obtained by equating a and (da IgF) at F=F¢in

Equations 99 and 105.

The X dependence of a is obtained by replacing for F the field distribution which, as shown in

Figure 84 is at t=0 given by

Fore s (1)
AF¢ is the initial field enhancement at the cathode and
AFe =9PoT'/2€.€ -108
integration of Equation 104 results in
2r 4 5 (-HIF
aI°F e ( crl[ 2HAF. e{ -2AFCH} - 1]
2 2 2
4(4F H) Fer Fer
= §,€5 TAF, -109
q

The left-hand side of Equation 109 times i/€,€T represents the effect of impact ionization
increasing F', while i/€o€T' times the right-hand side is the opposing effect of recombination.

Equation 109 can be solved by numerical methods to evaluate the critical field Fe, such that

1 -110

S



195

The mean critical field F\" is obtained immediately from Equations 108 and 110, since with

Equation 107

Fr':Fcr'AFc «-111

To compare the breakdown field on the passage of a fission-fragment, T'F,’, with the breakdown
field of the oxide due to the application of the field only, T'y FoF/ denotes the mean critical field
for current runaway in the latter case, when no charges are present in the insulator at t=0.

KLEIN, in an earlier publication13, derived relations for the evaluation of ofr and oF4y, the critical

anode field and are expressed as

oMiFad _ 3T 112
2 CCsH
(H /oFar) 0
and oFr‘ _ 1 + oFar '1 1 3
oFar H

Here M denotes a material constant.

By replacing the left-hand side of Equation 112 with (@097 CoCs H) in Equation 110 and by
assuming that (2AFH/F2) »1, a relation for Fr'/gF;" can be derived. Using Equations 110 to

113 one obtains, after algebraic manipulations,

Fr { ofar HAF ¢ 2 : AF¢
ofr = TN 2oFarfer T ofa -114
T+oFar / H

Equation 114 represents the ratio of the mean fields for current runaway for the two cases with

initial and with no initial positive charge in the insulator. Fr/oF, in Equation 114 is essentially a

function of two ratios (oFar / H) and (AFc/oFar) . The ratio (oF g/ H) is a normalised anode

breakdown field when an electric field only is applied to the MOSC, and (AF¢/ oFgr ) gives the effect

of the positive charge produced by the fission-fragment. The effect of the ratio (AFg / Fgp ) inthe

logarithmic term of Equation 114 can be closely approximated by (AFc / oFar ), @s shown by

numerical computations24°.
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Fe/Er .
KLEIN has evaluated ("r /oF,") as a function of (AFc/ oF4r) and has plotted the results with (oFar/H)

as the parameter; this is reproduced in Figure 85. The Figure shows that the mean breakdown field

on the passage of a fission-fragment is lower than on the application of the field only. The lowering

of the breakdown field is the larger, the larger (AF¢/ oF4r) and the smaller (oFar/H).

Figure 86 presents the ratio (F,/4F,") as a function of (AFc 1 oFar ), with (oF 5 / H) as the

parameter;the figure shows that the cathode field at t=0 on breakdown due to the passage of a

fission-fragment is larger than the mean breakdown field on the application of an electric field only.

The increase in the cathode breakdown field is the larger, the larger both (oFar/H) and (AF;/oFgp)-

Equation 110 for the current runaway field F, ca in approximation be written in a much simpler

form, when
2AFCH/Fcr2 »le (-2AF H/ Fcr2) 1
and e H . MF,2 . agrm Fer
Foe 2 AFy  26,6sH  AF; -115

An alternative form of the runaway condition is then easily obtained by writing a oy = ag € (H/Fer)

and by replacing 4F in Equation 108 with Ao/ 2C,C thus

dcr = SPo(HAFC/cmr) -116

where a . is the coefficient of impact ionization at the cathode and a c=a ¢r. when F¢ = Fer.

A simple physical meaning is contained in this relation: Equation 98 shows that when a ¢ = s pp, the

rate of ionization equals the rate of recombination at the cathode. Such a rate of ionization is

insufficient for current runaway, and for instability & cr is at least ( HAFG | g2r ) times larger than the

rate of recombination at the cathode at t=0. According to SOLOMON and KLEIN246 the ratio

(HAFc | =2, ) is approximately 9 in thermally grown Si0p when AF¢=4, H=180 and Fe=8.8MVeml.

A short summary of the KLEIN model and analysis presented above is: relations have been derived

for breakdown fields of fission-fragment induced breakdown events. An approximate form of these
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relations is simple. These relations show that on breakdown induced by a fission-fragment the mean

applied field is smaller, but the cathode field is larger, than the mean applied field on breakdown due

to the application of an electric field only.

4.4.3 Di i f the M

The relation derived for the critical field, F,’, in the KLEIN analysis is approximate, based on the
assumption of Equation 104 that F'is zero at the cathode at t=0. The results of Equation 109
permit assessment of the appropriateness of this assumption.

The effect of impact ionization on F¢', ( i/ CoCT' times the left-hand side of Equation 109 ) can be
seen to vary as some exponential function of the cathode field F. In contrast, the opposing effect

of recombination, i/ CoCT times the right-hand side of Equation 109 is constant. F, is therefore

sharply defined at t=0.

Equations 103,104 and 109 indicate the nature of the current transients after the passage of the

fission-fragment:

(1) A smallincrease in Fo above F¢ enhances considerably the effect of impact
ionization against that of recombination, leading to a continued increase in Fg

to current runaway and breakdown.

(2) However, when Fgis slightly smaller than F¢r the effect of impact ionization

decreases sharply below that of recombination and rapid disappearance of
the hole charge and of current is expected at the track of the

fission-fragment. Thus, the functional dependence of the effects suggests

that the approximate model for current runaway offers a reasonable basis for

the calculation of Fy.

KLEIN has not accounted for the secondary effects in the calculations owing to their approximate
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nature; according to SHATZKES247 such an effect, decreasing F,’, is the reduction of the width of

the energy barrier at the cathode due to the distributed hole charge.

Another effect, increasing F, is that of dead-space for impact ionization at the cathode, as

discussed in the early work of KLEIN and TOMMASINO13.

Equations 110 and 114 are not valid when the magnitude of the ratio (F; / oF) is close to unity. In
this case F;’ depends on the hole density produced by the action of the electric field only. The

curves shown in Figures 85 and 86 are, therefore, plotted as dotted lines when (F;" / oF') value_s
are close to unity.

Considering the properties of fission-fragment from a C1252 source presented in Table 6, and
comparing the breakdown counts produced by Cf252 figsion-fragments in Figure 81 with the

results of calculations from the KLEIN analysis gives an interesting insight into RIDB by
fission-fragment: the critical breakdown voltage oV = oF T' due to the application of the field only
can be seen to be approximately 74V, using the right-hand curve of Figure 81. An accurate

determination of 4V, is not possible because fluctuations and low field breakdown processes also

cause breakdown at voltages below V. The rapid rise in the breakdown rate indicates that the error

in the assessment of the breakdown voltage is probably small.

The determination of the representative, critical voltage Vp = F,'T' for fission-fragment with the
left-hand curve of Figure 81 is also subject to some uncertainty owing to spread in the mass number
and in the angle of incidence of the fission-fragment. V can be seen to be approximately 54V for

the heavy fragments and 58.5V for the light fragments, and the rise of the breakdown rate curve

shows that the error is again relatively small.

Using these experimental results on Vr/oVy = Fr/ oFr and Equations 114 and 111, the

magnitudes of AF and Fgy can be evaluated for the fission-fragment induced breakdowns. For this

purpose the magnitude of oFar has been determined using Equation 113 for oV, = 74V,

T=115nm and H=180 MVcm-1. KLEIN has obtained an unusually low value for oFgr = 6.22mvem

dotted lines in Figures
and found oF4/H=0.0345. Curves for the parameter oFg/H are plotted as dotted i '9
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85 and 86. Results of the calculations are tabulated in Table 7 for the 1wo kinds of fission-fragment,

presenting Fr /oF', AFc/oFar AFG, AF(', Fey, and py. The magnitude of p, has been obtained

using Equation 108 with the value for AF calculated. The results of Table 7 show that the lowering

of the breakdown voltage by the passage of a fission-fragment can be well explained by cathode
field enhancements of a few MVem1 in magnitude.

The physical meaning of the result estimating the ionization energy required for the creation of the
positive charge about the track of the fission-fragment is perhapsgiven in an assessment of the
positive charge at t=0 combined with calculations of the spatial distribution of ionization.
Calculations performed by ~ KATZ and SOLOMON?243 for quartz have shown that the ionization
energy and the positive charge decrease rapidly about the fission-fragment track. A cylinder of

uniform charge density and equal charge would, for c1252 fission-fragment, very approximately

have a diameter of 40nm and a volume v, = 1.5*10"16cm3. This cylinder can be considered the
initial breakdown channel. Assuming that the hole density in the cylinder is Py, the number of

holes, P, in the breakdown channel is pyvp, and P derived from breakdown calculations is also

tabulated in Table 7.
The ionization energy spent in the generation of the P holes is not known. Since much of the
ionization is due to energetic secondary electrons, KLEIN assumes as a first approach that the

mean ionization energy is that of energetic electrons, approximately three times the band gap

energy, that is , 3Eg =30eV for SiO, and the ionization energy for P holes deposited around the

track is given in the last row of Table 7.
When the ionization energy derived from the breakdown results is compared with the ionization

energy determined from the stopping power data presented in the last row of Table 6, a vast

discrepancy can be seen, even if the mean ionization energy or P are incresed several times. Thus,

while the simple breakdown model satisfactorarily fits breakdown observations, the energy

deposited and hence approximately the values of pg calculated with the breakdown data are two

orders of magnitude smaller than those determined from the stopping power data.

The pg values estimated with the stopping power data indicate vast initial electric fields around the
o

track, very much larger than the field applied to theMOSC. The question arises as to why the vast
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fields do not cause breakdown by themselves, or at least at applied voltages very much lower than

observed ?.

TOMMASINO et al'3 have shown that such a breakdown could not be thermal, since the energy

deposited was likely to dissipate from the microscopic breakdown channel by therma! conduction

before current runaway could take place.

Fragment Type Light Fragment Heavy Fragment
Theratio F, /oF, 0.79 0.73
Theratio  AFg /oF 5 0.43 0.51
The field enhancement, AF.  in MVem™ 2.7 3.2
The critical applied field, F in Mvem-1 5.1 4.7
The critical cathode field,F;  in Mvem™ 8.8 8.9
The hole density, po cm3 1018 1.2*1018

Number of holes in the
breakdown channel, P 145 173

Approximate ionization
energy for P holes in ineV 4300 5200
the breakdown channel,

lonization energy deposited . © B
around fission-fragment track, in eV 1.2*106 1.4*10

Table 7. Data of breakdown events produced by fission-fragments (After KLEIN, Reference 245)

A simple analytical development of the KLEIN model which also regards the feasibility of breakdown
by impact ionization when fields are vast is easily described: the breakdown results of the analysis

given by Equations 111 and 114 are not applicable when pg is very large. One reason is that an

electron current is in this case injected along the fission-fragment track from both electrodes. The

principal reason, however, is that extremely complex processes of conduction, recombination and

ionization take place immediately after the passage of the fission-fragment, not accounted for by the
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simple KLEIN breakdown model.

In conclusion, experimental data of fission-fragment induced breakdown in MOSCs can be well

calculated with a simple breakdown model presented by KLEIN234, However, contradictions in the

magnitudes of F;” and p,, remain to be explained satisfactorily.
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CHAPTER FIVE .

EXPERIMENTAL TECHNIQUES
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As stated and illustrated in previous chapters, the materials and fabrication process dependencieé
of MOS structures is a key factor in the quality, stability and electrical response of MOSCs. In order
that the results of this study be compared on a quantitative (as well as qualitative) basis with those of
other workers, a detailed description of the materials, processes and apparatus used to construct
the MOScs used in this study is given in the first section of this chapter.

There are numerous techniques for the evaluation of MOS devices; those chosen for this study are
considered by the author to be the methods which provide the most easily obtained and
comprehensive data in order to evaluate and analyse the electrical and p'hysical characteristics of
the MOSCs before, during and after irradiation with various radiation sources. These methods are
discussed with particular emphasis on their abblication to the detection and understanding of
radiation effects on the microscopic-physical and, in particular, the gross-electrical characteristics of
silicon-based MOSCs.

In order that the radiation response of the devices be compared with the data and models
presented by other workers, the various radiation sources, their spectra and the irradiation

geometries used are summarised.

5.1_MOSC Fabrication
The MOS capacitor consists of a semiconductor wafer substrate, an Ohmic back contact to the

semiconductor wafer, a thin (either grown or deposited) insulator layer overlaying the front of the
wafer, and a metal gate electrode overlaying the insulator, as illustrated in Figure 1(a). The device
structure chosen for this study is the silicon-based MOSC with a thermally grown oxide layer, an
aluminium ohmic contact and a thin aluminium gate electrode; the general device structure is shown

in Figure 1(b) and a whole wafer of completed, unmounted devices is shown in Figure 87.

The MOSCs were fabricated by Plessey Semiconductors (UK) Limited at their Plymouth (CMOS)

and Swindon fabrication centres, who also provided the silicon substrates and pure Al

contact/electrode metal. The characteristics of the silicon substrates, the nature of the oxide layer

and the aluminium contacts and electrodes are briefly described in section 5.1.1, together with

detailed tabulated descriptions of the fabrication processes and parameters, electrode mask

designs and configurations used , in section 51.2.
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For the majority of the irradiations, a large number of devices with different oxide thicknesses and
substrate types needed to be irradiated together in order to ensure the parameters of radiation
dose rate, total dose and bias were identical for each device in a similar substrate type/oxide

thickness category; to this end a novel but simple mounting technique and biasing system has

been devised and this is described and illustrated in section 5.1.3.

5.1.1 Materials

The MOSCs were fabricated using Wacker Corporation four-inch diameter silicon wafers: these
were from Czochralski-grown n and p-type silicon ingots which had been sliced into <100> crystal
orientation watfers, polished one side and abraded on the back face using standard polishing and

abrading techniques250. The characteristics of the wafers used are listed in Table 8.

Property 1 Characteristic

Resistivity (phosphorus)n-type (Qcm) 2-4
Resistivity (boron)p-type (Qcm) 14-21and21-25
Minority carrier lifetime (1s) 30 - 300
Oxygen (ppma) 8-19
Carbon (ppma) 2-5
Dislocations(before processing) (cm'2) <400
Diameter (mm) 100 - 102
Thickness (mm) 0.48 - 0.50
Slice bow (um) <25

Slice taper (um) <15
Surface flatness (um) <5
Heavy-metal impurities (ppba) <1

Table 8. Silicon wafer pre-processing characteristics.

(t ppma = parts per 106atoms; ppba = parts per 10%atoms)

Thirty-six wafers were used in all, eighteen wafers of each type, three for each proposed thickness
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of oxide; these were taken from a single batch of each silicon resistivity and type which had been
previously inspected for microscopic surface aberrations and defects. The type, resistivity,
proposed oxide thickness and identification code was caretully scribed on the back face of the
wafers prior to cleaning for identification after whole-wafer processing.

The aluminium used for the Ohmic contact and electrode depositions was in the form of a Perkin
Elmer 4410 sputtering target of assured 99.99% purity held under vacuum of 10-7mbar in the

Perkin Elmer 4410 magnetron sputterer deposition chamber.

5.1.2 Processing: Oxide growth, Metallization and Annealing

Since thermally grown oxide layers on silicon are of a far higher quality than most of the commonly
deposited insulator layers (which tend to have large interface state densities, large fixed oxide
charge and enormous mobile ionic oxide charge densities), this was the form of insulator layer
chosen for the MOSCs fabricated for the study. The process and growth kinetics of such silicon
dioxide layers has been very well investigated and documented and, therefore, the reader is
referred to the recent and comprehensive works of GHANDI25T and KATZ252,

The silicon wafers described above were prepared for the oxidation furnace in ultraclean conditions
using the RCA cleaning procedure?6:25 and inserted into the furnace in batches of six (three
each of n and p-type wafer) on standard quartz four-inch wafer carriers. Since the Ples‘sey oxidation
furnaces are fully automated the furnace process parameters (withdrawal rates, ramp rates, gas flow
and temperature) were pre-programmed via microprocessor control programs for each proposed
oxide thickness according to the standard Plessey CMOS gate-oxide growth procedure293; these
parameters are listed, along with the wafer identification, type, proposed oxide thickness, oxidation
times, oxidation ambient (wet /dry, with or without HCI) and actual oxide thickness in Table 9.

The oxide thicknesses proposed to be grown were 40nm, 70nm, 100nm, 270nm, 500nm and

1.2um: the actual, post-oxidation oxide thicknesses are taken as the average of five measurements

over the oxidised surface using a pre-calibrated NanoSpec refractive index film thickness

monitor2o2,

After oxidation all the wafers were annealed in a No ambient at 1000°C in a similarly automated

. ' 11am-3 '
Plessey annealing furnace to reduce the fixed oxide charge to the order of 107 em™, as described
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in Chapter 2. Before metallization at Plessey, Swindon (UK), the devices were stored an(;

transported in airtight and UV light-proof static-free carrying cases to prevent the unwanted buildup
of oxide charge and surface impertections due to atmospheric particles.

Because of the necessity to use thin gate electrodes (for the study of RIDB using non-shorting
breakdowns and to minimise energy losses in the gate rather than the oxide layer) a 1um-thick
probing pad was considered essential so that during testing no contact was directly made with the
electrode by the probe tip and therefore the electrode was not damaged in any way prior to testing
(which in itself could cause breakdown) and so that the entire gate area could be irradiated with no
(ungquantifiable) shielding by the probe. The electrode and probing pad configuration were
designed by the author using a PRIME computer and the GAELIC program language CAD system
via the Rutherford Appleton Laboratory, Oxford (UK) and these are shown schematically in
Figure88; as can be seen there are six individual MOSCs on each chip, placed far enough apart to
enable individual device irradiations and to bias devices on the same chip with different magnitude
and polarity gate voltages (whilst the ohmic contact is kept at zero volts with respect to the gate
electrode) with no possibility if interaction between devices by fringing fields or ion impurity
diffusion. These designs (coded for a David Mann 3600 mask fabricating machine) were used by
Plessey, Swindon to fabricate two six-inch photolithography masks, one for the 2.5mm2 50nm Al
gate electrodes and the other for the 0.5mm?2 ium thick probing pads. Both masks have 2um
alignment marks and identification windows which are reprpduced on each electrode chip during
metallization.

Because thin (50nm) aluminium gate electrodes were required a specially designed metallization
process was developed at Plessey, Swindon (UK) to deposit the 50nm Al layer over thetum Al
probing pads with a perfect metallic contact. The custom-designed process is detailed below in

Table 10; all the thirty-six oxidised wafers were metallized on the front face in the same process run

to ensure the same processing conditions and Al thickness for each wafer. Metallization of the back

face was performed at the end of the process run.
After metallization all the wafers were annealed in nitrogen to anneal the fast surface states caused

by dangling bonds, as described in Chapter 2 Itis not found to be neccessary to use a hydrogen /

nitrogen anneal when using thin Al electrodes since sufficient hydrogen is released by the layer to

produce the same annealing253 as with a nitrogen ambient. (For further, more detailed, information
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Stage

Process

Comments

10.

11.

12.

13.

14,

15.

16.

17.

18.

Sputter pre-clean

Sputter deposition

Resist coat / softbake

Align / expose Probe
area mask

Develop

Hardbake

Etch

Resist strip

Sputter deposition
Resist coat / softbake

Align /Expose Electrode
mask

Develop

Hardbake

Etch

Resist strip

Sputter deposition
Stray particulate removal

Sinter / anneal

(1) 10 mins in HpSO4/H,05 at 135°C
(2) Quench /rinse in deionized Hy0
(3)
(4)

15 secs in 40:1 BOE at 25°C
Quench / rinse in deionized HyO

1um Alin Perkin Elmer 4410 Magnetron
Sputterer at 10-8mbar.

GCA 9000 track coater Hoeschst Chemicals
AZ1350J at 6000rpm to give 1.5um resist coat.
Track in-line bake at 95°C for 5mins.

Canon PLASQO1FA proximity aligner =50mW
exposure (as measured at 365nm). Printed at
20pm gap.

60 secs in 0.22 normality developer at 20°C.
Quench / rinse in deionized water.

100°C for 30 mins in free standing oven.
Etch to clear (in MITT Al etch at 40°C) + 10%
overetch for = 3-4 mins. Quench / rinse in

deionized water.

GCA 3000 strip track. 20secs n-butyl acetate
spray.

50nm in Perkin Elmer 4410 sputterer at 10-8mbar.
As step 3.

As step 4.

As step 5.

As step 6.

As step 7, but total etch time = 30 secs.

As step 8.

As steb 2. but with Al deposited on wafer backs.

As step 8.

500°C in No bubbled through water (wet ambient)
for 15 mins.

Table 10. Wafer Metallization Process Parameters .

(1 refer to Reference 251 forinf

ormation concerning the MIT etch process).
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on the subtleties of the metallization process the reader is referred to the recent overview of

FRASER254),

In Figure 87 a whole wafer of completed Al-SiO5-Si MOSCs can be seen; each wafer carried forty

chips with six MOSCs per chip ( 8640 MOSCs on all thirty-six wafers). At Plessey, Swindon each
wafer was diced to 50% through the wafer along scribe lines (which were included in the mask
designs) using an ultra high-speed diamond-tipped cutting wheel; the semi-diced wafers were
transported in shock-proof, airtight and UV lightproof containers. Figure 89 shows a completed chip
of six MOSCs ready for mounting / testing which has been manually cleaved from the others on the

wafer .

5.1.3 Mounting

in order to irradiate an entire selection of different substrate type and oxide thickness devices under
the same radiation type, dose rate, total dose and bias conditions it was necessary to mount the
devices in a novel way; Figure 90 shows the layout of a 40 line copper-clad Veroboard sheet where
each board had mounted upon it twenty-four chips, two of each thickness and type of device .
Various combinations of bias could be applied to each chip by using the lines of copper cladding on
the reverse of the sheet of Veroboard to which the devices were attatched, each line being at a
different voltage for each particular device on the chip; it is a simple task to connect each MQOSC
probing pad to the required voltage supply line by using upright pins connected to the copper

cladding on the board underside and fine copper wire connected to the pins and probing pads by

silver paste, as shown schematically in Figure 91.

The bias voltages chosen were 0V (device top electrode shorted to the ohmic contact), device not

connected to any bias, +1.5V,-1.5V,+9V and -9V since these are all well below the device

breakdown voltages for the devices and are in the range suggested by other workers to produce

the largest magnitude effects (for details, see Chapters 3 and 4); these were all supplied by battery

sources connected to the copper cladding strips of the Veroboard by a 40-way edge connector.

The Ohmic contact covering the underside of each chip was connected to a horizontally placed

clean copper strip, glued to the unclad side of the board, by using silver paste, and this was in turn

connected to the appropriate (negative or positive pole) bias of the batteries in the voltage source
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via a spare pin of the 40-way edge connector.

Four rows of chips were used to include the possibility of irradiating a similar number and type of
devices with recoil-protons from a hydrogenous radiator placed in contact with the lower three

devices of each chip so that comparison between purely neutron-irradiated and

neutron/recoil-proton irradiated devices could be made (described in section 5.4).

A photograph of a board and the voltage supply box, both of which had to be small and portable in
order to irradiate the board with the devices under bias in the small irradiation chambers available, is
shown in Figure 92.

The remainder of the devices which were not mounted in this fashion were used for physical
examinations, and breakdown testing and individual irradiations using the probing system

described in the next section.

5.2 Device Evaluation: Electrical Properties

Three approaches to the problem of evaluation of the electrical properties of the MOSCs were
decided upon: a study of dielectric breakdown before and during irradiation with various sources
using known breakown evaluation techniques; |-V curve plotting and analysis before and after
irradiation; and C-V curve plotting and analysis to determine the various MQSC parameters before,
during and after irradiation. These are believed to provide most easily the giata necessary to
understand the RIDB phenomenon and other radiation effects in MOSCs in order to supplement

the body of knowledge already available in this field.

5.2.1 Breakdown_ Testing

The techniques used for breakdown testing follow those of other workers in the field (as discussed

in Chapter 3) and concentrate on two main features of the breakdown phenomenon: the

magnitude and dependencies of the breakdown field and anomalous device breakdown behaviour

when irradiated with fission-fragments; and the pulse output characteristics from the devices on

breakdown and under irradiation.

A simple probe station was constructed in-order to apply a bias voltage to the MOSCs without any
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complicated mounting procedure and for fast turn-around time of sampie testing; the probe
assembly and test stage were encased in a large, lightproof, dry, earthed aluminium surround in
order to prevent detection of extraneous electromagnetic radiation by the MOSC whilst under test
and kept in a dry ambient to prevent leakage currents between the terminals on the probe box and
ground. The probe itself was a 30mm long, 0.2 mm diameter tungsten wire (in order to prevent high
contact resistance to the Al gates) which had been sharpened electrolytically and attached to the
manipulator stage. A schematic diagram of the probe assembly and stage is shown in Figure 93.
Four simple arrangements of apparatus have been used to investigate the main features of
breakdown and these are shown in Figures 94 to 97. Figure 94 shows the experimental
arrangement to determine the non-shorting breakdown field for the MOSCs; the bias supply was a
vernier calibrated J&P +0-3kV regulated EHT source supplied via a 1MQ series resistor as a current
limiter to prevent propagation of breakdowns and shorting of the device (this limiting resistor was
removed to determine the shorting or final breakdown strength of the device under investigation).
The bias supply to the devices was step-wise increased in magnitude by increments dependent on
the estimated breakdown voltage of the device. The device current was measured using a Keithley
Model 614 picoammeter (5*1015Q input impedance,10-14 +1% sensitivity) and the voltage drop
across the device by a Gould Advance DMM Model 7A voltmeter (2*10109 input impedance,
10-5+£1% sensitivity). The times to breakdown were measured using an Ortec Scaler-Timer module
connected to the amplifier output of the picoammeter in order to sense an increase in current flow
through the device at breakdown. This system enabled the breakdown voltage (and I-V curves) to
be measured before, during and after breakdown caused by irradiation.

Figure 95 shows the apparatus used to count the number of non-shorting breakdowns and RIDBs

in any given time period (the bias supply, limiting resistance, scaler-timer and voltage / current

measuring instruments are the same as those described above); the output pulse from the MOSC

on breakdown was pre-amplified using an Ortec Model115 pre-amp and ampilified using an Ortec

Model 4185 amplifier to provide saturation pulses of approximately +9V which were fed via an Ortec

Model 350 single channel analyser with a very wide energy-window into the scaler-timer; one pulse

per radiation interaction was assumed. All of these modules were powered by a J&P NIM bin. Using

this system the breakdown statistics for the MOSCs under investigation were determined for

devices when virgin and when irradiated.
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Figure 96 shows the apparatus used to investigate the (current transient) pulse characteristics
during breakdown, during irradiation without breakdown and during irradiation with breakdown. In
this case a simple home-built non-shaping, calibrated gain *47 amplifier (circuit diagram shown in
Figure 96(a)) was used in conjunction with a Hameg HM208 15MHz storage oscilloscope controlled
by a BBC Model 'B' microcomputer which was used to store pulse data on floppy-disc and to
analyse the various parameters of the pulse shape, (also connected to an Epson FX81 dot-matrix
printer to provide a trace of the pulse shape); the bias supply to the MOSCs was the same as those
described above. The computer program used to acquire and analyse data from the Hameg
oscilloscope is given in Appendix 1. With this system the pulse time constant, pulse voltage and
corresponding mean pﬁlse charge were determined in order to estimate the charge injection to the
insulator layer by the radiation field under investigation and it's subsequent effect on the
breakdown voltage and |-V and C-V characteristics for the device.

Figure 97 shows the experimental arrangement used to investigate the pulse-heights of
corresponding pulses from MOSCs with and without a gate bias and under irradiation from a variety
of sources. This was performed using the calibrated gain x47 amplifier (with a decoupling resistance
of 1MQ) in conjunction with a Canberra Series 35 V-1.2 multichannel analyser to analyse the
distribution of pulse sizes from irradiated MOSCs under various bias conditions, which provided
information as to the detection abilities of, and radiation interaction mechanism with, the MOSCs.
The above techniques have been used to determine the breakdown parameters for devices under
irradiation and stepped bias voltage application.

For ramped bias application the J&P regulated EHT 0-3kV bias supply was replaced with a
Hewlett-packard HP6827A voltage source with an incorporated high-speed amplifier. This has
enabled an investigation into propagating breakdowns to be made and, when used in conjunction
with the circuit shown in Figure 98, the fast-ramped-voltage MOSC breakdown characterstics of the
in a similar fashion to that of BUDENSTEINT30, discussed in Chapter 3). The

devices were tested (

SCR circuit in Figure 98 is a semiconductor controlled rectifier which, in conjunction with the limiter

circuit. enables the voltage at which a pre-breakdown current increase occurs by displaying a single

pulse (triggered from the Hewlett-Packard HP 6827A pulser by the sudden current increase) on the

Hameg HM208 storage oscilloscope (set to store a single sweep triggered by a pulse input) and

prevents any more than one breakdown occurring before a manual resetting of the ramp voltage;
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this has enabled a quantitative analysis of the onset of breakdown during RIDB and a qualitative

analysis of the pre-breakdown processes involved.

The results of these investigations on the Al-SiO,-Si MOSCs fabricated and described in section

5.1 are presented in Chapter 6 and discussed with relevance to the known properties of such

devices in Chapter 7.

5.2.2 Current-Voltage (I-V) Techniques

Two arrangements to investigate the |-V characteristics of devices were used in the study: the first
was the simple arrangement shown in Figure 94, where the I-V characteristics of MOSCs
approaching breakdown and during breakdown (either intrinsic or radiation-induced breakdown)
were investigated. These were used to analyse the high-field conduction properties of MOSCs,
when biased with stepped and ramped voltages applied to the Al gate electrodes, in order to
determine the mechanism for breakdown (as discussed in Chapter 3) in these applied field ranges.

The second, and far more sensitive, technique was the computer controlled |-V data acquisition
arrangement shown in Figure 99. The sample stage was a hot-probe assembly with a heated stage
and tungsten probe, enclosed in a dry, earthed, lightproof aluminium enclosure. The computer was
a Hewlett-Packard 9836 microcomputer used to control a Hewlett-Packard HP4140B programmable
combined voltage source and picoammeter. The computer control program, originally designed to
acquire MOSFET and CCD I-V data , is given in Appendix 2. The gate bias was applied in a ramped
and stepped fashion for each data acquisition run with a constant ramp rate of 1Vs1 and step rate of
1V every second with the same data acquisition time of 0.2s between steps.

For several devices the sample stage was heated using a built-in 10W wirewound resistance heater

and the |-V data for the heated samples at temperatures above room temperature and up to 376°K,

as measured with a calibrated chrome-alumel thermocouple in the heater base, was acquired. The

stage temperature was regutated using a calibrated thermostat; thermal equilibrium is thought to

have been attained between the sample and the heated stage after a few minutes of the stage

reaching and stabilising at the measurement temperature; this arangement has enabled the

determination (using the results of Chapter 3) of the low-field (dark) conduction mechawrisms taking

place in the MOSCs.
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Figure 99: A schematic diagram of the computer-controlied apparatus used to determine the
Current-Voltage characteristics for the Al-SiOp-Si MOSCs.

From the combined data from the two techniques, a complete description of the conduction of the
MOSCs before and after irradiation and breakdown for the whole gate voltage range is possible.
This has been used to extend the KLEIN234 model for the observed lowering of the breakdown
voltage for MOS devices under RIDB.

The results of these investigations on the Al-SiO»-Si MOSCs tabricated and described in section

5.1 are presented in Chapter 6 and discussed with relevance to the known properties of such

devices in Chapter 7.
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Figure 100: A schematic diagram of the computer-controlied apparatus used to determine the
Capacitance-Voltage characteristics for the Al-SiO5-Si MOSCs.

5.2.3 Capacitance-Voltage (C-V) Technigques and Analysis

The results of Chapter 2 show the dependence of the capacitance of the ideal MOS structure on
the applied gate voltage. This property in MOSCs can be used to identify the various characteristics
of real (non-ideal) devices and is an extremely versatile technique in the sense that, from a relatively
simple analysis of one capacitance versus applied gate voltage curve, many complex generic
characteristics can be obtained.

In the MIS capacitance method, a dc electric field is applied between the gate electrode and the
ohmic contact on the underside of the silicon substrate. For a given value of this field a definite
charge distribution in the MIS system will arise. The differential capacitance of the silicon
space-charge region is then measured by superimposing a small (mV) a.c. voltage on the d.c. bias.
The differential capacitance as a function of the applied bias can then be determined to obtain a
capacitance-voltage relationship for the device under test. The relevant theory supporting this
technique has been described in Chapter 2.

The arrangement used to obtain C-V curves for the MOSCs studied are shown in Figure 100. The
probe assembly and stage were the same és those for the computer controlled -V technique
described above. This C-V system was Hewlett-Packard HP 4275A multifrequency LCR meter and
ply which was controlled using a Hewlett-Packard HP 9836

combined ramped voltage sup

microcomputer. The data acquisition program is shown in Appendix 3. Typical bias voltage ranges

were from -35V to +35V (maximum possible magnitudes of gate voltage from the voltage source

used) with the capacitance measured at 0.25V increments and from -10V to +10V, in 0.1V

increments. Although the style (square wave, sine wave or sawtooth wave), frequency and
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magnitude of the superimposed a.c. signal could be varied, measurements were made for a 1MHz
sinusoidally varying 0.05V rms a.c. superimposed signal because these are the ideal

high-frequency parameters for the C-V curve analysis used. The gate voltage ramp rate was kept

constant for all the measurements at 0.25Vs™1 in order to eliminate high ramp rate anomalies in the

C-V curve and to prevent a near static-state capacitance effect which occurs with lower ramp
rates16.

Each MOSC investigated was tested before and after irradiation with various radiation fields and
before and after breakdown as soon as was possible in order to minimise room temperature
annealing and other effects; the C-V data was stored on floppy-disc and plotted using a
Hewlett-Packard flatbed plotter with a standard axis, information and data plotting program.

The above system could also be used to investigate the conductance versus voltage (G-V)
characteristics of the MIS system since the series conductance of the device was measured
concurrently with the differential capacitance by the HP4275A LCR meter; the same procedure was
followed as for C-V data acquisition since the data acquisition program written for the system (shown
in Appendix 3) also enabled the microcomputer to store and print the G-V data in the same fashion
as for C-V curve plotting. The G-V characteristic has not, however, been used extensively because
of ambiguity in the interpretation of the data acquired and served mainly as a check of the position of
the flatband voltage characteristic.

A simple analysis to determine the average interface trap density, Djj, from the 1MHz C-V curves

obtained for the MOSCs has been developed. The procedure requires the measurement of the
C-V characteristic in only four points and, although an approximate method, is sensitive to interface
trap levels of a minimum of =2*1010cm-2eV-T with an error of, at worst for the greatest substrate
doping (where the error would be greatest), of = 10% . Although this analysis is based on that of
TERMAN255, it does not require numerical computation nor graphical differentiation of the

experimental results. This method and the associated error analysis is presented in Appendix 4.

Using the results of Chapter 2 and the analysis of JAKUBOWSKI and INIEWSKIZ256, a simple series

of formulae have been developed to approximately determine the normalised Fermi potential, |Ug|,

the Fermi potential, U, the impurity concentration, Np (or NB)' and the total oxide charge density

from the high-frequency C-V curves of virgin and irradiated MOSCs. These formulae are derived



and presented in Appendix 5.

A short program to calculate all of these values by using the combined derived formulae for the
various characteristics of the 1MHz curves obtained by the C-V technique described above has
been written for the BBC 'B' microcomputer and used to analyse quickly the effects of a number of
parameters imposed on the MOSCs investigated; this program is presented in Appendix 6.

The C-V technique and the analysis described above (and in Appendices 4 to 6) have been used
to investigate the nature and characteristics of the MOSCs before and after irradiation and dielectric

breakdown given a number of boundary conditions imposed during the investigations; the results
of these investigations on Al-SiO5-Si MOSCs are presented in Chapter 6 and discussed with

relevance to the known properties of such devices in Chapter 7.

Devi ion: P r
The techniques chosen to investigate virgin and irradiated MOSCs and MOSCs which had
undergone dielectric breakdown of some kind all focus on microscopic evaluation of the sufaces
and interfaces of the devices; generally the information sought was of a structural rather than

chemical .basis, although some investigation has been made into the chemical nature of the
interfaces and the effects of various radiations on the chemical structure at the Si-SiO interface.

Depth profiling of the various MOSCs under investigation was performed using ion-etching
combined with Auger electron spectroscopy (AES) and electron spectroscopy for chemical analysis

(ESCA), to provide a qualitative and (approximate) quantitative analysis of various regions in the

structures.

Three-dimensional interferometry has been used to examine the surfaces of silicon wafers, before

processing, SiO» layers (pre-metallization), Al gate electrodes and breakdown pits to determine the

physical nature of the various layers, interfaces and breakdown-damaged regions of the Al-SiOp-Si
structure.

Optical and scanning electron microscopy (SEM) have been used to record the surface defects and

breakdown pits observed in MOSCs before and after intrinsic and radiation induced dielectric

breakdown: SEM combined with fine-beam ESCA apparatus has been used to identify the
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elemental composition of breakdown pits in order to clarify the noumena (presented in Chapter 3)

surrounding the description of the pits and their composition.

5.3.1 AES and ESCA Techniques

When an inner-shell vacancy (K, L or M) is created in an atom by electron bombardment in the
1-10KeV range, an outer-shell electron decays into this vacancy; the excess energy associated
with this event can be dissipated as either a photon (X-ray emission) or by another electron (Auger
emission). The initial energy of the ejected Auger electron is determined by the energy levels
involved and is therefore characteristic of the emitting atom. In some cases, the energy of the Auger
electron can also reflect the chemical state of the emitting atom. If the emission process occurs
sufficiently close to the sample surface (0.3-2nm for 0.05-2KeV electrons), there is a high
probability that the Auger electron will escape the sample with its initial characteristic energy. If the
Auger electron undergoes an inelastic collision, as will most electrons emitted from deeper than a
few atomic layers, it will lose part of its original energy and therefore lose its identity. These
inelastically scattered Auger electrons and the various other electron emission processes produce
a large "continuum” background in the electron energy spectrum; the discrete Auger peaks are
small compared to this large background and require special techniques (spectrum differentiation,
for example) to enhance peak-to-background signals.

Auger electron spectroscopy is characterised by the use of a very narrow (0.1-500um diameter)
electron beam (often a 3KeV fine-focussed X-ray gun) used to bombard selected areas of a surface
and the subsequent detection and characterisation of the Auger electrons emitted from the
bombarded region using complex detection, spectrum differentiation and analysis techniques.
Energy and intensity analyses of the Auger electrons permit qualitative and quantitative analyses to
be performed on the small volume of material bounded by the diameter of the primary electron
0.3-2nm, depending on the energy of the Auger

beam and the Auger electron escape depth (

transition); the resulting spectrum can show the relative proportions of the elemental composition of

the surface in the bombarded region and the energy window for more detailed chemical

investigation by ESCA. Review articles Dy CHANG?257 and SHIRLEY258 provide very detailed

discussion of AES, and the reader is referred to these in particular for further information.
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The interaction of X-rays with a sample produces photoionization with the ejection of an inner- or

outer-shell electron. The ESCA technique is characterised by the use of a specific photon energy

(Al or MgKy, for examples) for bombardment which, with electron energy analysis permits the

determination of the binding energy of the electron from the relationship

Ephotoelectron = Ephoton - Ebinding + AE -117

where AE is a correction factor for the work function difference between the sample and the
electron spectrometer. Since the photon energy (Ephoton) is fixed, the binding energy (Ebinding)

is characteristic of the emitting atom. A surface analysis can be obtained from the electron energy
spectrum because the escape depth of the (0.02-1.5KeV) photoelectrons is of the order of
0.3-2nm. The binding energy will invariably be influenced by the surrounding of the emitting atom
and thus, photoelectron energy can be used to determine the bonding characteristics of (or the
elements bonded to) the emitting atom. When irradiated samples and virgin samples are compared
(over the same energy window) using ESCA , the bonds broken by the radiation (if any) can be
clearly seen as a small shift in the spectrum due to a change in the bonding characteristics of the
atoms in the area under examination; this shift cannot be seen for any other effect than bond
damage. Again, for further, more detailed description of the technique and analysis the reader is
referred to SHIRLEY258 and McHUGH?259.

When both AES and ESCA are used in conjunction with ion-beam etching (a technique whereby a
finely focussed (= um) argon or other ion beam is used to sputter a small portion of the surface
away to reveal a new area for examination directly (= nm) below the previous site) it is possible, by
alternate etches and ESCA /AES investigations to examine a long thin cylinder of the sample which
enters into the depth of the sample by some distance, depending on the etch-depth between
investigations and the number of etches. This can be used to characterise the chemical nature of,

for example, the interfaces of Al-SiO»-Si MOSCs. where the bonding and chemical composition are

least well understood and to investigate the effects of irradiation on the chemical nature of the

interfaces. For more detailed discussion of ion-beam etching, and its use in conjunction with AES

. . 260
and ESCA, the reader is referred to the review article by MAYER and ZIEGLER<®™.
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Both AES and ESCA combined with ion-beam etching have been used to characterise the nature

of the Si-Si0y intertace before and after irradiation with various ionizing and non-directly ionizing

sources. This was carried out under ultra-high vacuum (109mbar) conditions in standard surface

analysis apparatus; the system used was a computer controlied Kratos Instruments XSAM 800
combined surface analysis and ion-beam etching system, with a built-in computer analysis and data
plotting system (for technical details of this machine the reader is referred to the manufacturers
specifications, since further discussion of the machine itself is considered beyond the scope of this
thesis).

The question as to whether what is observed using these techniques is due to the externally
imposed conditions (bias, breakdown or irradiation) or due to the effects of the X-ray source or
ion-beam etching and investigation conditions is one of constant debate among many workers;
since, in this study, very great care was taken to reproduce the same testing conditions for each
device, this author assumes that the effect of the bombarding X-rays and ion-beam are the same for
each device and investigation and, therefore, that a qualitative (and quantitative) analysis between
results is valid, the effects of the experimental process being a constant of the same magnitude in

each investigation.

The results of these investigations on a variety of Al-SiO»-Si MOSCs is presented in Chapter 6 and

discussed in Chapter7, with relevance to the previously presented models of the Si-SiOp

interface, the expected effects of radiation upon it and possible influence by the testing

techniques.

5.3.2 Three-dimensional Interferometry

The TOLANSKYZ261technique of using the interference fringes produced by the highly reflecting

surface of a uniformiy flat thin film and a second highly reflective plane sheet or mirror in close

proximity with the film to determine the film thickness is a very accurate and widely used method.

With the advent of extreme-precision computer-controlied interferometers, and the recent

development of computational methods for ellipsometric parameters in non-uniform films on solid

substrates2®2, a similar technique can be used to determine the microtopography of non-uniform,
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"rough” (but still highly reflective) films.

The technique developed by JINSHEN and MINGQI262 for analysis of the interference patterns
produced by interferometry with a non-uniform, rough film has been used by 3M, Swansea (UK), to
develop a computer-controlled interferometer to study small areas of such films on a
microtopographic basis263 and to provide a three-dimensional image of the area under examination
with various statistical analyses to determine the surface roughness and mean surface defect
height (or depth). Typical areas of examination were of the order of =100um2. This apparatus and

technique has been used in this study to examine the surface of the Al gate electrodes, thermally
grown layers of SiO»-on-Si and Si substrates of the MOSCs before and after irradiation, and intrinsic

and radiation induced dielectric breakdown; the very complex description of the interferometer and
mathematical analysis are thought to be beyond the scope of this thesis and the reader is referred
to 3M, Swansea for further information 263,

The results of these investigations, presented in Chapter 6, have been used to describe the nature
of the Si surface and Si-SiOs interface before and after irradiation and breakdown and in Chapter7

the conclusions drawn from these findings have been used to dispute the proposed nature of

these regions (as discussed in Chapter 2).

5.3.3 Microscopy

Simple microscopy techniques have been used to examine the surfaces of MOSCs before and

after irradiation and breakdown to determine the size and shape of the breakdown pits.

Optical microscopy was pertormed using Riechert and Olympus microscopes to magnifications of

up to *2k and images recorded with non-distorting (35mm and Polaroid) cameras. These were used

to count breakdowns and to measure the diameter of breakdown holes (using standard metric

graticules) to determine the (approximate) size of the breakdown pits for various intrinsic and

radiation-induced breakdowns.

More detailed examination of the electrode surface and breakdown pits was carried out using a

Cambridge Stereoscan scanning electron microscope with integral Kevex detector and LINK

system for electron spectroscopy of the area of the sample (typically 1um2) under investigation.
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Magnifications of up to *20k have been used to study the nature and elemental composition of the
various breakdown pits and to determine the various parameters for breakdown. (The reader is
referred to the many texts available on this microscopy technique for information concerning the
modes of operation and the instrumentation required for such a microscope, and to Cambridge

Instruments for technical specifications of this particular instrument).

The results of these investigations on Al-Si05-Si MOSCs are presented in Chapter 6 and

discussed in Chapter 7 with relevance to the proposed nature of such breakdown pits and surface

physical characteristics (as presented in Chapter 3).

5.4 Irradiations: Sources and Techniques

Irradiations of the Al-SiO5-Si MOSCs described in section 5.1 under various bias conditions have

been performed using Am241-alpha and Co80-gamma radiations, accelerator neutrons, Am?41/Be
neutrons, mixed neutron/recoil-proton fields (neutron-induced from a hydrogenous layer), and
cf252 fission-fragments (with concomitant alpha and neutron fields). These were performed on all
the oxide thickness and types of devices concurrently using the novel bias arrangement described
in section 5.1.3 and on a series of individual devices using the voltage probe assembly described
in section 5.2.1, (except for the accelerator-neutron irradiations which were only on
board-mounted devices).

The sources, their characteristics and theexperimental arrangement for each type of irradiation are
described in the proceeding sections; theparameters for each bias-board irradiation are tabulated in

Tables13. The calibration and dosimetry calculations for each radiation source used are presented

in Appendices 7 to 12.

5.4.1 Alpha-particle [rradiations

The alpha-particle irradiations were performed with a 0.108mCi g5Am241 source provided by

Berkeley Nuclear Laboratories, Gloucestershire. This was in the form of a 10mm diameter disc of the

isotope mounted on an 11mm diameter stud (with 5BA, 7mm long screw fitting on the backside).
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Figure 101: A schematic diagram of the vacuum irradiation chamber.



The source characteristics are given below in Table 11.

Nuc/ide and Decay type Particle energies and Electromagnetic
half-life transition probabilities transitions
MeV MeV
g5Ame41 Alpha 5.387  1.6% 0.026  2.5%
5442  12.5% 0.033 0.1%
433 years 5.484 85.2% 0.043 0.1%
5.511 0.20% 0.0595 35.3%
5.543 0.34% 0.099 0.02%
others low 0.103 0.02%
0.125 0.004%
others low
Table 11. Am?#1aipha-particl rce charactersti

(After Reference 264).

All the irradiations were carried out in a vacuum of approximately 3*10 2mbar in the vacuum chamber
shown (schematically) in Figure 101; the chamber was easily evacuated to this pressure with a
standard Genevac single-stage rotary vacuum pump and liquid nitrogen trapping. The source

calibration details and calculations of the absorbed doses in SiOp, and so on, are presented in

Appendix 7. The total absorbed dose, dose rate and other parameters for the bias-board
alpha-irradiations are presented in Table 13.

These irradiations have been used to study the effects of alpha-irradiation on the various electrical
parameters of the Al-SiO5-Si MOSCs (determined from the C-V and |-V techniques) and also to

investigate the pulses produced in MOSCs as a result of irradiation combined with a study of the
possibility of RIDB by alpha-irradiation. The results of these investigations is presented in Chapter 6

and these are discussed in Chapter 7 with respect to the results of other workers (as presented in

Chapters 3 and 4).

5.4.2 Gamma Irradiations

The gamma-irradiations were performed using two SOUrces: the majority of the irradiations were

performed on bias-board mounted devices using the Precisa 217 (Pantatron Ltd) gamma-irradiation
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chamber door

BIAS SUPPLY

150mm lead shielding

L00mm )

source withdrawal/insertion
devices piston (automated)

Figure102: The experimental arrangement of the high dose-rate Co®0 gamma irradiation

facility.
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facility at Birmingham University (UK); the source was a 950Ci 27C080 source arranged in the

configuration shown (schematically) in Figure 102. Other gamma irradiations were performed
in-house on single devices with an approximately 2mcCi 270060 sohrce in the evacuable chamber
shown in Figure 101. Both sources have the same characteristics, given below in Table 12. The

calibration calculations and absorbed dose in SiOy calculations are presented in Appendix 8. The

total absorbed dose, dose rate and other parameters for the bias-board gamma-irradiations are

presented in Table 13.

Nuc/idg and Decay type Particle energies and Electromagnetic
half-life transition probabilities transitions
MeV MeV
57C060 B 0.318  99.9% 1.173 99.86%
1.481 0.1% 1.333 99.98%
5.27years others <0.01%

Table 12. Cob0qamma-irradiation source characterstics,

(After Reference 264).

These irradiations have been used to study the effects of gamma-irradiation on the various

electrical parameters of the Al-SiO5-Si MOSCs (determined from the C-V and I-V techniques) and

also to investigate the pulses produced in MOSCs as a result of irradiation combined with a study of

the possibility of RIDB by continuous gamma-irradiation (no investigation of pulsed
gamma-irradiation was possible). The results of these investigations is presented in Chapter 6 and

these are discussed in Chapter 7 with respect to the results of other workers (as presented in

Chapters 3 and 4).



Board number:

Radiation type Dose rate Integrated dose
KRad(SiOp)hr-1 KRad(SiOp)
13 alpha (4.89+0.02)*10-2 10.00+0.75
14 alpha (4.89+0.02) *10-2 5.00+0.38
15 alpha (4.89+0.02) *10-2 1.000.075
16 alpha (4.89+0.02) *10°2 0.5+0.038
17 gamma (1.359+0.001) 10.01£0.68
18 gamma (1.359+0.001) 5.01£0.34
19 gamma (1.359+0.001) 1.01+0.068
20 gamma (1.359+0.001) 0.51+£0.035
Table 13. Alpha an mma irradiation parameter
5.4.3 Neutron lIrradiations

Two neutron sources were used: a series of irradiations were performed using the low-scatter
facility associated with a 3MV Van de Graaff at the National Physical Laboratories, Teddington (UK).
A series of irradiatiohs to integrated flux densities of (approximately) 109, 108, 107, and 108
neutrons cm-2 using 0.5MeV, 1MeV, and 2.5MeV neutrons were made on a number of bias-board
mounted devices. Twelve boards were used in all. The neutron energies used and neutron fluence
for the bias-board neutron irradiations are presented in Table 14. The reactions used, particle beam
parameters, target properties and resulting neutron energies are presented in Appendix 9,

together with details of the calibration of the neutron fluences and energies used for the

irradiations.

A 3Ci g5Am241/Be source was used to irradiate number of devices with gate biases applied using

the voltage probe assembly described in section 5.2.1; these were performed in-house under

standard neutron-irradiation conditions with the source (a cylindrical block of Am241 and powdered

Be ~22mm in diameter and =60mm long, encased in a thin lead container and connected to a 1m

long handling rod) positioned at such a distance from the device under irradiation to permit uniform
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irradiation, typically 15cm. Concomitant gamma-radiation from the Am241/Be source were shielded
from the device by 3.5mm of lead placed around the source.The source calibration details, source

neutron energy spectrum, and calculations of the absorbed doses in SiOop, displacement damage

caused by the neutrons and other details are presented in Appendix 10.

These irradiations have been used to study the effects of neutron-irradiation on the various
electrical parameters of the Al-SiO5-Si MOSCs (determined from the C-V and I-V techniques) and
also to investigate any pulses produced in MOSCs as a result of irradiation combined with a study of
the possibility of RIDB by neutron-irradiation. The results of these investigations is presented in

Chapter 6 and these are discussed in Chapter 7 with respect to the results of other workers (as

presented in Chapters 3 and 4).

5.4.4 Recoil-proton lIrradiations

For neutron energies less than approximately 290MeV, when a neutron collides with a nucleon it
undergoes mainly elastic scattering; for neutron energies less than approximately 8MeV, neutrons
which impinge on an absorber containing hydrogen may undergo a variety of nuclear reactions, one
of which is the (n,p) reaction whereby a recoil-proton is produced in the interaction. A typical
absorber might be a thin (=mm thick) hydrogenous radiator such as a plastic. Other reactions might
include elastic (n,alpha), (n,gamma) and inelastic (n,n) reactions, but the cross-section for these are
small compared with that for the elastic (n,p) reaction, which is between approximately 8 and 1 barns

for incident neutron energy of 0.4 to 10MeV (the approximate energy range of neutrons available

for the investigations in this project).
A thin (0.13mm thick) hydrogenous sheet (plastic, =11 mgcm 2) in contact with the Al gate electrode

was used as the recoil-proton radiator for this study, used with the two neutron sources described

above; a strip of this material was positioned over a strip of various MOSCs on each bias board as

shown in Figures 91(a) and 91(b). The various details of cross-sections for interactions,

recoil-proton/neutron ratios for each neutron energy and dose, and other calculations and details of

these irradiations are presented in Appendix 11. The recoil-proton fluence and initiating neutron

energy for the bias-board recoil-proton irradiations is presented in Table 14.
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These irradiations have been used to study the effects of mixed neutron/recoil-proton radiation
fields on the various electrical parameters of the Al-SiO5-Si MOSCs (determined from the C-V and

I-V techniques) and also to investigate any pulses produced in MOSCs as a result of this radiatid_n
combined with a study of the possibility of RIDB by recoil-protons. It has been suggested14 that if
recoil-protons produced by neutrons in the energy range 0.1-10MeV induce breakdowns in
Al-SiOo-Si MOSCs, this may be a valuable neutron personal-dosimetry technique; the feasibility of

this proposal and the results of the various investigations described above are presented in

Chapter 6 and discussed in Chapter 7 with respect to the results of other workers (as presented in

Chapters 3 and 4).

Board number: Neutron energy Neutron fluence Recoil-proton fluence
MeV ncm2 p cm2
1 1.056 + 0.024 (1.00+0.030)*108 (4.34+0.17)*104
2 1.056 + 0.024 (1.89+0.033)*107 (8.47+0.34)*103
3 1.056 + 0.024 (1.12+0.034)*106 (5.02+0.21)*102
4 1.056 % 0.024 (9.60+0.077)*104 (3.53+0.10)*101
5 0.496 + 0.005 (1.02+0.031)*108 (6.38+0.32)*104
6 0.496 + 0.005 (1.05+0.032)*107 ( 6.40+0.32)*103
7 0.496 + 0.005 (1.09+0.033)*106 ( 6.430.33)*102
8 0.496 % 0.005 (1.11£0.089)*10° ( 6.45+0.34)*101
9 2.499+0.016 (9.99+0.030)*107 (2.53+0.76)*104
10 2.499 + 0.016 (9.96+0.030)*108 (2.51+0.75)*103
11 2.499 +0.016 (1.00£0.030)*108 (2.53+0.76)*102
12 2.499 +0.016 (1.15£0.921)*10° (2.64+0.79)*101

Table 14, Neutron and recoil-pr

oton irradiation parameters,




5.4.5 Fission-fragment lIrradiations

Fission-fragment irradiations of individual devices were performed using an =0.7uCi planar qaCf252
o 98

source. The source was in the form of a thin disc (25mm in diameter, 0.5mm thick) with an active area
of =6mm diameter at the centre of the disc; this was held in a simple jig such that the source could
be positioned above a device at a known distance from the deviceby using shims of an accurately
known thickness, as shown scematically in Figure 103. Irradiations were performed in the vacuum
chamber,shown in Figure 101, in order to irradiate the devices with the full spectrum of
fission-fragments (so as to irradiate with the most energetic fission-fragments) and in dry air at
various known source-to-device separations in order to irradiate with (heavy and light)

fission-fragments of lower, calculated energies.

Nuc/idg and Decay type Particle energies and Electromagnetic
half-life transition probabilities transitions
MeV MeV
9gCf2°2 alpha 5974  0.3% up to =9Mevt
6.075 15%
2.65years 6.118 81.6%
others low
spontaneous 3.1%
fission
gamma associated with the alpha-transitions, of low intensity

Table 15. Cf252fission-fragment irradiation source characterstics.

T The spontaneous fission events and the subsequent
decay of fission products produce approximately 20
gamma-rays per fission. This gamma-radiation covers an

energy range to =SMeV.
Each fission also produces on average =4 fast neutrons.

(After Reference 264)
The source characteristics are given above in Table15 and calculations of the fission-fragment

intensity, ratios of fission-fragments to alpha and neutron intensities, stopping powers of light and

heavy fission-fragments in air(their rang.e), Al and in SiOp, its spectrum and other characteristics are



perspex source
holder

25am

CfZSZ dist source

Figure 103: The experimental arrangement of the Cf252 source.
presented in Appendix 12.

Irradiations have been performed to study the effects of fission-fragment irradiation (with
concomitant alpha and neutron radiations) on the various electrical parameters of the Al-SiOp-Si

MOSCs (determined from the C-V and |-V techniques) and also to investigate the pulses produced
in MOSCs as a result of this radiation. A thorough study of RIDB by the fission-fragments versus
fission-fragment residual energy (range in air) and gate voltage, and an investigation into the
detection properties of the MOSCs (for examples, the average size of breakdown pits and the

maximum numberof RIDBs each type of MOSC could sustain before failure) has revealed a deal of
new information on RIDB in Al-SiO5-Si MOSCs. The results of the various investigations described

above are presented in Chapter 6 and discussed in Chapter 7 with respect to the results of other
workers (as presented in Chapter 4). The new findings have been used to dispute previously

proposed mechanisms and models of breakdown and to extend the generally accepted KLEIN234

model for RIDB (presented in Chapter 4).

In this chapter, the processes and techniques used to fabricate and mount a large number of

AI-SiOz-Si MOSCs and the techniques, experimental arrangements and apparatus used to

investigate their electrical and physical characteristics have been described. Various sources of

radiations used in this study of radiation effects on Al-SiO»-Si MOSCs have been briefly described

in terms of their physical and nuclear characteristics; for more detailed descriptions of the physical

and nuclear nature of these sources, their radiations and their detection and associated dosimetry,

the reader is referred to the technical data available284 and the various texts available on the

subject.
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CHAPTER SIX.

EXPERIMENTAL FINDINGS



In this chapter the results of a series of detailed investigations into the physical and electrical nature
of the Al-SiO5-Si MOSCs described in Chapter 5 under various conditions are presented. These
investigations were motivated by the need to understand the effects of several radiations on the
dielectric breakdown process in such devices in order to evaluate the feasibility of the devices as
"breakdown detectors” of radiations by RIDB, in particular as neutron detectors via the (n,p)
reaction in a hydrogenous layer placed in close contact with an MOSC.

Firstly, results are presented for investigations of the unirradiated Al-SiO5-Si MOSCs showing their
innate electrical and physical characteristics under various bias conditions, including intrinsic and
defect-related dielectric breakdown. Results are then presented for these (Al-SiOp-Si MOSC)
devices under various conditions of bias and irradiation, with the effects of each radiation field on
the physical and, particularly, the electrical nature of the devices being evaluated using the criteria
and techniques presented in previous chapters.

These results are discussed in detail in Chapter 7, which considers the effects of each radiation
field individually, and radiation en masse, on the Al-SiO5-Si MOSCs tested, with a particular
emphasis on intrinsic dielectric breakdown and the various changes in the breakdown
characteristics, and other electrical properties, of such devices as a result of exposure to the various

radiations.

6.1_The Virgin Al-Si0,-Si MOSCs

In order to determine the innate characteristics of each batch of devices, two chips of each device

type and oxide thickness were investigated prior to any form of mounting, biasing or irradiation. To

ensure valid comparisons of devices under different conditions can be made, these were taken

from the same batch of devices as those used in all the investigations.

Physical investigation of a selection of the devices (using scanning electron microscopy and 3-d

interferometry) has revealed that the surface of the silicon wafer at the pre-processing stage is not

perfectly flat and smooth, as can be seen on the typical interferogram in Figure 104 for a standard

Czochralski-grown <100 silicon wafer; the approximate surface roughness is 4.6nm RMS which

would suggest a field enhancement of at worst +13% in a 40nm thick device which, according to
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Figure 104: An interferogram of a Czochralski

e roughness; RQ is the root mean square roughness;

RA is the centre line averag

departure from symmetry of the aperity

is the degree of peakedness of a distribution, relative to a

SKEW is the degree of asymmetry or

distribution; KURT

normal distribution.
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234 .
the KLEIN model . is large enough to initiate defect-related breakdown; this, however, would
not produce a large enough field enhancement to initiate breakdown in a much thicker device, the
enhancement being only =2% in a 270nm thick oxide device, far smaller (according to

KLEIN152v234) than the critical field enhancement factor necessary for defect-related breakdown

in even the thinnest of devices.
A post-metallization etch-off experiment (using a 20 second immersion in 50% NaOH solution at

room temperature to remove the Al electrodes, rinse in deionized water followed by hot-air drying)
on a variety of devices has revealed that the surface of the SiO5-Al interface is also not flat and

smooth as assumed. Figures 105 and 106 show inverted-field interferograms of two such etched

devices, typical of the large sample tested; clearly visible are a number of dimples as large as =30nm
into the SiOo and scratches across the oxide surface of the order of 10nm, which were at first

thought to be replicas of the defects on the silicon substrate after oxide growth. However, from
comparison with a similar interferogram of an unmetallized wafer after oxide growth, shown in Figure
107, again typical of the batch tested, it is clear that these are due either to the etch process or due
to damage before or during metaliization. Figure 108 shows a sample which was not metallized but
was etched in a similar way to the metallized chips and shows no sign of such surface defects; it has
been concluded that the metallization process is the cause of such surface defects, possibly due
to back-sputtering of the oxide surface at already weak spots during Al deposition using the
magnetron sputterer. Such large defects could cause field enhancements of the order of +12% in
the 270nm devices (and +75% in the 40nm devices) which, combined with the enhancement due
to the surface roughness of the underlying substrate provide large enough field enhancement
factors for defect-related breakdown to occur at below the expected field range, as noted by several
workers 149-151 (and is described in Chapter 2).

The Si-SiO, interface of several processed silicon wafers was examined using AES and ESCA

combined with ion beam etching. Figures 109(a) - (c) show a typical series of AES spectra for the

SiO5 layer, the Si-SiO, interface, and the Si substrate, respectively for successive ion-beam etches

on a 40nm thick oxide device, etching through the oxide to the silicon substrate. The etch-rate was

determined to be similar to that of silicon nitride (which was used as a guide rate) at approximately

1 5nm min-1. From a detailed ESCA analysis of the region determined by AES to be the interface,



(JJB4PA]

RQ

1200NM Sl102

434 nm

1

f

1.173 nmm

RA

4.117

121

SKEW

247

SRR IRY
R AN RS
m\‘sg%g”‘*“}:;& %
B R AR

2y
\“:;. )

G
SRR
D

ASRRRANS
RN S R N
‘(\‘\\\:’és‘.;. X
N

o

N\

SRR
R ST AN
DR

RN k
ARG

iy
u..(§“§~‘\-.

250.0

DEPTH SCALE

Figure107: An interferogram of the surface of a 1200nm thick SiOp layer at the
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shown in Figure 110, it is perhaps evident that the interface is composed of SiOo with a slight

excess of silicon (perhaps 3% ) compared with the spectrum for the SiOs layer for the same sample.

However, because of the unquantified effects of the ion-beam, the possibility of the etch-pit
reaching into the silicon substrate at its apex when data recorded is from all around the pit, and the
jow resolution of the apparatus (and technique) used, no firm conclusion as to the nature of the
interface should be inferred from these results. However, it may be conjectured that this excess of
silicon is evidence of a silicon-rich layer adjacent to the interface as proposed by GRUNTHANER et

al63 and HERMANN et al®4 (as described in section 2.5.1). No evidence of large concentrations of
any ionic species was found either in the bulk oxide layer or at the Si-SiO; interface, although the

poor sensitivity of the techniques used ( at best, a less than 3% concentration of any species in the
100pm2 area investigated is undetectable) which may not detect such species does not preclude
their existence.

The devices were typical of high-quality industrially fabricated MOS structures, as is clearly seen by
their 1MHz C-V characteristics shown in Figures 111 and 112 for typical n-type and p-type devices
of various thicknesses, respectively; their electrical parameters (calculated using the approximate
calculations and computer program given in Appendices 4-6) are tabulated in Table 16 which, for
comparison with results shown later for other investigations, shows the average values for the
density of interface states, oxide charge density, flatband voltage shift, and normalised Fermi
potential for each type and thickness of oxide device investigated.

The similarity between these curves and the ideal MOSC curves shown in Chapter 2 clearly
demonstrates their nearness to ideal device parameters, with flatband voltage shifts of the order of
-1.5V showing a trapped positive oxide charge of approximately 1011 gcm2 ev-1. However, on

Figure 111 for the 1MHz C-V characteristics of the n-type devices, a slight distortion or flattening in

the G-V curves at numerically large negative voltages (less than = -3V) can be seen; this is possibly

due to the high doping density of the silicon substrate and an insufficient post-metallization anneal

to remove fast-surface states from the interface (the effects of which have been discussed in

section 2.5.2). At more negative voltages (less than = -12V) a decrease in the expected

capacitance can be seen; this may be attributed to deep depletion effects due to deeply-trapped

ionic species (perhaps sodium?) which have been incorporated at some time during oxide growth.
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Why, since both n and p-type devices were fabricated during each process run, this has not
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affected the p-type devices in a similar fashion is not yet known.

Device Identification Djt Qo Vi 1Us |

[ Type, Resistivity / Wafer, T ] gevlcem?2 qcm-2 Volts mVolts

(Qcm) (nm)

n 2-4 C 42.5 1.17*1011 2.92*1012  .1.23 2.59
n 2-4 B 84.2 1.28*1011 5.71*1012 1,11 2.67
n 224 A 1077 1.41*1011 6.32°1012  -1.32 2.71
n 2-4 A 247.7 2.23*1011 1.19*1013  -2.06 2.83
n 2-4 C 588.3 3.11+1011 5.93*1013  -1.62 2.89
n 2-4 A 1264.7 3.89*1011 9.97*1013  -2.11 2.96
p 21-25 B 39.4 1.19*1011 1.17*1012 152 2.69
p 21-25C 83.2 1.24*1011 45171012 112 2.76
p 14-21 A 107.7 1.36*1011 4921012 -3.21 2.82
p 14-21 A 237.6 2.03*1011 1.23*1013  -1.41 2.91
p 21-25B 566.7 2.99*1011 5.001013  -1.09 2.98
p 14-21 A 1287.7 3.62*1011 g.27°1013  -1.13 3.07

Table 16. Electrical parameters of Virain n_and p-type MOSCS.

The breakdown and |-V characteristics of the various devices were determined using the
techniques described in Chapter 5. Breakdown testing was performed at room temperature- using

the voltage probe assembly and breakdown apparatus with the shielded enclosure arrangement

shown in Figures 93 and 95, and stepped gate-voltage application.

The breakdown characteristics for both n and p-type devices are very similar, as can be seen in

Figures 113(a) and (b), which show the number of non-shorting breakdowns (defect-related and

intrinsic) versus applied gate voltage and respective field. An exponential rise in the number of
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breakdowns can be seen with increasing applied gate voltage, with device destruction oceurring
within an =50% increase in applied gate voltage over the onset of breakdown voltage.

Physical examination of the effects of breakdown on the device revealed breakdown pits with two
types of breakdown damage: both forms of breakdown pit are craters of between 10 and 50umin
diameter for n-type devices and between 2 and 6um for p-type devices, independent of the
magnitude and polarity of the applied field.

The pits were frequently surrounded by surface damage of the Al gate electrode, possibly due to
multiple breakdown at the same breakdown site, and were typical of those shown in the
photographs in Figures 114(a) and (b); often this damage covered a large area (=0.1mm2 per
breakdown) of the device, as shown in the photographs in Figure 115(a) and (b). Inverted-field
interferograms of the breakdown sites, typical of those shown in Figures 116(a) and (b), reveal the
two forms of breakdown pit and show that one form, for non-shorting breakdowns, the crater depths
were approximately 50% of the thickness of the oxide layer, and the other form, those due to
shorting breakdowns, reached the entire thickness of the oxide. Shorting breakdowns were those
in which a small trace of Al could be found (using the SEM with Kevex detector and LINK ESCA
system) at the base of the deeper craters, indicating a possibly conducting channel between the
semiconductor substrate (or very near to it) and the top Al electrode. From these results a proposal
as to which mechanisms form the possible physical basis of defect-related and intrinsic breakdown
has been made.

The approximate number of breakdowns the device can sustain before failure has been estimated
(by counting the number of breakdown pits over a large area of the device and extrapolating the
data obtained) as typically being =103 per device for an n-type device and =1O4per device for a
p-type device; these values, however, are very much smaller than the total (measured) number of
breakdown pulses from each type of device recorded before device failure, typically between 106
and108 per device, for n and p-type devices respectively. The conclusion drawn from this is that
several breakdown pulses occur due to breakdown at each site, and the previously held proposal
that each breakdown site produces a single breakdown pulse is not a valid description of the
breakdown processes occurring.

A study of the breakdown field versus device (oxide layer) thickness has revealed characteristics

typical of those showﬁ in Figures 117and 118, which are in contradiction with the results of other
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Figure 114: (a) SEM micrographs of various breakdown pits and damage to the Al gate
electrode. Magnification x 3.75*103

Figure 114: (b) SEM micrographs of various breakdown pits and damage to the Al gate

electrode. Magnification x 7.5*10
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Figure 115: (a) Optical photographs of various breakdown sites; Magnification x370

Figure 115: (b) Optical photographs of a

single breakdown site and the associated electrode

damage; Magnification x970
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Figure 116: (b) Interferograms of various breakdown craters and damage to the Al gate

electrode of an Al-SiO5-Si MOSC with a 270nm oxide layer .

The interferogram shows an inverted view of the surface in order to aid

measurement of surface imperfections.
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workers who have observed a decrease in breakdown field with increasing oxide thickness (as
noted in the discussion in Chapter 3); since the Al gate area was kept constant, the observed

near-linear relationship between the breakdown field and the oxide thickness can be ascribed to

the possibility that the majority of the breakdowns are due to defects at both the Si-Si05 and the

Al-SiO5 interfaces and throughout the oxide layer. Although no physical evidence for this has been

found it seemed the likely explanation since one might propose that the density of defects in the
device increases with increasing oxide thickness (as demonstrated by WOLTERS and
VERWEY121), and thus the density of defect-related breakdowns increases likewise. However,
these results imply that very few (if any) intrinsic breakdowns are occurring in the applied gate
voltage ranges tested, and that defects were not eliminated by high-field stressing before the
failure of the devices, as has been seen by other workers in the field142.,148,

To examine this further, a study of the number of breakdowns at the (approximately
pre-determined) field for the onset of breakdown versus the oxide thickness was performed.
Typical results are shown in Figure 119 and 120 for n and p-type devices, repectively, where it may
clearly be seen that there is no significant variation in the number of breakdowns at the breakdown
field with the device oxide thickness; this precludes the proposal made previously that the majority
of the breakdowns are defect-related and suggests that the majority of the breakdowns are instead
of a thermal or intrinsic nature, with the defect-related breakdowns being eliminated at
comparatively low fields. Thermal processes seem unlikely, since an examination of the I-V curves
presented in Figures 121 and 122 show that, typically, the current flow in the devices prior to
breakdown is too small to generate the temperatures required to initiate thermal breakdown. This is
discussed more fully in Chapter 7, where application of the models proposed for have been used

to determine the breakdown process occuring and conclusions as to the innate nature of the

Al-SiO5-Si MOSCs tested are made.

Histograms showing the maximum (shorting) breakdown field distributions for both n and p-type

devices of all thicknesses have been made and are shown in Figures 123(a) and (b). It can clearly be

seen that the modal breakdown field strength of the n-type devices was between 10.75 and

11MVem-! and between 9 and g9.25MVem-1 for the p-type devices. These are very high values

compared with those of other workers141,144, who have found the average value for the
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breakdown field strength (of similar oxide thickness n and p-type MOSCs fabricated in a similar

fashion to those used in this study) to be approximately 9.5MVem-T; this demonstrates the very

high quality of the devices.
Further results which incorporate data on the innate characteristics of the devices tested are

presented for comparison in each of the following sections, alongside the physical and electrical

response of the MOSCs to the various radiation fields used.

6.2 Alpha Iirradiations

in order to investigate the effects of alpha-particie irradiation on the breakdown characteristics and
physical properties of the Al-SiO»-Si MOSCs, a large number of individual devices were irradiated;

to determine the effects of total dose, bias magnitude and bias polarity, four sets of board-mounted
devices (boards 13 to 16 inclusive) were also irradiated under the same conditions as the individual
devices and tested using the various techniques available. The device mounting, probing and
examination techniques, together with the electrical techniques which were used have been
described in Chapter 5.

To briefly summarise the experimental conditions: all the irradiations were performed under vacuum

at a pressure of approximately 3*10-2mbar in the vacuum chamber illustrated in Figure 101 using a
0.108mCi g5 Am241 alpha-particle source, the details of which may be found in Appendix 7. For

uniformity of total dose over the entire area of the board-mounted samples, the source was placed
at the maximum distance (0.2m) fromthe boards which led to a maximum possible error in the dose
calculations of +7.5% for devices at the centre of the board compared with those at the edge of the
board; the dose rate , total dose and error details for these irradiations are presented in Table 13.
The voltage range of the biases used for board mounted devices was from -8V to +9V, and

included zero bias and the top-gate electrode connected to the Ohmic contact for the open-circuit

condition; the biasing arrangement is shown in Figures 91(a) and 91(b). For individual device

irradiations a 1MQfimiting resistor, in series with the EHT bias supply and top gate electrode, was

used to prevent avalanche breakdowns; this was removed for I-V characteristic determinations for

the devices so that current runaway and the onset of breakdown could be studied. The limiting

resistor was not necessary for the board irradiations because of the low bias voltages used, well
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below the breakdown fields for even the thinnest oxide devices under investigation.

The salient results from these investigations are presented in the proceeding paragraphs, with the
conclusions drawn from them discussed in Chapters 7 and 8.

several MOSCs of each types and oxide thickness were investigated whilst under irradiation with
applied fields ranging between -10MVem! and +10MVem™ across the devices (the negative sign
indicating that the top electrode was at a negative potential with respect to the Ohmic contact).
There was no evidence to suggest that the alpha irradiation in any way affected the breakdown
characteristics of the devices, which followed breakdown characteristics nearly identical to those
shown in Figures113 to 116.

Physical examination of the devices after irradiation, but before any defect-related or intrinsic
breakdown had occurred, showed no evidence of any effects on the structure, and examination of
breakdown pits which occurred in the expected (defect-related and intrinsic breakdown) field range
showed no observable differences from those for virgin devices, as typified in Figures 112 to 114. it
has been concluded that alpha-particles from the Am241 source used do not induce dielectric
breakdown.

However, for devices under zero bias conditions, current pulse output from the devices was easily
detectable and the number of pulses per second correlated (approximately) with the expected
number of alpha particles crossing the MOSC per second, and was initially believed to be
independent of device oxide thickness.

When bias was applied across the devices, a decrease in the number and magnitude of the pulses
was seen, regardless of the polarity of the bias, the pulse number decreasing with increasing
magnitude of bias; this effect was found to be more apparent in n-type devices than in p-type
devices with no obvious dependence on the device oxide thickness. Figures 124 and 125 show
the number of pulses per100s versus channel number of a multichannel analyser from an n-type

(42.5nm oxide layer) MOSC and a p-type (39.4nm oxide thickness) MOSC under alpha-particle

irradiation, respectively; the output from an Ortec silicon surface-barrier (SSB) detector (with a

similarly sized active area) under the same irradiation geometry and conditions is presented for

comparison. The similarity between the output from the p-type MOSC and the SSB detector is quite

evident, the resolution of the SSB being slightly better than that of the MOSC for the thin-oxide

device shown: the thicker the oxide layer of the MOSC under test, the worse the resolution of the
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Figure 124: Spectrum from a multichannel analyser showing the puise output from an n-type
Al-Si-Si0, MOSC with a 70nm thick oxide layer under alpha-particle irradiation

from an Am?241 source.

The output spectrum from a SSB detector is shown for comparison.
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Figure 125: Spectrum from a multichannel analyser showing the pulse output_ frorp a p-type
Al-8i-Si0 MOSC with a 70nm thick oxide layer under alpha-particle irradiation

from an Am241 source.

The outpul spectrum from a SSB detector is shown for comparison.
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Figure 126: Spectrum from a multichannel! analyser showing the pulse output from a p-type
Al-Si-Si0» MOSC with a 1200nm thick oxide layer under alpha-particle irradiation

from an Am241 source.
The output spectrum from a SSB detector is shown for comparison.
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device to the incident alpha-irradiation, as can be seen in Figures126.

Application of bias to the devices was seen to diminish the output pulse number and increase the
noise seen at low channel numbers, regardless of the polarity or magnitude of the bias, but not to
decrease the size of the pulses. An investigation of the magnitude of the pulses induced in the
devices has revealed an equivalent voltage-pulse shape typical of that shown in Figure 127. The
size of the pulses varied in the pA range, with no apparent dependence on the device thickness.
The C-V characteristics of the devices were noticeably altered by the alpha-irradiation, as can be
seen in Figures 128 to 135. The effect of the polarity and magnitude of the bias applied during

irradiation is clearly seen on the C-V characteristics shown in Figures 128 to 131, for n-type and
p-type MOSCs with thick and thin oxides, respectively, irradiated to a total dose of 10KRad(SiOp).

The irradiation can be seen to have shifted the C-V curves to more negative gate voltage regimes,
this being typical of positive charge injection in the oxide layer of the device, the shift being greatest
for positively biased devices, and least for negatively biased devices.

The oxide positive charge buildup can also be seen for devices irradiated with no applied gate bias,
the magnitude of the C-V characteristic shift being greater than that for negative biases but smaller
than that for positive biases; this is indicative of charge injection from the silicon substrate being the
dominant mechanism for the characteristic shift, rather than a deposited charge from the irradiation.
Figures 132 to 135 show the effects of radiation dose on n-type and p-type MOSCs with thick and
thin oxides, respectively, all under zero gate bias during irradiation. As can clearly be seen, the
greater the dose, the greater the shift in C-V curve to more negative regimes. This indicates a
correlation between total dose and the magnitude of the curve shift.

Figures 136, 137 and 138 show plots, for both n and p-type MOSCs, of the flatband voltage shift
versus alpha-radiation dose in SiOp, density of interface state generation versus dose and oxide

charge density versus dose, respectively, for various device oxide thicknesses and applied bias
magnitudes. From these it is evident that a near linear relationship exists between the effects of the

radiation and the total radiation dose and applied bias magnitude for the dose range investigated.

The effect of irradiation on the I-V characteristics for the devices were barely detectable with the

apparatus used, possibly because of the transience of the current pulses producing too small a

change in the current flow in the device; it is uncertain whether the effects seen are due to a slight

hysteresis in the I-V curves due to the time-dependence of the current flow through the devices or
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Figure 128: Effect of magnitude of the bias applied during alpha-particle irradiation from an
Am241 source on the 1MHz C-V characteristics of an n-type
Al-SiO5-Si MOSC with 42.5nm thick oxide layer.

Total dose 10KRad(SiOyp).

C-V PLOT FOR MOS CAPRACITOR

T T J 3 —_—p
0 v ns
+3 v oS

/—//
[\
N
L

< VIRGIN SANPLE |
1]
(8]
C
1]

+ 2 R
8]
1]
Q.
1]
o

| -
LA..__, S T —— S b — - ‘.-B_ e ——
-2 -15 -10 -5 3] 5 19

Gate Voltage (Vg)
alpha irrad. 1OKRad (5i02)

588.3nm Si02 on 2-4 Ohm cm n-Si j
Dark ; 8.5 V osc. level ; IMHz
PLESSEY DEVICE : 9mm2 electrode

Figure 129: Effect of magnitude of the bias applied during alpha-particle irrad.iation.from an
Am241 source on the 1MHz C-V characteristics of an n-type Al-Si05-Si MOSC

with 588.3nm thick oxide layer.
Total dose 10KRad(SiOp).
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Figure 130: Effect of magnitude of the bias applied during alpha-particle irradiation from an
Am241 source on the 1MHz C-V characteristics of a p-type Al-SiO5-Si MOSC with

37.4nm thick oxide layer.
Total dose 10KRad(SiO»).
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Figure 131: Effect of magnitude of the bias applied during alpha-particle i‘rrac_jia_tion from an
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due to some effect of the current pulses produced by the passage of the alpha- radiation through

the oxide layer. It is felt that this data, because of its possible misinterpretation, is not worthy of

presentation until further evidence can be obtained.

Comparisons with the data presented by other workers in the field and the conclusions which have

been drawn from these results are presented in Chapters7 and 8.

6.3 Gamma Irradiations

in order to investigate the effects of gamma irradiation on the breakdown characteristics and
physical properties of the Al-SiO»-Si MOSCs, a large number of individual devices were irradiated;

to determine the effects of total dose, bias magnitude and bias polarity, four sets of board-mounted
devices (boards 17 to 20 inclusive) were also irradiated using the gamma-irradiation facility at
Birmingham University (UK). The device mounting, probing and examination techniques, together
with the electrical techniques which were used have been described in Chapter 5.

To briefly summarise the experimental conditions: individual device irradiations were performed

under vacuum at a pressure of approximately 3*10 2mbar in the vacuum chamber illustrated in
Figure 101 using a 1.86mCi 270060 source, the characteristics of which are presented in Table 12

and the calibration details may be found in Appendix 8. The irradiation geometry is presented in
Figure 102.

The majority of the gamma irradiations were performed on board mounted MOSCS using the 950Ci
Precisa 217 270060 source at Birmingham University (UK), the details of which may be found in

Appendix 8, its characteristics in Table 12 and the irradiation geometry in Figure 102. For uniformity
of total dose over the entire area of the board-mounted samples, the source was placed at the
maximum distance (0.24m) from the boards which led to a maximum possible error in the dose

calculations of +6.8% for devices at the centre of the board compared with those at the edge of the

board; the dose rate, total dose and error details for these irradiations are presented in Table 13.

The voltage range of the biases used for board mounted devices was from -9V to +9V, and

included zero bias and the top-gate electrode connected to the Ohmic contact for the open-circuit

condition; the biasing arrangement is shown in Figures 91(a) and 91(b). For individual device
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irradiations a 1TMQ limiting resistor, in series with the EHT bias supply and top gate electrode, was
used to prevent avalanche breakdowns; this was removed for I-V characteristic determinations for
the devices so that current runaway and the onset of breakdown could be studied. The limiting
resistor was not necessary for the board irradiations because of the low bias voltages used, well
below the breakdown fields for even the thinnest oxide devices under investigation.

The salient results from these investigations are presented in the proceeding paragraphs, with the
conclusions drawn from them discussed in Chapters 7 and 8.

Several MOSCs of each types and oxide thickness were investigated whilst under irradiation with
applied fields ranging between -10MVem™ and +10MVem™ across the devices (the negative sign
indicating that the top electrode was at a negative potential with respect to the Ohmic contact).
There was no evidence to suggest that the gamma irradiation in any way affected the breakdown
characteristics of the devices, which followed breakdown characteristics nearly identical to those
shown in Figures113 to 116.

Physical examination of the devices after irradiation, but before any defect-related or intrinsic
breakdown had occurred, showed no evidence of any effects on the structure, and examination of
breakdown pits which occurred in the expected (defect-related and intrinsic breakdown) field range
showed no observable differences from those for virgin devices, as typified in Figures 112 to 114. 1t
has been concluded that gamma radiation from the weak Co80 source used do not induce dielectric

breakdown.
Investigation of the chemical nature of the Si-SiOpinterface and bulk SiO5 using AES and ESCA

showed spectra with no apparent differences from those for virgin devices, as typified by Figures
109(a) to (c) and Figure110; this, however, does not preclude the existence of radiation damage in

the structure, since the techniques used are insensitive to chemical shifts expected from

ionizing-radiation damage caused by these (comparitively) low doses.

No pulse output was seen from the devices under irradiation for both devices with and without

various combinations of magnitudes and polarities of applied bias; the devices appeared invisible to

gamma radiation. This is believed to be a strong argument in favour of the devices as novel

detectors for dosimetry techniques in situations where alpha and gamma radiations are

concomitant.

However, the C-V characteristics of the devices were noticeably altered by the gamma-irradiation, as
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can be seen in Figures 139 to 146. The effect of the polarity and magnitude of the bias applied
during irradiation is clearly seen on the C-V characteristics shown in Figures 139 to 142, for n-type

and p-type MOSCs with thick and thin oxides, respectively, irradiated to a total dose of
10KRad(SiO»). The irradiation can be seen to have shifted the C-V curves to more negative gate

voltage regimes, this being typical of positive charge injection in the oxide layer of the device, the
shift being greatest for positively biased devices, and least for negatively biased devices.

The oxide positive charge buildup can also be seen for devices irradiated with no applied gate bias,
the magnitude of the C-V characteristic shift being greater than that for negative biases but smaller
than that for positive biases; this is indicative of charge injection from the silicon substrate being the
dominant mechanism for the characteristic shift, rather than a deposited charge from the irradiation.
Figures 14310 146 show the effects of radiation dose on n-type and p-type MOSCs with thick and
thin oxides, respectively, all under zero gate bias during irradiation. As can clearly be seen, the
greater the dose, the greater the shift in C-V curve to more negative gate-bias regimes. This
indicates a correlation between total dose and the magnitude of the curve shift. The shift can be
seen to marginally increase the effective capacitance of the n-type MOSCs and to simifarly decrease
the effective capacitance of the p-type MOSCS; the converse of the effect seen for similar devices
when irradiated under bias with alpha-radiation. This effect is possibly due to the alteration in the
C-V characteristic by the introduction of fast-surface states, as described in Chapter 4, although its
origins are, at present, uncertain.

Figures 147, 148 and 149 show plots, for both n and p-type MOSCs, of the flatband voltage shift
versus gamma radiation dose in SiOp, density of interface state generation versus dose and oxide

charge density versus dose, respectively, for various device oxide thicknesses and applied bias
magnitudes. From these it is evident that an approximately finear relationship exists between the
effects of the radiation and the total radiation dose and applied bias magnitude for the dose range

investigated.

An investigation into the effects of gamma-irradialion on the I-V characteristics of the devices

revealed that, (in a similar fashion to those curves for alpha irradiation) the effect of irradiation on the

devices were barely detectable with the apparatus used, and again it is uncertain whether the

extremely small effect seen was due 1o a slight hysteresis in the I-V curves due to the

time-dependence of the current flow through the devices or due to some effect produced by the
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passage of the gamma- radiation through the oxide layer. It is felt that this data, because of its
possible misinterpretation, is not worthy of presentation until further evidence can be obtained

Comparisons with the data presented by other workers in the field and the conclusions which Have

been drawn from these results are presented in Chapters7 and 8.

6.4 Neutron and Recoil-Proton Irradiations

In order to investigate the effects of neutron and recoil-proton irradiation on the breakdown

characteristics and physical properties of the Al-SiO-Si MOSCs, a large number of individual

devices were irradiated using an g5Am241/Be neutron source; to determine the effects of total

dose, bias magnitude and bias polarity, twelve sets of board-mounted devices (boards1 to12
inclusive) were also neutron-irradiated using the 3MV Van der Graff accelerator associated with the
low-scatter facility at the National Physical Laboratories (NPL), Teddington (UK). The device
mounting, probing and examination techniques, together with the electrical techniques which were
used have been described in Chapter 5.

To briefly summarise the experimental conditions: individua! device irradiations were performed
using a 3Ci 95Am241/Be source, the characteristics and calibration details of which may be found in

Appendix 10. The source was held at (0.15£0.001)m from the devices and was shielded from
concomitant gamma-radiation by 3.5mm of lead sheet, as described in section 5.4.3. Reccil-proton
irradiations used the same source and irradiation geometry with a hydrogenous radiator placed
directly in front of the MOSC under test; details of the radiator can be found in section 5.4.4 and

the calibration of the source and other details of the recoil-proton irradiations may be found in

Appendix 11.

The majority of the neutron irradiations were performed on board mounted MOSCS using the

neutron irradiation facility at the NPL(UK), the details of which may be found in Appendix 8, and its

characteristics in Table 14. For uniformity of total dose over the entire area of the board-mounted

samples, the source was placed at the maximum distance (0.20m) from the boards which led to a

maximum possible error in the dose calculations of +3% for the majority of the irradiations. and +8%

for the very short time irradiations, with a dose variation of approximately -5% from the cerire to the
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edge of the boards; the dose rate, total dose and error details for these irradiations are presented in
Table 14, with further details in Appendix 9.

The voltage range of the biases used for board mounted devices was from -9V to +9V, and
included zero bias and the top-gate electrode connected to the Ohmic contact for the open-circuit
condition (these were kept as similar in magnitude to those used in the other investigations as was
possible); the biasing arrangement is, again, shown in Figures 91(a) and 91(b).

For individual device irradiations a 1MQ limiting resistor, in series with the EHT bias supply and tof
gate electrode, was used to prevent avalanche breakdowns; this was removed for I-V characteristic
determinations for the devices so that current runaway and the onset of breakdown could be
studied. The limiting resistor was not necessary for the board irradiations because of the low bias
voltages used, well below the breakdown fields for even the thinnest oxide devices under
investigation.

The results from these investigations are presented in the proceeding paragraphs, with the
conclusions drawn from them discussed in Chapters 7 and 8.

Several MOSCs of each types and oxide thickness were investigated whilst under irradiation with
neutrons from the Am241/Be source and with applied fields ranging between -10Mvem™1 and
+10MVem-?! across the devices (the negative sign indicating that the top electrode was at a
negative potential with respect to the Ohmic contact). There was no evidence to suggest that the
neutron or concomitant recoil-proton irradiation in anvaay affected the breakdown characteristics
of the devices, which followed breakdown characteristics nearly identical to those shown ir;
Figures113 to 116.

Physical examination of the devices after irradiation, but before any defect-refated or intrinsic
breakdown had occurred showed no evidence of any effects on the structure, and examination of

breakdown pits which occurred in the expected (defect-related and intrinsic breakdown) field range

showed no observable differences from those for virgin devices, as typified in Figures 112to 114. 1t

241
. has been concluded that neutron radiation in the 0.4-10MeV range from the Am<*'/Be source

used and the recoil-protons from the hydrogenous radiator (induced by the (n,p) reaction by

Neutrons from the same source) do notinduce dielectric breakdown.

Investigation of the chemical nature of the Si-SiOpinterface and bulk Si0 using AES and ESCA

showed spectra with no apparent differences from those for virgin devices, as typified by Figures



295
C=V PLOT FOR MOS CAPNCITOR

T T T pe—— 2.5 "__*'_*'*E._*_-_"—W

VIRGIN SOMPLE

(nF)

nButron 1rea

Capacitance

VIRGIH SF0LT
) g
| 1 i o

A4

-20 -15 -10 -5 9

10

(G108

Gate Voltage (Vg)
neutron irrad. - 1BE12 n/cm?

37.4nm S5i02 on 21-25 Ohm cm p-Si ; © V BIAS
PDark ; 8.5 V osc. ltevel ; [IMHz
PLESSEY DEVICE : Smm2 ELECTRODE
Figure 150: Effect of magnitude of a total dose of 1012 ncm2 and assoc.iated recoil—protqn
irradiation on the 1MHz C-V characteristics of a p-type Al-Si09-Si MOSC with

37.4nm thick oxide layer.
0V bias applied during irradiation.

C—V PLOT FOR MOS CAHPRACITOR

T T T > — T
VIRCIN SHmMPLE
©
N\
L
5 \ VIRGIN SAMPLE 7
)]
0
C
Il
2 2
5}
m
Q
m
U
14- .
I e et
-20 -15 -10 -5 Q 3 10
Gate Voltage (Vg)

neutron irrad. 1QEL2 n/cme
566.7nm 5i02 on 21-25 Ohm cm p-Si ; @B V BIRS
Dark ; 8.5 V osc. level ; IMHz
PLESSEY DEVICE : 9mm2 electrode
of 1012 n cm2 and associated recoil-proton

Fi ' i tal dose , ) .
igure 151: Effect of magnitude of a to orictics of @ p-lype A-Si0g-Si MOSC with

irradiation on the 1MHz C-V charac

566.7nmthick oxide layer.
0V bias applied during irradiation.



296
C=V PLOT FOR MOS CAPNCTTOR

—

25—
VibGIn
2. .
n
c
. tro “ 1.5
0
C
e
e
y "I
Q
o
@}
.5 1
VIRGIN SHHPLE
L L 1 15} - :
o
-20 -15 -10 -5 0 S 18
Gate Voltage (Vg)
neutron irrad. IBE12 n/cm?

42.5nm Si02 on 2-4 Ohm cm n-Si
Dark 3 8.5 V osc.level :; IMHz
PLESSEY DEVICE : 9mm? electrode

i BV BIAS

Figure 152: Effect of magnitude of a total dose of 1012 n cm™2 and associ‘ated (ecoil-protc.)n
irradiation on the TMHz C-V characteristics of an n-type Al-SiOp-Si MOSC with

42 .5nm thick oxide layer.
0V bias applied during irradiation.

C-V PLOT FOR MOS CAPRCITOR

T T T 9 1
VIRGIH SHAHPLE

neutron (read. 4L |
®
N VIRGIN SAMPLE
'S -
c 3t |
o
0
5
» ol A
Q
]
Q
]
& N

L.__._.__._ e B _;_.-.___‘_~._]_O
-20 -15 -10 -5 3]
Gate Voltage (Vg)
neutron irrad. IREL2 n/cm2
9 VvV BINS

588.3nm Si02 on 2-4 Ohm cm n-Si 3
Dark ; 0.5 V osc. level ; IMHz
PLESSEY DEVICE : 9mm2 electrode

of 1012 n cm2 and associated recoil-proton

Figure 153: Etfect of magnitude of a total dosecteristics o mtype Al-SiO5-Si MOSC with

irradiation on the 1MHz C-V chara

588.3nm thick oxide layer. o
0V bias applied during irradiation.



297

109(a) to () and Figure110; this, however, does not preclude the existence of radiation damage in
the structure, since the techniques used are insensitive to chemical shifts expected from the
displacement damage caused by the relatively few neutron interactions, and insensitive to the even

fewer recoil-proton interactions with their associated ionization damage. Calculations of the
approximate number of displacements caused in the SiO, layers by the incident neutrons, based

on tabulated data of interaction cross-sections for neutrons with silicon and oxygen, are presented
in Appendix 13.

No pulse output was seen from the devices under irradiation for both devices with and without
various combinations of magnitudes and polarities of applied bias; the devices appeared invisible to
neutron and recoil-proton radiations.

The appearance that the MOSCs are invisible to the neutron and recoil-proton radiations in this
energy range precludes the feasibility of the devices as novel neutron or recoil-proton detectors for
personal dosimetry, as proposed in sections 1.4 and 5.4.4.

However, the C-V characteristics of the devices were minimally altered by the combined neutron
and recoil-proton radiation field, as can be seen in Figures 150 to 153 for n-type and p-type MOSCs
with thick and thin oxides, respectively, irradiated to a total dose of 1012 n cm™2, but were not
altered by the neutron field alone. This implies that the low number of recoil-protons which irradiated
the devices caused the noticeable shift in the C-V curves to more negative gate voltage regimes,
this being typical of positive charge injection in the oxide layer of the device. The oxide positive
charge buildup can be seen for devices irradiated with no applied gate bias, the application of bias
having no effect on the magnitude of the C-V curve shift. Also evident from the C-V curves for the
irradiated devices is the introduction (or generation) of slow states causing the onset of
deep-depletion and the introduction (or generation) of fast surface states causing the anomalous

behaviour at high device capacitances; these effects are described and explained in sections

2.4.2 and 2.5.2. Such effects were also seen for devices irradiated with only neutrons and are

~ therefore believed to be due to the neutrons alone, possibly from displacment damage in the oxide

and at the interface.

Figures 154, 155 and 156 show plots, for both n and p-typé MOSCs, of the flatband voltage shift

recoil
versus neutron and recoil-proton radiation dose (expressed as the numbers of neutrons and reco

protons incident cm-2 on the devices), density of interface state generation versus dose and oxide
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charge density versus dose, respectively, for various device oxide thicknesses and neutronl?
irradiation energies. From these it is evident that a near-linear relationship exists between the
effects of the radiations and the total radiation dose which is energy dependent, as would be
expected if the shift of the C-V curve seen is due entirely to the recoil-protons (whose generation in
the hydrogenous layer is a function of incident neutron energy).

The effect of irradiation on the |-V characteristics for the devices was undetectable with the
apparatus used. It is believed that any effects on the I-V characteristics of the MOSCs due to the
neutrons or recoil-protons would have been clearly evident if the effects were to affect device
parameters in any detrimental way.

Comparisons with the data presented by other workers in the field and the conclusions which have

been drawn from these results are presented in Chapters7 and 8.

6.5 Fission-Fragment Irradiations

In order to investigate the effects of fission-fragment irradiation on the breakdown characteristics
and physical properties of the Al-SiO5-Si MOSCs, a large number of individual devices were

irradiated: the device mounting, probing and examination techniques, together with the electrical

techniques which were used have been described in Chapter 3.
To briefly summarise the experimental conditions: individual device irradiations were performed

under vacuum at a pressure of approximately 3*10-2mbar in the vacuum chamber illustrated in
Figure 101 and in the shielded enclosure shown in Figure 83 using a 0.7uCiggCf2522 source, the

characteristics of which and the calibration details are presented in Table 15 and Appendix 12,

respectively. The irradiation geometries used are presented in Figure 103, which shows the source

arrangement for vacuum irradiations and for irradiations where the the source-to-device distance

was varied between 2.51+0.05mm and 13.84:0.06mm to provide different residual energy

fission-fragments (after slowing in air). The range in air versus residual energy and stopping power

in Si0y, for light and heavy fission-fragments is presented in Appendix 14.

For most device irradiations a 1MQ limiting resistor, in series with the EHT bias supply and top ga

electrode, was used to prevent avalanche breakdowns; this was removed for I-V characteristic
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determinations for the devices so that current runaway and the onset of breakdown could be

studied.

(Since the effects of the radiations concomitant with the fission-fragments from the G252 source
used - alpha and neutron radiations - have been shown to produce no effect on the breakdown
characteristics for the devices, these radiation fields have been ignored in discussion of the
fission-fragment induced breakdown process caused by fission-fragments from this source).

The salient results from these investigations are presented in the proceeding paragraphs, with the
conclusions drawn from them discussed in Chapters 7 and 8.

The breakdown and I-V characteristics of the various devices under irradiation from the C{252
source whilst under vacuum of ~3*10"2mbar were determined using the techniques described in
Chapter 5. Breakdown testing was performed at room temperature using the voltage probe
assembly and breakdown apparatus with the shielded enclosure arrangement shown in Figures 93
and 95, and stepped gate-voltage application, using oxide fields between -11MVem! and
+11MvemT, dependent on the device intrinsic (and defect-related) breakdown strength.

The breakdown characteristics for n and p-type devices whilst under irradiation are presented in
Figures 157(a) to (d), which show typical curves for thick and thin-oxide MOSCs with the number of
radiation-induced non-shorting breakdowns versus applied gate voltage and respective field as
parameters alongside the breakdown characteristics for the devices when no radiation was present.
An exponential rise in the number of breakdowns can be seen with increasing applied gate voltage,
occurring at fields well below those for intrinsic or defect-related breakdown, with a characteristic
knee in the curve for the n-type devices, not present in the curves for p-type devices.

Device destruction occurred within an =90% increase in applied gate voltage over the onset of
radiation-induced-breakdown voltage for the thinnest oxide devices, falling to =15% for the thickest

oxide devices, implying that the thinner devices have an operating plateau (that is, a voltage range

for detection of fission-fragments by radiation-induced breakdown) which is far more extensive than

that for thicker devices: this would suggest that thinner oxide devices are more feasible as

fission-fragment detectors than thicker oxide devices since the operating region occurs for much

lower oxide fields than the intrinsic or defect-related breakdown fields.

Physical examination of the effects of radiation-induced breakdowns on the device revealed

breakdown pits with two types of breakdown damage: both forms of breakdown pit are craters of
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between 10 and 50um in diameter for n-type devices and between 2 and 6um for p-type devices,
independent of the magnitude and polarity of the applied field with the same shape and
characteristics as those due to intrinsic (or defect-related )breakdowns presented in Section 6.1
for virgin devices.

The pits were rarely surrounded by surface damage of the Al gate electrode, uniike those due to
intrinsic or defect-related breakdowns, and were typical of those shown in the photographs in
Figures 158(a) to (c), which implies a single non-shorting breakdown had occurred at the
breakdown site; inverted-field interferograms of the breakdown sites, typical of those shown for
virgin devices in Figures 114(a) and (b), have revealed that the two forms of radiation-induced
breakdown pits are almost identical to those for virgin devices; for the most common form of crater
found on the devices, the crater depths were approximately 50% of the thickness of the oxide
layer and were typical in dimensions of those shown in Figures 158(a) and (b). The other form,
shown in Figure 158(c) reached the entire thickness of the oxide and produced star-shaped
breakdown patterns in the Al metal surrounding the breakdown site, similar to those reported by
YANG et al142. In a similar fashion to intrinsic and defect-related shorting breakdowns, for several
devices tested a small trace of Al could be found (using the SEM with Kevex detector and LINK
ESCA system) at the base of the deeper craters, indicating a possibly conducting channel between
the semiconductor substrate (or very near to it) and the top Al electrode, perhaps indicating that the
fission-fragments had initiated a breakdown process similar to that for intrinsic (or defect-related)
breakdown at a far lower field than expected.From these results a proposal as to which mechanisms
form the possible physical basis of radiation-induced breakdown has been made.

The approximate number of radiation-induced breakdowns the device can sustain before failure has

been estimated (by counting the number of breakdown pits over a large area of the device and

extrapolating the data obtained) as typically being =104 per device for an n-type de.vice and

~10°per device for a p-type device; these values are of the same order as the total (measured)

number of breakdown pulses from each type of device recorded before device failure, typically

between 104 and10® per device, for n and p-type devices respectively. The conclusion drawn from

this is that each pulse occurs due to a breakdown at each site and, therefore, unlike defect related

and intrinsic breakdown results presented in section 6.1 for virgin devices, in the case of

fission-fragment induced breakdowns at oxide fields far lower than the (expected) oxide breakdown
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field strength, the proposal that each breakdown site is the product of a single breakdown pulse
due to the passage of a single or several fission-fragments at that point appears to be a valid
description of the breakdown processes occurring.

A study of the breakdown field versus device (oxide layer) thickness for devices under
fission-fragment irradiation has revealed characteristics typical of those shown in Figures 161 and
162 ; since the Al gate area was kept constant, the observed near-linear relationship between the
breakdown field and the oxide thickness for the pre-intrinsic breakdown field range can be ascribed
to the possibility that the breakdown mechanism for fission-fragment induced breakdowns is linearly
thickness dependent; however, the plot of the number of fission-fragment induced breakdowns
versus oxide thickness, shown in Figure 163 and 164, indicating a decrease in the number of
breakdowns with increasing oxide thickness appears to contradict this proposal.

Histograms showing the maximum breakdown field distributions for both n and p-type devices of all
thicknesses for devices whilst under fission-fragment irradiation have been made and are shown in
Figures 165 and 166. It can clearly be seen that the modal breakdown field strength of the n-type
devices was reduced from the virgin device value of between 10.75 and 11Mvem ! to between 8.5
and 8.75Mvem-! and similarly for the p-type devices from between 9 and 9.25MVem™ T to between
10 and 10.25MVcm™1. This demonstrates the reduction in oxide breakdown field strength for
devices which breakdown whilst under fission-fragment irradiation.

An investigation of the breakdown characteristics of the various oxide thickness and types of MOSC
when irradiated with different residual energy fission-fragments (the characteristics of which are
shown in Appendix 14) has revealed curves typical of those shown in Figures 167(a) and (b) for
n-type devices and in Figures 168(a) and (b) for p-type devices. The fission-fragments were

energy-selected by placing the ci252 source at known distances from the MOSC under test and

calibrating the source-to-device distance with the known properties of light (A=106, Z=43) and

heavy (A=142, Z~55) fission-fragments from tabulated data265: this has been used to find the

threshold for detection of fission-fragments in terms of the stopping power in SiOg. Figure 169

shows the threshold voltage for detection of both light and heavy fission-fragments versus the

stopping power of the fission-fragments in the various devices; the effect of the thin Al fayer has

i i ices. m
been taken into account in the calculation of the stopping powers in the devices. Fro

extrapolation of the stopping power Versus threshold voltage for detection (fission-fragment
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Figure 161: A plot of breakdown voltage versus device oxide thickness for n-type Al-SiOp-Si
MOSCs under fission-fragment irradiation.
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Figure 162: A plot of breakdown voltage versus device oxide thickness for p-type Al-SiOp-Si
MOSCs under fission-fragment irradiation.
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Figure 163: A plot of the number of breakdowns occuring at the breakdown "plateau
voltage" versus device oxidethickness for n-type Al-SiOp-Si MOSCs under

fission-fragment irradiation from a C252 source.
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Figure 164: A plot of the number of breakdowns occuring at the breakdown "plateau
voltage" versus device oxide thickness for p-type Al-SiO>-Si MOSCs under

fission-fragment irradiation from a Cf252 source.
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induced breakdown), it can be seen that the n-type MOSCs have a registration ability of heavy ions

with a stopping power in SiOp of greater than 6 MeVmg-Tem2 and p-type devices have a

registration ability of heavy ions with a stopping power in SiO5 of greater than 9 MeVmg'1cm2 .

Thus, the n-type MOSCs were more sensitive to the breakdown effects produced by the passage
of fission-fragments than were the p-type devices. These figures are approximately 50% lower than
those reported by DONICHKIN et ai238, who report a mean minimum threshold energy for
registration of fission-fragments of ~15MeVmg1cm2- A proposal for why these MOSCs show such
ability to detect (respond) to fission-fragments is discussed in terms of the KLEIN245 model for
RIDB in Chapter 7.

The I-V characteristics for the MOSCs under fission-fragment irradiation revealed curves typical of
those shown in Figures 159(a) and (b) and 160(a) and (b) for n and p-type devices, respectively; the
-V curves of the same devices before irradiation are given for comparison. The curves both MOSCs
within and without the fission-fragment radiation field are similar to those for MIS devices operating
by a space charge limited conduction mechanism with a constant electron mobility; at high applied
fields this dependence can be seen to move to a Schottky or thermionic based conduction
mechanism. It can also be seen that the devices appear to conduct to a greater extent when under
fission-fragment irradiation than when not, implying a charge injection or charge deposit in the
device under these conditions. Hysteresis of the -V curves was seen to be minimal for
downward-stepped applied voltages from the breakdown condition in both irradiated and virgin
device circumstances. The curves were quite repeatable with very similar characteristics until the
devices experienced shorting breakdowns, when the |-V curves became nearly horizontal at high

(MA) current values, suggesting device failure.

A series of detailed investigations into the effects of the radiation from the C1252 source on the bulk

electrical characteristics of the devices when not high-field stressed has revealed current pulses

produced in the devices typical of that shown in Figure 170. These are similar in shape to that for

alpha-irradiation, presented in section 6.2, but of a far greater current magnitude. When bias was

applied across the devices, a decrease in the number and magnitude of the pulses was seen,

regardless of the polarity of the bias, the pulse number decreasing with increasing magnitude of

bias; this effect was found to be more apparent in n-type devices than in p-type devices with no

Obvious dependence on the device oxide thickness. Figures 171 and 172 show the number of
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Al-Si-SiOp MOSC with a 70nm thick oxide layer under fission-fragment irradiation

from a C1252 source. The output spectrum from a SSB detector is shown for

comparison.
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Figure 173: Spectrum from a mullichaahel aﬁarlyser showing the pulse outpqt f'rom a p-type
Al-Si-Si0p MOSC with a 500nm thick oxide layer under fission-fragment
irradiation from a C1252 source. The output spectrum from a SSB detector is
shown for comparison.
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pulses per100s versus channel number of a multichannel analyser from an n-type (42.5nm oxide
layer) MOSC and a p-type (39.4nm oxide thickness) MOSC, respectively, when under vacuum and
irradiation from the C1252 source; the output from an Ortec silicon surface-barrier (SSB) detector
(with a similarly sized active area) under the same irradiation geometry and conditions is presented
for comparison. The similarity between the output from the p-type MOSC and the SSB detector is
quite evident, the resolution of the SSB being slightly better than that of the MOSC for the
thin-oxide device shown; the thicker the oxide layer of the MOSC under test, the worse the
resolution of the device to the incident alpha and fission-fragment radiations, as can be seen in
Figure173. As with the detection of alpha-particles shown in section 6.1, the n-type devices
showed poor detection properties.

Application of bias to the devices was seen to diminish the output pulse number and increase the
noise seen at low channel numbers, regardless of the polarity or magnitude of the bias, but not to
decrease the size of the pulses. An investigation of the magnitude of the pulses induced in the
devices has revealed an equivalent voltage-pulse shape typical of that shown in Figure 170. The
size of the pulses varied inthe 10-5 to 1074A range, with no apparent dependence on the device
thickness.

The C-V characteristics of the devices were noticeably altered by the Cf252 radiation field, as can be
seen in Figures 174 ,175 and 176 which show the flatband voltage shift versus estimated c1252
radiation dose, density of interface state generation versus dose and oxide charge density versus
dose, respectively, for various device oxide thicknesses irradiated to a total dose of 104

. e 2
fission-fragments cm2 and the associated alpha-particle and neutron radiations from the Cf23

source; it was not possible to test the effects of fission-fragments independently of the other

radiations concomitant from the C252 source.

Oxide positive charge buildup can be seen for devices irradiated with no applied gate bias and for

devices which have experienced breakdown whilst under irradiation; this is perhaps indicative of

deposited charge from the irradiation rather than due to charge injection from the sificon substrate

since the plots also show that devices which experienced intrinsic or defect-related breakdown (and

not radiation induced breakdown) exhibit characteristics of negative charge injection from either the
silicon substrate or the Al gate electrode.

. i -type
This is more clearly seen in Figures 177 and 178 which show the C-V curves for typical n and p-typ
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Figure 175: A plot of the density of interface states (Dj;) versus total number of

fission-fragments crossing the device and number of fission-fragment induced
breakdowns for various oxide thickness devices with the MOSC device type as
the parameter.
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Figure 176: A plot of the oxide charge density (qot) versus total number of fission-fragments
n-fragment induced breakdowns for

crossing the device and number of ﬁssiq [
variousg oxide thickness devices with the MOSC device type as

the parameter.
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devices before and after RIDB and intrinsic (or defect-related) breakdown; the direction and
magnitudes of the shiftin the curves can clearly be seen, along with the characteristic distorion of
the C-V curve due to the introduction (or generation) of fast and slow surface states. The slow
surface states, which are found deep in the oxide, force the device into the deep-depletion mode
of operation and can be seen to be more pronounced for devices which have experienced radiation
induced breakdown than those which broke down due to an intrinsic or defect-related mechanism,
whereas the fast surface states, found close to the interface, are more evident for devices which
broke down due to intrinsic (or defect-related) breakdown mechanisms; these effects are described
and explained in sections 2.4.2 and 2.5.2. This observation of the generation (or introduction) of
such energy states has provided evidence which has been used to propose an extension to the

KLEIN model245 which is presented in Chapter 7.



CHAPTER SEVEN.

DISCUSSION
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In previous chapters a wide range of evidence has been presented, both theoretical and
experimental, which forms the basis of a framework for understanding the principal effects of

nuclear radiation on Al-5iO»-Si MOSCs.

For the purpose of the following discussion, and because of the necessity to distinguish between
the effects of the various radiations used in this study, a brief summary of the important
experimental findings that have emerged from this investigation is presented in two forms: the first
presents a tabulated summary of the principal effects of the individual radiations on the MOSCs in
terms of their effects on the various parameters evaluated (for examples: breakdown strength,
flatband voltage shift, density of interface states, and oxide charge density ), with a brief explanation

of the data presented; the second presents a brief summary of the effects of nuclear radiation en
masse on the Al-SiO,-Si MOSCs in terms of general effects on the overall electrical behaviour of

the devices and changes in the physical characteristics (associated with virgin MOSC structures)
due to irradiation.
These observations on the principal experimental findings have been used to propose an improved

framework for understanding intrinsic (and defect-related) breakdown in Al-SiO»-Si MOSCs and the

effects of radiation on these phenomena, and to extend the knowledge of the general effects of
radiation on the physical characteristics and electrical behaviour of such structures. The discussion
which envelops these is presented in the following' sections, with qualitative and quantitative
extensions to the relevant models for device behaviour where possible.

The characteristics of the virgin devices are not presented here other than for comparison with

devices post-irradiation, and the reader is referred to section 6.1 of the previous chapter for a

relevant summary of device parameters and other data.

tions on_AlI-Si0»-Si MOSCs

7.1 Summary: The Principal Effects of Various Radia

In Tables 17 to 21, summaries of the principal effects of alpha, gamma, neutron and recoil-proton,

’ ' , tics
neutron, and fission-fragment irradiation, respectively, 00 the electrical and physical charactenstic

. : nt
of thin (=100nm) and thick-oxide (=600nm) Al-SiOp-Si MOSCs are presented; these represe

. ; i .5 of the previous
typical findings from the various investigations, as reported in sections 6.2 to 6 p
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chapter.

Table 22 is a similarly tabulated summary of the effects of intrinsic and defect-related dielectric

breakdown on such Al-SiO2-Si MOSCs, as reported in section 6.1 of the previous chapter.

The magnitude of each effect is expressed qualitatively in terms of the effect on the various
parameters as compared with the same parameter for the virgin device: thus, a large effect is one
considered to alter the device characteristic beyond recovery, whereas a small effect is one which,
although valid within the limits of experimental error, maybe removed by device annealing or by
some other technique. Thus, the generation of interface states and oxide charge, changes in the
ESCA and AES spectra, variation in the 1-V characteristic, evidence of pulse generation and
dielectric breakdown in the devices due to the various radiations and due to intrinsic (or
defect-related) effects have been considered qualitatively; these effects have also, where possible,
been presented quantitatively in order to present the reader with data easily compared with that for
virgin devices, as reported in Table 16.

It is evident from the summary tables that each radiation produces markedly different magnitudes of
effects for a similar total radiation dose in the SiOo layer: the generation of a positive oxide charge in

the devices, for example, appears at first sight to correlate with the magnitude of linear energy
transfer, LET, of each radiation (linear attenuation in the case of gamma radiation), such that the
greater the LET of the radiation, the greater the generation of positive oxide charge in the device,
the effect being greatest for devices biased positively, and least for devices biased negatively with

respect to Ohmic contact on the underside of the silicon substrate; the effect is more noticeable in

n-type devices than in p-type devices. An order of magnitude for the degree of generation of

positive oxide charge in the worst case is =1*1011 charges Rad(SiOp)  lcm 2 for fission-fragment

. +4n-8 e .
iradiation, equivalent to a charge generation of approximately 2*10°°C. The radiation which

generates the least positive charge in the devices can be seen to be fast-neutron (2.5MeV)

i0s)-1em=2 i
radiation, which generates approximately ~6*108 chargesRad(SiOp)"'cm™<, equivalent to

approximately 1‘10-100' in the MOSCs. These are clearly seen from the magnitudes of the shifts

with the various radiations, the effect being generally greatest

inthe flatband voltage after irradiation

~ . orst case to onl
for fission-fragment irradiation and ranging from approximately -17V for the W Y

(approximately) -0.1V for neutron irradiation-
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The magnitude of the generation of interface states also appears to similarly correlate with the
magnitude of the LET of the radiation; fission-fragment irradiation appears to produce by far the
most interface states in both thin and thick devices, again the effect being greatest for devices
biased posilively, and least for devices biased negatively, with respect to the Ohmic contact on the
underside of the silicon substrate and, again, the effect more noticeable in n-type devices than in

p-type devices. Typical values for the increase in the density of interface states generated in
Al-SiOo-Si MOSCs by fission-fragment irradiation are of the order of 1012 gcm=2eV-1 for an

irradiation of 104 fission-fragments cm2 for p-type devices with (small) positive bias applied to the
top Al gate electrode, and of the order of 101 Tgcm2eVv-T for an irradiation of 104 fission-fragments
cm2 for n-type devices with (small) negative bias applied to the top Al gate electrode. Typical values
for the density of interface states generated in alpha and gamma-irradiated MOSCs are similar in
magnitude to those for fission-fragment irradiated devices, varying between 1012 qcm‘2eV‘1 and
1010 gem=2ev-1.

An interesting result is that generation of interface states by neutron irradiation of the devices is
evident from the slight distortion of the flatbands region of the C-V characteristic, an effect which is
disputed by several workers208.212; simple estimations of the surface recombination velocity
(approximately 5.7cm s-1 for the virgin devices tested) from the I-V characteristics of virgin and
irradiated devices, and using Equations 79 and 80, reveal that the surface recombination velocity
has, as a result of an increase in the number of interface states, increased by approximately

3.2cms 1 to 8.9cms™1. Similar estimations for fission-fragment irradiated devices indicate that, for

* TR -2
the thickest devices which received a total dose of 4*104 fission-fragments cm™<, the surface

recombination velocity increased to approximately 17.3cms™1 from the virgin device value of

approximately 5.7cms-!. These indicate that, since after neutron (or other) irradiation the surface

recombination velocity of the devices has increased, and there is evidence of distortion in the C-V

curve in the flatband voltage region, neutron irradiation does generate interface states in the

, . . . ‘
devices, albeit a small-magnitude affect. A typical order of magnitude increase in the number 0

- is 2¢1010 gcm2ev-1fora
interface states generated by a fluence of 108 neutrons cm 2 (0.5MeV)is 2°10"~ qcm eV

s00nm) n-type device, an

thin (~100nm) p-type device under zero bias, and similarly for a thick (=

ease in th rf _3+1010 gcm™2e -1 js typical. No variation in the
increase in the density of interface states of =3 101 v-1is typical

ma ee i [ conditions
gnitudes of the generation of interface states were seen for devices under different
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of bias and bias polarity, all data being identical to that for the zero bias condition.
An anomaly in the correspondence between the LET of the radiation and the increase in the
various electrical and physical parameters discussed can be seen; gamma-irradiation of the devices
appears to generate a greater oxide charge (and corresponding flatband-voltage voltage-shift)and
a greater number of interface states than does an equivalent dose of alpha-radiation; although the
effects of the two radiations are of the same order of magnitude in both thick and thin devices, this
cannot be discounted as simply experimental error variation in the results since the magnitudes of
the effects are statistically significant compared with the margin for error (as discussed in Appendix
4).
Evidence has been presented to demonstrate that a combined field of neutron and recoil-proton
radiation effects a greater magnitude of positive charge generation (by an approximate factor of
three increase) and interface state generation (by an approximate factor of four increase) than the
same neutron-only irradiation; this would suggest that recoil-protons aiso generate such charge and
interface states, though once again the effect is comparatively weak.
The ability of each radiation to generate oxide charge (and corresponding flatband-voltage
voltage-shift) and to generate interface states in the MOSCs appears to follow the scheme:
fission-fragments > gamma > alpha > neutrons/recoil-protons > neutrons
with the order of magnitude of ratios for the generation of interface states for equivalent p-type
devices being:

1 . 054 :043 : 0.03(7) . 0.01(4)

and for equivalent n-type devices being:
1 - 0.75 :056 : 0.03(6) . 0.01(4)

The order of magnitude of ratios for the oxide charge generation follows a very similar pattern

(which is not unexpected because of the intimacy of the two effects) being, for equivalent p-type

devices:

1 . 054 :042 : 0.03(6) . 0.01(4)
and for equivalent n-type devices :

1 - 0.75 :0.58 0.03(9) : 0.01(5)

i i i tes and
The similarity between these "damage equivalence"” ratios for the generation of interface sta

' irradiati further clear evidence
for generation of positive oxide charge is , in the case€ of neutron irradiations,
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of the generation of interface states by the neutron irradiation and not due to neutron damage in

the silicon substrate alone. In the cases for alpha, gamma, and fission-fragment irradiations of

Al-SiOp-Si MOSCs, these results shed new tight on the work of BRUCKER et al182 and STAPOR

et al183.

Changes in the |-V characteristics of the MOSCs during and after irradiation were only detected for
devices exposed to fission-fragments. The magnitude of the shift in current at any given gate bias
can be seen to vary exponentially with the applied bias for devices exposed whilst under bias, and
was only slight for devices exposed without bias; a typical estimation of the size of current increase
for thin-oxide (=40nm) n and p-type devices when under irradiation conditions at pre-breakdown
fields ranges between 2*10°8A and 1*1074A for fields between 2.5Mvem! and 10Mvem™?, and
between 2*10-10A and5*10°7A for fields between 0.1MVem™! and 10MVem™Tfor thick-oxide
(=500nm) n and p-type devices. The upper limit of these are comparable with data from injection
experiments (to determine the mechanism inducing breakdown in such MQOSCs ) as reported by
other workers 70,121,178 and discussed in Chapter 3. This shift in the |-V characteristic can be
seen to be also dependent on the flux of fission fragments crossing the MOSC, the greater the

fission-fragment fiux the greater the current flow in the device; no saturation of this effect was seen.
For both types of Al-SiO5-Si MOSC, current pulses were detectable for alpha and fission-fragment

irradiation; however, no pulses were detected in the devices for gamma, neutron/recoil-proton, and
neutron irradiations. The pulses were negative and exponential in character, ranging between

35us and 70us for either alpha or fission-fragment irradiation, and ranged between 10°6A and

1074A for alpha and fission-fragment irradiation, respectively. A strong correlation between the

number of particles crossing the devices and the number of pulses detected for both types of

device was observed, although p-type devices acted as more efficient detectors than n-type

devices, which appeared to have a lower signal-to-noise ratio.

A pulse-height analysis of the distribution of the pulses (using a multichannel analyser) showed that

both device types detected alpha and fission-fragment radiation in a similar fashion to a silicon

surface-barrier detector (5SB) and were invisible to the other radiation fields used in the study. The

i i onded
p-type devices were far more effective detectors than the n-type devices, which barely resp

. i SSB: the
to either radiation field. The thin-oxide p-type devices approached the resolution of the

i i hickest oxide
thick-oxide p-type devices detected the radiations with a far lower resolution, the thi
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(=1.2pm) p-type device barely responding to the passage of either radiation

Typical virgin device breakdown fields ranged between 11MVem:! for the thinnest n-type devices

to 8.25MVem- for the thickest p-type devices, the n-type devices typically displaying breakdown
strengths approximately 17% greater than equivalent oxide thickness p-type devices. Typically the
breakdown strength for devices were greatest for the devices when under reverse-bias conditions.
Radiation induced dielectric breakdown occurred only for fission-fragment irradiation: there was no
evidence to suggest that any of the other radiations had any effect on the breakdown
characteristics of the devices. Typical device breakdown fields for MOSCs under fission-fragment
irradiation ranged between 10.25MVem™1 for the thinnest n-type devices to g8Mvem™! for the
thickest p-type devices, the n-type devices typically displaying breal;down strengths approximately
15% greater than equivalent oxide thickness p-type devices. Typically the breakdown strengths for
devices, were again, greatest for the devices when under reverse-bias conditions. The threshold

for detection of light and heavy fission fragments has been determined, and n-type devices have a
registration ability of only those heavy ions with a stopping power in SiO5 of greater than
6MeVmg'1 cm2, and p-type devices have, at best, a registration ability of only those heavy ions with
a stopping power in SiO» of greater than 9MeVmg‘1cm'2; these are far lower than those reported

by other workers236. Typically, the n-type devices could detect (by radiation induced breakdown)

~104 fission-fragments cm2 and p-type devices =105cm2 before device failure due to shorting

breakdown or insufficient gate electrode unaffected to enable device operation.

Breakdown craters in the devices which suffered radiation induced breakdown were similar to those

for intrinsic (or other) breakdown in virgin devices and, typically, 10pm to 50um in diameter for

n-type devices and 2um to 6um diameter for p-type devices, independent of the magnitude and

polarity of the applied field. The crater depth varied between =50% of the oxide thickness and the

entire oxide thickness depending on the form of breakdown (that is, whether non-shorting or

shorting in nature).

Again, only the devices irradiated with fission-fragments showed any alteration to the AES and

ESCA spectra of the interfaces and bulk oxide. No effect was detectable for the other radiation

fields tested. The largest effects were seen for devices irradiated with fission-fragments whilst

i iations in the chemical
under reverse-bias conditions (although these results show only minor variatio

traneous conditions in the test

: ex
structure of the oxide and the interface, which may be due t0



347

chamber).
A summary of the effects of the individual radiation fields on the Al-SiO5-Si MOSCs tested has been

presented in tabular form with a brief explanation of each principal effect and its affect on the device

characteristics. These results are used in proceeding sections to propose an improved framework
for understanding intrinsic (and defect-related) breakdown in Al-SiO5-Si MOSCs and the effects of

radiation on these phenomena, and to extend the knowledge of the general effects of radiation on

the physical characteristics and electrical behaviour of such structures.

7.9 Summary: The General Effects of Radiation En Masse on Al-Si05:Si MOSCs

In this section a brief summary of the effects of nuclear radiation en masse on the Al-SiO5-Si

MOSCs, in terms of general effects on the overall electrical behaviour of the devices and changes in

the physical characteristics (associated with virgin MOSC structures), is presented;
(1). All the radiations tested generate positive charge in Al-SiO2-Si MOSCs, characterised
by a shift of the entire C-V characteristic for the devices to (more) negative bias voltage

regimes.

The magnitude of the shift is dependent on: the LET of the radiation; the total

radiation dose (or fluence); the bias magnitude; and the bias polarity.

Shifts are greatest for: thick-oxide p-type devices; reverse bias conditions; high-LET

radiations: and large doses, and are least for: thin-oxide n-type devices; forward bias

conditions: low-LET radiations; and low doses.

The zero bias condition produces charge generation in the MOSCs which is

intermediate between that for forward and reverse bias conditions.

(2). All the radiations tested generate interface states in Al-SiOp-Si MOSCs, characterised

by a distortion of the C-V characteristic for the devices in the flatband-voltage region

of the curve.

e |
The magnitude of the distortion is dependent on: the LET of the radiation; the tofa

. . i larity.
radiation dose (or fluence); the bias magnitude; and the bias polanty
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The distortion is  greatest for: thick-oxide p-type devices: forward bias conditions:

high-LET radiations; and large doses, and are least for- thin-oxide n-type devices;

reverse bias conditions; low-LET radiations; and low doses

The zero bias condition produces interface state generation in the MOSCs which is

intermediate between that for forward and reverse bias conditions.

. In general, the radiations tested did not appear to affect the I-V characteristic of the

Al-SiO5-Si MOSCs for devices tested during irradiation, but alf the radiation fields had

an effect on the post-irradiation [-V characteristic; this post-irradiation effect was
characterised by an increase in the surface recombination velocity for the devices,
being greatest for the higher-LET radiations and for greater total radiation doses (or
fluences).

For very-high-LET radiations, the |-V characteristic during irradiation was shifted to
lower bias regimes, indicating a greater current flow through the device during
irradiation: this was seen to be greatest for thick devices and least for thin devices,
independent of device type and bias polarity in the pre-breakdown voltage region.
Some hysteresis of the |-V curves was seen with upward and downward bias, though

this is aftributable to charging effects in the devices due to mobile ionic charge

carriers.

. Only high-LET radiation appeared to produce detectable current pulses in the

devices during irradiation. The p-type devices were more sensitive 10 radiations than

equivalent thickness n-type MOSCs, and the thick-oxide MOSCs less sensitive than

thin-oxide devices. Pulses were negative and exponential in character of the order of

ps to ms in duration.

Pulse-height analysis of the pulses with a multichannet analyser revealed that the

thin-oxide p-type devices detect such -adiations with a similar spectrum to that of a

silicon surface barrier detector, the resolution approaching that of the SSB used and

i ectors
decreasing with increasing oxide thickness. The n-type devices were poor det

when used in this fashion.
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(5). The breakdown strength of virgin devices was lower for devices under forward
bias conditions than under reverse bias, the lowering being of the order of 17% of the
upper limit. The p-type devices typically had breakdown strengths in the region of
gMvem™T to 9MVem™, substantially lower than those of equivalent oxide thickness
n-type devices, and was dependent on the device thickness: n-type devices, at best,
displayed breakdown strengths in the region of 10.75MVem! to 11Mvem-1,
dependent on the device thickness.

Thinner oxide MOSCs generally displayed lower breakdown strengths than the
thicker oxide devices.

The effect of (intrinsic or defect-related) breakdown on the C-V curve for devices
which experienced only non-shorting breakdowns was to shift the C-V characteristic
to more positive bias regimes, indicating the injection of negative charge to the
device. This negative oxide charge was of the order of =1014 qcm'2 for 103
breakdowns cm~2. Interface state generation by breakdown was comparatively small,
of the order of 1011 q cm2ev-1 101012 q cm-2eVv-1, considering the charge injection

and physical damage to the devices caused by breakdown.

. Radiation induced dielectric breakdown has been observed in all types and oxide

thickness devices only for very-high-LET radiation (fission-fragments) and there was

no evidence to suggest that any other radiation field tested affected the breakdown

characteristics of the devices in any way.

The breakdown strength of devices whilst under fission-fragment irradiation was

considerably lower than for virgin devices, being of the order of 16% lower overall. As

for virgin devices under (intrinsic Of defect-related) breakdown, the breakdown

strength was lower for MOSCs under forward biasing than under reverse biasing, the

difference being of the order of 16% of the UppPer fimit. The p-type devices generally

had breakdown strengths lower than those of equivalent oxide thickness n-type

-1 ice
devices, typically of the region of gMvem-1 to 8.75MVem™, dependent on the dev

‘ o of
thickness; n-type devices, at best, displayed breakdown strengths in the region o

9.25Mvem-1 to 10.25Mvem™.



. No evidence of radiation induce

Thinner oxide MOSCs when under irradiation and large gate bias conditions generally

displayed lower breakdown strengths than the thicker oxide devices.

The effect of radiation induced breakdown on the C-V curve for devices (which
experienced only non-shorting induced breakdowns) was to shift the C-V
characteristic to more negative bias regimes, indicating the injection of positive charge
(holes) to the device. This positive oxide charge was of the order of =1014 gem-2 for
103 breakdowns cm™2. Interface state generation by breakdown was comparatively
small, of the order of 1012 q cm'zeV'1, considering the charge injection and physical
damage to the devices caused by breakdown and the fission-fragments.

A typical characteristic of the devices is the correlation between the number of
fission-fragment induced breakdowns and the fission-fragment dose, with each
fission-fragment producing a single breakdown in the devices (when sufficiently
biased), irrespective of device oxide thickness and type; p-type devices were
generally more sensitive to fission-fragment radiation than equivalent oxide thickness
n-type MOSCs.

The devices were only affected by fission-fragments if, for n-type MOSCs (irrespective
of oxide thickness), the fragment had a stopping power in SiO» of at least =6 MeV

mg"‘cm‘z, and in p-type devices (irrespective of oxide thickness) had a stopping

power in SiOy of at least = 9 MeV mg™em 2.

Typically the devices could detect 105 to 106 fission-fragments cm2 before failure,

and the breakdown craters were between 2um and 55um in diameter, dependent on

the type of device, irrespective of breakdown field and bias polarity.

d changes in the structuré of the interfaces (Al-SiOg

and Si-SiO»p) was found for thin or thick-oxide devices of either type, except for fission

fragment irradiation and breakdown where the effects were most pronounced for

devices irradiated whilst under either bias condition. The effects were generally small,

and in some cases could have been due to extraneous conditions in the investigation

chamber.



Similarly, no evidence of radiation induced changes in the structure of the bulk oxide
was found for thin or thick-oxide devices of either type, except for fission fragment
irradiation and breakdown where, again, the effects were most pronounced for
devices irradiated whilst under either bias condition. The effects were generally small
and, again, in some cases could have been due to the test technique.

The evidence suggests that bond damage (breaking) is the most likely effect in both
the case for the interfaces and for the bulk oxide; no evidence was found for the
proposal of the possibility of the generation of a silicon-rich layer produced at the
interface by irradiation, even in the case for dielectric breakdown or for radiation

induced breakdown.

A summary of the effects of the radiation en masse on the Al-SiOp-Si MOSCs tested has been
presented. This is used in proceeding sections to propose an improved framework for
understanding intrinsic (and defect-related) breakdown in Al-SiO»-Si MOSCs and the effects of

radiation on these phenomena, and to extend the knowledge of the general effects of radiation on

the physical characteristics and electrical behaviour of such structures.

7.3 Intrinsic and Defect-related Dielectric Breakdown in_Al-Si0Os-Si MOSCs

The similarity between the effects of intrinsic (or defect-related) breakdown and radiation induced

breakdown on the Al-SiOo-Si MOSCs tested suggests that the basic mechanism which describes

the breakdown process is similar for both breakdown processes, the difference between the

breakdown process in each case is the mechanism underlying the initiation of breakdown. Itis

therefore important to formulate a more detailed microscopic approach to understand the

breakdown process overall. To this end, this section is devoted to discussion of the new data,

. - o N
accumulated from the investigations of the virgin Al-Si0o-Si MOSCs under dielectric breakdow

. . ; i rgone
and high-field conditions, which, itis proposed, is applicable to devices which have underg

radiation induced dielectric breakdown.

. i with a
From the theory presented in Chapters 2 and 3 it is clear that when a MOSC is stressed wi
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constant voltage, @ current is injected which decays with time. This decay is caused by
space-charge evolution in the dielectric layer. After a certain duration of the injection suddenly
breakdown takes place. The breakdown pits and associated channels which appear after
breakdown are visible as one or more spots of similar size burnt in the electrode. The dimensions of
the breakdown channel are known to depend on the dimensions of the MOSC147.149; typically,
the dimensions of the breakdown channels formed by (intrinsic or defect-related) breakdown were
between 2um and 50um in diameter. Probably the breakdown channel is generated by the
discharge of the MOSC. The fact that the diameter of the breakdown channels appears to be
independgnt of the gate voltage for breakdown (and thus injection current) indicates that the
generation.of these channels is mainly caused by the discharge energy.

It can therefore be assumed that a critical amount of charge is needed for breakdown. This can
explain why some of the MOSCs displayed a delayed time-dependent breakdown with respect to
the intrinsic time to breakdown mentioned in Chapter 3. A proposed explanation for this is that
these MOSCs are contaminated with ions or other species which form deep traps in the oxide.
When the traps are filled during injection a space-charge develops which reduces further injection;
the critical amount of charge needed for breakdown will be reached after a much larger injection
period.

In general the current decay which occurs after breakdown (as shown in the oscilloscope trace in

Figure 170) can be expressed as a power law of time | =k @ where k is some constant and a is a real

number. The amount of injected charge increases with the time integral of the current Q=m t1-a(m

is some constant, az1). Q will increase indefinitely as long as a<1 (when a=1, Q=m Int). When a1,

Qwill approach a finite size. Clearly, Qincreases at a slower rate as a is smaller. Since ais a measure

121 i
for the concentration of traps and their distance from the gate electrode’<", any increase (or

differences between devices) in the time to breakdown can be explained by assuming that the local

trap concentration is larger. This would explain the differences in the breakdown properties of the

devices tested with a large initial interface trap density.
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7.3.1 _The pre-breakdown Stage

The onset of breakdown in an MOSC is first detected by a sudden increase of the rurrent flow
through the device (the injection cmrént). When it exceeds a certain pre-selected value the device
can be considered to have suffered a non-shorting breakdown: depending on the capacitance of
the device, these currents must be fairly high to cause breakdown and the pulse output which can
be easily detected from the transient increase (and following stabilisation) of the current flow. It is
known that the field for current injection without dielectric breakdown in MOSCs decreases with
increasing oxide thickness121 '130; this was also seen to be the case for fields at which breakdown
occurred in the devices and this suggests that current injection and dielectric breakdown in the
devices are related. The field dependence of breakdown is very similar to that of injection 22 which
adds further credence to the proposal that the two cases are related. The observation that the
current density in the MOSCs decreased with (injection) time, caused by the evolution of the space
charge in the dielectric, and continued up to the point of breakdown suggests that with increasing
fields, higher currents are injected and the time to breakdown should decrease. This implies that
the value of current at which breakdown occurred (as illustrated in Figures 121 and 122) was a
minimum value rather than a critical value, and that a large degree of charge injection had to take
place before the device could breakdown. It would seem likely, therefore, that the driving
mechanism for intrinsic (or defect-related) breakdown is the amount of charge injected,
corresponding io the amount of energy dissipated in the MOSC, and that the field strength is not

the critical parameter.

Further corroboration for charge injection before breakdown is the evidence presented to illustrate

the effects of breakdown on the C-V characteristics of the devices before and after breakdown (shift

and distortion of the C-V curve) which demonstrates that lasting charge injection and the formation

of interface states in the devices occurs for all devices in all situations of breakdown, which is not

evident in low-voltage stressed devices.

e
Since it has been proposed that the breakdown of the MOSCs was due to the effects of charg

e , - in this
injection in the pre-breakdown.stage, discussion of the energy dissipation in the dielectric in thi

: issi ing the
pre-breakdown stage is thought to be fruitful. Consider the energy dissipated during

: i ive electrode at
Pre-breakdown stage: any electron which has entered the dielectrig_at the negative €le

e T dissi an amount of energy
T*=T, and leaves the dielectric at the positive electrode at T*=T' dissipates
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W, such that

Tv

W= q [ ETar 40
To

-117

where E (T') is the local field strength at the point at which breakdown occurs, T'o is the point in the

oxide to which the electron can quantum-mechanically tunnel from the negative electrode, @ is the
work function difference when the electron is emitted from the dielectric to the positive electrode,

and g the electronic charge. This is illustrated in Figure 179.

The energy dissipation in the dielectric must change with time and distance when a space charge
evolves, but it seems practical to begin with the total charge, Qpg, and the total potential drop

between the electrodes. The total energy dissipation, W, is

W = QpgV = Qpg Eapplied T €2 -118
The rate of dissipation, P, is given by

P=JV=JEspplied T -119

where J is the overall current density and T is the oxide thickness.

An order of magnitude estimate for a typical thin-oxide (37.4nm) p-type MOSC can be made by

taking the median values for J and Egppilied from Figures 121 and 122 and Figures 177 and 178:

. - -2
J=5*106 Acm-2, Eapplied=8MV‘3m'1 (=29V), and de=5*1o'3 Cccm2. Values of W=0.15 Jcm

and P~1.5*10-4 Wattcm2 are directly obtained.

Assuming that the electron flow is homogeneous over the whole electrode area, equating the heat

production, P, to the heat loss by (homogeneous) thermal conduction yields the temperalure

. . Ae-1k1 for
gradient, A7 Since Jip = 9 dl/47+ and the specific heat capacity, g, isg=0.014Jcm™’s Ko

: dt/ ;=
pure SiOs, using the case for P= 1541074 wem2 yields a temperature gradient of =T

ligible.
0.01Kem-1. This gradient is so smallin the devices thal temperature effects are negig
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Assuming that the injection current is confined to some small volume (say,the breakdown channel)

the heat production can still be seen to be of little importance to the onset of breakdown: assume
that all the injected current is confined to a spherical volume with radius r in the middie of the SiO
2‘

The heat production must equal the loss of heat in a quasi-stationary case, therefore

OAJEr = -anr2 g dt;
J o -120

where A is the gate electrode area, and E if the field strength (assumed to be constant over the
sphere).
Thus

dt=-J A/QnE/g dr 121

Integrating over the surface of this sphere with r=rmjn to the electrode r=T"/2 where the temperature
is assumed to be at room temperature, tg, yields, for the surface of the sphere at r=rqjp @

temperature tg, thus
ts‘tez-J A/ZnE/g In (ermin;T') '122

Inserting the values of J and E as before, with A=0.09cm?2, T=37.4nm, and rmjn =0.1um (from

Figures 114, 115 and 116) gives

ts'tez26K

The temperature of the sphere, ts, i only 44 - 46K when the ambient is room temperature; the

, , .
confinement of all the injected charge to this small Fegion (considerably smaller than the very

) has only raised the local temperature to a fraction of the

smallest effect seen in the MOSCs tested

akdown156»157. Thus, under these

of the estimated temperatures necessary to induce bre
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conditions of J and E temperature effects are negligible; when J is of the order of three orders of

magnitude higher the temperature effects become significant, provided the current injection is

confined to such a small volume.

Having demonstrated that, in this case (which is typical of the MOSCs tested) under the specified
conditions the Joule heating is insufficient to initiate breakdown, it is assumed that permanent,
cumulative effects in the dielectric must take place. These probably occur in the form of
imperfections (traps, interface states, atomic displacements and so on); it is proposed that such
local increases in lattice energy are defects or damage which may be areas of further local charge
injection and initiation sites for (future) breakdown. It is proposed that these areas are potential
defect-related breakdown sites.

To test this further, consider the damage caused to the lattice as electrons are injected under high

fields ("hot" electron injection) to various traps in the bulk oxide and at the interfaces: damaging the
lattice must require at least the energy of formation of SiOp, AHgjo2, which is approximately

3.3*104Jcm™3. The mean energy dissipated cm-3, under the same conditions used in the previous

argument, is

W/ = EQpg = 4°10% Jom3 -123

Apparently, this is just sufficient to disintegrate the lattice since W/r>aHgjp2. However, it is

assumed that a large fraction of the energy dissipated in this volume will be lost by thermal

conduction; most of this energy is lost by electron-phonon interaction in the conduction band. The

interaction length would be so short that only a small fraction of the electrons will acquire sufficient
energy to create a defect.

i h
The quantity of energy gained when electrons leave the conduction band (for example, when they

: i iftin
fallinto a deep trap or to the Fermi level of the electrode) is much larger than that gained by drit!

. i . isgivenDb
the field (unless "hot" electron effects occur)- At the interface the energy gain, Wi isg y

.3 -124
Wi = Qpg@ = 0.02 Jcm
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where @ = 4V is taken for Al-§i0p-Si MOSCs in this instance. In order to calculate the energy

density, the assumption that the mean interaction length, L, is L=2nm_ as according to NICOLLIAN

and BREWS18 s the case for 4eV electrons emitted into Al

The mean energy density is then
Wi/ = 1*105cm™3

This density of energy is larger than that in Equation122 and hence in itself is sufficient to create
damage at the interface, the difference now being that the individual electron energy is large
enough to create defects. Thus, the injected current will damage especially the interface, as was
seen in the ESCA and AES spectra of the devices tested. At the interface all the electrons will have
sufficient energy to create damage, while in the conduction band only a small fraction will have
sufficient energy.

Consider the same situation with the variation that the oxide or interface (or both) have become
charged by, say, the passage of ionizing radiation (such as alpha, gamma or fission-fragment
radiation) through the MOSC or by high-field injection to a defect; the charging that may occur could
be the generation of interface states or the development of a fixed oxide charge.

Assuming that the subsequent dissipation of the conduction band energy of the electrons is

confined to the same spot, it is proposed that, in the case for a defect present at the interface (such

as a dimple or microprotrusion, as found on a number of virgin devices and shown in Figures 104 10

108), only a small part of the gate electrode has to be damaged and Qpg is relatively small. The

damage is now considered to be confined to the defect site at the interface. It is proposed that,

even though comparable fields may be needed for injection, the damage is concentrated at the

same spot and the damage, leading eventually to a short-circuiting path, takes much less charge.

When electrons fall into deep traps they are able 0 dissipale their energy inio a relatively sma

volume; the overall energy dissipated at the traps is given by

-125
Qs(dT/LT)

i conduction band and
where L is the interaction length of the trap, dT s the trap depth below the
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Qg isthe charge which is trapped during the high-field stressing

Considering typical values'21 of dr=2.4v, Q5=3'10"7 Cem2 (that is, the space charge needed for

a flatband field shift of 1MVemT) and Ly=\s¢ = V10716 = 10-8cm, where s¢ is the capture cross

section of neutral traps 121, gives
Qg (d7/Ly)=72Jcm3

This value is much smaller than the densities dissipated in the conduction band and at the interface.
However, at traps that repeatedly capture and emit electrons, a multiple of this energy (dependent
on the number of catches and emissions) must be dissipated during the high-field stress period.
The individual electron energy is large, as in the case for dissipation’at the interface.In contrast to

the low overall energy density the local energy density dissipated by the electrons being trapped is
very high, as can be seen from an estimation of the energy loss in a spherical volume 1/5(7:LT3)

bounded by the interaction length. Thus, the local energy density is found to be
AT / 1/6( 73) = 7.4'10° Jem3 -126

This value is very high and is sufficient to heat the interaction volume to a ‘temperature’ of =1200°K.
It is assumed that damage can also be generated at the injecting electrode, as has been shown by
WOLTERS and VERWEY 121, although no evidence of this was found in the present study.

Thus, it has been shown that with oxide (or interface) charging, if electrons are injected to traps they

might subsequently dissipate their conduction band energy which is sufficient to cause thermally

initiated dielectric breakdown from defects or injection-current generated defects.

7.3.2 The Breakdown Stage

Consider the energy dissipated at the moment of breakdown: from the results presented in section

it and
6.2, it is evident that the diameter of the breakdown crater (at the base of the breakdown pit

. . i he type of
vitually identical in size for all the breakdown pits investigated) IS dependent only on e yP

i med that the
device and not on the current with which the MOSC was stressed. Itis therefore assu
enerate the breakdown pit.

eded to
stress current does not contribute very much to the energy ne 9
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The discharge current was far larger than the external current (for example, the external current was

of the order of 100LA for most experiments), as it may be deduced from the fact that the voltage at

breakdown was seen 1o drop sharply within a very short time span, At bd: With At pg<10us. An

estimate of the discharge current, |, from the displacement charge (given by YEA where 3 is the

dielectric constant which is =3*10"13 for SiOy) and Atpg. gives

|= ZEA)/ (atpg = 2.4'102A 127

where A=0.09cm™2 is the MOSC top gate electrode area and the field just pre-breakdown was

measured as =6MVem™1.
Estimating the size of the channel generated at breakdown, A, to be for p-type devices

approximately 4um diameter or an area of =13um2 (for n-type devices approximately 20um in

diameter, an area of =31 Sum2) it can be seenthat the discharge current density is
Jais = '/ Ag = 1.8"10° Acm™@ -128

(This is very much smaller for n-type devices, with Jais = 75*103 Acm2 and therefore its effects are

negligible).

The total energy dissipated at breakdown, Wpg, for a MOSC with 2 unit area gate electrode and of

unit oxide thickness is

Whq = 0.55E2 + EJAtpd -129
=0.5(3.4'10-13)64'1012 4 6108(510°6)10°

- 109 + 31074 Jom™

~11Jem™

: i i !
The second term, which represents the energy delivered by the external source during the interva

ble except for when very large external current densities

At of breakdown, is completely negligi

e when a voltage source such as the one used in this

are applied (which is frequently the cas
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investigation is used, where the current densities of 102A¢m-2 are common)

An estimate of the radius of the breakdown crater from the dissipated energy at the initiation site for

breakdown can now be made: Since a voliage (rather than a current ) source was used, at moderate

injection currents the temperature at breakdown will be dependent on both terms of Equation 129.
The power dissipation is so large that a part of the Al electrode is melted and evaporated. It is
proposed that this melted Al forms a ball of solid material which is responsible for the effects seen in
various interferograms (Figures114(a) and (b)) and electron micrograph examinations (Figures
113(a) and(b))of the breakdown pits, where the silicon substrate has a breakdown crater embedded
with Al which forms a shorting path between the top electrode and the silicon substrate.

Since the breakdown craters have very much larger dimensions than the oxide thickness the
initiation site for breakdown is treated as a sphere evolving spherically to the larger dimensions. The
melting of the relatively thin oxide layer can be neglected in this case. The thermal energy will be
finally lost to the environment of the crater by thermal conduction.

Considering the observation that the silicon electrode was melted, an estimate of the radius of the
molten sphere, Ry, can be made using the dimensions shown in Figures 113(a) and (b) and

Figures114(a) and (b).

The heat generated by the discharge must be larger than (or equal to) that needed to melt the

silicon over a radius Ry,. Considering an external current density applied of 0.1Acm’2, it is seen that
(0.55E2 + EJAtpg) AT'2 1337Rm3 [H11700 - He,208] ds/m  -130

where H | 1700 is the enthalpy at 1700K (just above the melting point) of the liquid silicon, and

i ine sili expressed in Jmole™1. mis
HC,298 is the enthalpy at room temperature of crystaliine silicon, both exp

ity (in gcm™3). Si - ~205
the molecular weight and dg is the specific density (in gcm 3). Since [H1,1700 HC,298]

i i iscussion and rearranging
Kdmole=? and ds=2.66gcm'3, using the data calculated in previous discu

gives

bd -131
RS < (0.55E2 + EJA! )y ATm

1.33% [H1,1700 - Hc,298] ds
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and thus
Rm < 1.6um

The radius of the pit burnt in the silicon was observed to be of the order of 0.9um in diameter and
therefore this calculated value is of the same order of magnitude as the observed results. .

From the fact that part of the electrode has erupted over the surface it can be concluded that the
material has been evaporated under high pressure in the centre of the molten sphere. Performing

the same calculation, but now with the enthalpy of Si just above the vaporization temperature (

approximately 3600K) , it can be seen that with [Hg 3600 - He 298]= 525KJmole1, Rg <1.1um.

This is the same order of magnitude as the radius of the base of the crater (as determined from the
interferograms shown in Figures 114(a) and (b)). This is therefore probably where the breakdown
was initiated, after which eruption took place. The experimental dimensions are in fairly good
agreement with the calculated values, considering that part of the energy was lost when eruption
took place. This makes it plausible, anyhow, that part of the breakdown channel has experienced
temperatures above 3600°K; at this temperature the gas will be ionized and will be able to form a
plasma of Si* and Al ions, the corona of which is often visible.

Thus, it has been demonstrated that the thermal effects which take place at breakdown are large
enough to cause the damage seen in Al-SiO»-Si MOSCs and calculations made using simple

approximations are in good agreement with the experimental data.

7.3.3 The Change In MOSC Characteristics due to Breakdown

The main characteristics of the C-V curves for the Al-SiO5-Si MOSCs after breakdown is the

evidence of generation of a large density of interface states (as would be expected considering the

proposals of the last sections) and the generation of a very large negative oxide charge, which

i i i ices i considering the
implies hole injection has taken place. This effect in the devices IS unexpected g

evidence reported by other workers121,122,123 to show that electron injection is the typical effect

detected. This build up in negative Spacé charge may- be explained using the arguments

developed in the previous discussion which suggest that a buildup of electron trapping occurs at
ctrons
various generation sites, leading to breakdown. It is assumed that after breakdown all the ele
- . H H d
which have been trapped have, on the whole, left the traps and dissipated their conduction ban
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energy; the result is a large number of electron traps in the vicinity of the breakdown site which
contribute to the large observed negative trapped charge, and the correspondingly large number of
interface traps generated and abandoned in a similar fashion. This effect is characteristic of the

high-field properties of fast surface (or interface) states16.95,100-102

7.3.4 The Model for Breakdown

In this section a qualitative model of what happens during carrier injection and breakdown is
presented, which is different from the descriptions given by the ionization based models of Chapter
3. The most important conclusions and proposals from the experimental results presented in

Chapter 6 and the discussion presented so far are:

(1). Breakdown appears to be the result of charge injection.

(2). The energy dissipated by the current is, in most cases, not sufficient to
cause thermal runaway.

(3). The total amount of injected charge must be animportant parameter.

(4). The charge needed for breakdown appears independent of the injection

conditions.

The changes induced by charge injection are permanent.

A small injection may induce a positive space charge.

(5)

(6)

(7). A very large injection induces a negative space charge.

(8). Interface states are generated by this injection and breakdown.

(9). At the moment of breakdown the displacement charge provides the energy
that causes the destruction of the MOSC.

(10). At breakdown, part of the MOSC oxide is gasified and a larger part is melted
This results in a crater and pit in the silicon substrate and oxide layer, and

the removal of the Al gate electrode in a small portion of the MOSC where
breakdown has occurred.

Using these proposals and conclusions the driving force for the generation of damage, the possible

growth of the discharge pattern, the nature of the negative charge and the final collapse of the

high-field stressed Al-SiO5-Si MOSC are briefly discussed.

As discussed above, the erosion of a conducting pathway through the oxide layer is proposed to

be produced by the injection of charge. The simple assumption is that the injected electrons (or

holes) gain enough kinetic energy to cause damage by interaction with the lattice. However, to
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generate irreversible damage a considerable amount of energy is needed. Chemical chang d
. es an

bond-breaking require energies of several eV. This is more than the average kinetic energy that

electrons will gain in a wide-band gap insulator such as SiO,. For instance, in SiO» the mean
’ ' 2

interaction length is only 0.3nm - 0.4nm, which implies that the electrons will only gain energies (on
the average) of 0.3eV - 0.4eV in a field of 10MVem!. There may be a number of * lucky * electrons
(those electrons which have, under unusual conditions, acquired a lucky drift and therefore are in
an increased energy state16) that gain enough energy to produce damage; their number should
increase exponentially with the field strength. It has, however, been proposed that the injection
current needed for breakdown is not dependent on the field strength. The evidence for this
phenomenon cannot be understood by the lucky electron }nodel. This model also does not explain
the evidence that other workers 103,161,162yho have found that breakdown can occur when a
sufficient number of hot electrons are injected at very low fields.

It not the kinetic energy of the electrons, then it is probably the potential energy that indirectly
causes the damage. The high potential energy of the electrons stems from the fact that Si0sis a

wide-band energy gap insulator. Electrons injected over the high energy barrier in the conduction
band would have a large potential energy of 4eV to 5eV above the Fermi level. This energy is
probably lost when these electrons are captured in deep traps or emitted into one of the
electrodes. Their potential energy has to be transferred to the atomic and electronic species of the
trap and its environment or to those of the electrodes. Such energy (4eV - 5eV) is large enough to
break bonds, ionize atoms and so on, and although the physical investigations (using ESCA and

AES) of the MOSCs did not reveal these effects for any other than breakdown fields it does not

preclude their existence for lower field effects.

Since several workers 130,139 have shown that occasionally electrons are emitted into the cathode

of MOSCs under high-field stressing, and that this emission produces photons with energies up to

5eV, it can be conjectured that a mechanism for this energy transfer could be via the production of a

i \
Photon. Photons of this energy are known 10 produce stable and interface states. A photon of 5e

would be hardly absorbed in SiOp and would have an interaction range stretching some way into
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conclusion from this is that the charged particies, both electrons and holes, losing their high
potential energy from the insulator conduction band or valence bang » will cause a local disturbance
of the dielectric and its interfaces; this may lead to bond breaking or displacements. The volume of
disturbance could extend over a wider range than the specific spot at the interface.

The driving force for the breakdown is therefore the abrupt change in potential energy and the large
associated discharge.

Such a discharge might follow the tree-shaped pattern shown in Figure 180. The channels are
assumed to contain positive charges acting as local potential minima for injected electrons and
negative charges acting similarly for injected holes. These positive charges would form deep traps
for the electrons by their Coulomb attraction and have high local fields and capture cross sections. It
is prbposed that the growth of the channels is in the direction of maximum diséharge of the injected
electrons. This might be different from the direction of the applied field, and when injection and
trapping is homogeneously distributed over a layer one might expect a tree-shaped pattern as
shown in Figure 180(b) from the avalanche of injected electrons.

Above a certain current density ( for example, at breakdown when the MOSC is discharged when
the current density may be as high as 106Acm'2) the channel would be heated due to the high
current density and this would induce a higher trap level occupancy leading to an alteration of the
space-charge during injection; thus, the space-charge might either inhibit or enhance injection,
depending on its sign, and this would explain the different depths of breakdown crater observed
(and shown in Figures 114(a) and (b)). This effect is a likely explanation for the damage which
occurred for breakdowns previously classed as "shorting breakdowns" where injection appears to

have been enhanced, causing a far greater degree of local damage and eventual device failure. In

both inhibition and enhancement of injection, the electrons (or holes) would have to flow through a

restricted area and the magnitude of the charge needed for breakdown should be seen to

decrease for smaller injection currents.

. ; r for high
The negatively charged states in the SiO» and at the interfaces, which were seen to occu g

; ol o e has occurred.
field breakdown, are likely to be trapped electrons or interstitial sites where damag

i f breakdown are
Positive charged states in the SiOp and at the interfaces seen for low-field effects 0

; he injection and
possibly trapped holes at Si and O atoms or Si*, O and Al* ions produced By ¢ I

Subsequent damage.
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It is proposed that the final collapse of one of the channels in the MOSC under high field stressi
essing,

causing @ local breakdown, is the result of the channel reaching the vicinity of the opposite

electrode where erosion of the oxide integrity would accelerate by high-field acceleration of the
charge (producing hot electrons or hot holes, dependent on the polarity and type of injection
occurring). The channel would subsequently be instantaneously heated (within nanoseconds, from
the calculations of the previous discussion) when the energy of the charged MOSC is dissipated;
temperatures can reach 300°K to 400°K and a hole is burnt in the top Al gate electrode (if it is thin
enough, if not the oxide beneath it meits and causes a local damage site at which injection is
enhanced). Depending on the energy released during the collapse (which may last for milliseconds
before the MOSC recovers its pre-breakdown |-V characteristic) parts of the MOSC and substrate
are evaporated leaving behind a crater. This process is repeated over the surface of the Al gate
electrode until the device is destroyed through shorting breakdowns or insufficient remaining Al
gate electrode to permit operation. These breakdowns occur primarily at physical defects in the
oxide and at the silicon surface (such as those shown in Figures 104 to 106) at low fields and are
quickly eliminated; at higher fields it is proposed that defects are created by electron or hole
injection, depending on the device type, which, through an avalanche process breakdown with
increasing injection which may be enhanced or inhibited by the field, depending on the device bias
polarity.

Thus, intrinsic breakdown is a two-stage process: the first is the creation of structural changes in the

dielectric layer which eventually leads to a low resistance path connecting the two electrodes; the

second process is the instantaneous discharge of the MOSC via this low resistance path. The

energy released at this discharge site leads to a permanent leaking of the dielectric (SiOp) and a

breakdown crater. Calculations have shown that at typical current densities electrons in the field do

gh to heat the dielectric substantially. This is even the case

not have an energy density great enou

- i i i when
for when an electron is confined to a small filamentary path in the dielectric. However,

i i ion band of the
electrons loose their high potential energy. which they have in the conduction

' i eoretically, the
insulator, over a short distance at the electrode or ata frap it has been shown that, th y

i nce of the potential
energy density is sufficiently large to generate permanent damage- The importa P
y, would explain the observations

energy for the generated damage, instead of the kinetic energ

. Qpg. is largely
made by other workers121,130 that the charge necessary for breakdown, Hpd
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independent of the épplied field (as was noted in section 5.2).

structural changes in the dielectric also appear to depend on the injection mode and magnitude,
and are characterised by traps and interface states. Positive space charge has been observed for
very low injection, and negative space-charge for very high injection, with positive centres acting as
deep traps for electrons and thus a site for dissipation of potential energy. This concentration of
damage is proposed to cause tree-shaped patterns of discharge which would explain the conical

craters observed to be formed in the dielectric layers during the breakdown process.

7.4 The Effects of Radiation on the Dielectric Breakdown of Al-Si05-Si MOSCs

The results of Chapter 6 clearly demonstrate that only those radiations with a stopping power of at
least =6MeVmg‘1cm in SiOs in n-type MOSCs and at least =9Me\fmg'1cm in SiOyp in p-type

MOSCs will induce dielectric breakdown at lower fields than those for field-only breakdowns (as first
reported by KLEIN13). Thus, radiation induced dielectric breakdown is limited to heavy ions and
fission-fragments with such stopping powers, other radiations not appearing to have a sufficiently
large linear energy transfer.

Considering the discussion for intrinsic and defect-related breakdown presented in the previous
section, which proposes the breakdown process is a two-stage event dominated by the
pre-breakdown increase in charge injection, would appear to remove the apparent contradictions in

the KLEIN245 model for RIDB: the discrepancies found in the magnitude of the positive charge and

the breakdown voltages observed by KLEIN245 and other workers234,243 could be accounted for

if one considers that the current runaway period (of duration tpy is only 2 second step, and a

pre-runaway step based on impact-ionization takes place, as in the models proposed for intrnsic

170
breakdown by DISTEFANO and SHATZKES!69 and KLEIN and SOLOMON1/Y.

i -hole pair
it is proposed that the first step of the breakdown would be dominated by electron p
: jonization) in the
recombination, owing to the extremely large number of charge carriers created (by ionization)

on-fragment. In order to explain the observations made in this

oxide by the passage of a fissi
i he track formed by a
investigation it is necessary to assume that the hole density around t

n of its original magnitude by recombination in a

fission-fragment decreases to some small fractio
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very short (perhaps picoseconds) time period. Current runaway could not take place in this time
period due to this extremely short recombination time and thus large rate of decrease in the hole
density.

The charges, however, could not completely vanish owing to the trapping properties of the
insulator as is seen to occur from the shift in the flatband voltage in the C-V plots for devices post
fission-fragment irradiation (and breakdown) shown in Figures 174 to 178. Some holes would
remain trapped around the track of the fission-fragment and the associated electrons (by ionization)

might lay further away from these holes than is expected with a simple ionization-recombination
process. A nett rest hole density can be identified with that in the KLEIN245 model, pg, the .

densities of which have been presented in Table 6 and can be seen to have magnitudes which are

expected (from density of interface states and trapped charge density calculations presented in
Table 21) when high field trapping occurs in SiOo.

Asis evident from the shitt in the flatband voltage of C-V characteristic for devices which have been

iradiated without gate bias charges can remain trapped in the oxide layer for long times. Thus, when
a field smaller than that needed for current runaway is applied (that is, F<F), the rest hole charge

can be diminished or removed altogether by recombination with injected electrons (injected from

either electrode) or by drift and subsequent recombination with electrons a (comparatively) large

distance from the fission-fragment ionization track. On application of bias to the MOSC which which

produces a field in the SiOo which is larger than the critical field for current runaway (thatis , F>Fp),

the hole density increases after a very brief initial recombination period and leads to the runaway

described in section 7.3.1 and7.3.2. These processes are jllustrated schematically in Figure 181,

showing the proposed changes in the magnitudes of total hole density as a function of time, with

the three cases of oxide field in the SiOp (F<Fr F=0and F>Fp) asthe parameter.

This is an extended version of the KLEIN245 model for dielectric breakdown in MOSCs induced by

inati k of the
fission-fragments and can be summarised by: electron-hole recombination around the trac

. ment. The hole
fission-fragment is the dominant process immediately after the passage of the frag

i i igi i in a very short
density decreases around the track to a very small fraction of its original magnitude in ry
a nett rest hole density remains around

time but owing to the trapping properties of the insulator

arge density of traps and interface states seenin

the track. This hole density is associated with the |
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Figure 181: Qualitative based sketch of the total hole density as a function of time after the

passage of a fission-fragment through an Al-Si09»-Si MOSC.
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fission-fragment irradiated MOSCs and is identified with pg in the simple model for RIDB proposed

by KLEINZ45. Breakdown is assumed to take place in a period much greater than the recombination

period of the carriers.
The effect of fission-fragment irradiation on the |-V properties of the Al-SiO>-Si MOSCs tested leads

to a new proposal for injection effects which is directly linked with the arguments put forward in
section 7.3.1, and is relevant to the discussion of the proposed extension to the KLEIN?45

model.
Consider the effect of fission-fragment irradiation on the I-V characteristics of the Al-SiOp-Si

MOSCs, a typical example of which is shown in Figure 182; an anomalously high device current is
seen for the device when under fission-fragment irradiation compared with the same device biased
in a similar fashion before any irradiation. There have been two reasons proposed by other
workers178.179 1o explain this and are applicable to the pre-breakdown current region (where it has
been proposed injection takes place and forms defects or traps in the oxide at the interface and
deep in the oxide): First is the possible lowering of the energy barner at the interface by the charge
created by the passage of the fission-fragments; the gate voltage is modified by the shift in flatband
voltage due to injected charge (a result of the change in space-charge due to the continuous
irradiation), and is associated with the generation of interface states and electron trapping effects
seen in the corresponding C-V curve for the device (shown in Figure 177). However, it has already
been shown (by KLEIN245) that the positive charge in the interfacial region or in the oxide weakens
the oxide field in the neighborhood of the interface rather than strengthens it and, therefore,
cannot lower the interface barrier. The second explanation, based on the work of SOLOMON and
AITKEN178, suggests that there is an increase in the number of electrons arriving at the interface,
and proposes that the surface depletion region increases as a result of electron multiplication
effe.cts. However, the recent work of YAMABE and MIURAZ66 has shown that this increase is
insufficient to cause the anomalous device currents observed in this study.

A new mechanism is, therefore, proposed to explain the anomalous device current of devices
under fission-fragment irradiation: the extent of damage in the devices due to (hot) efectron
injection is shown, effectively, by the change in the flatband voltage. This can be interpreted by

considering the damage to the interface due to hot electron injection. According to LAUGHLIN et



a0, SiH bonds are expected at the Si-SiOy interface; such a bond would be broken by hot

electron injection resulting in a trivalent silicon atom and a hydrogen ion, the trivalent silicon atom at
the silicon interface generally considered to form an interface state’8-85. Theoretically80, the

trivalent silicon atom could bond with three oxygen atoms at the interface to give rise to a state

which is between the Si and SiO, conduction band minimums. Electron injection, in particular hot

electron injection, would permit electrons to tunnel into the conduction band of the SiOp through

these intermediate levels as shown in Figure 183, which explains the anomalously high currents
during irradiation. It would also explain why such evidence of anomalous injection is not evident in
virgin MOSCs and devices post-irradiation since the existence of trivalent silicon atoms would in one
case not exist and the other case have recombined with any available hydrogen atom as soon as the
oxide field were decreased. The general effect of the radiation, therefore, is to increase the
conductivity of the MOSCs whilst under fission-fragment irradiation; no evidence was found to
suggest that any other of the radiation fields tested produced this effect and it has been concluded
that these radiations are incapable of producing sufficient intermediary states to enable such
increased (hot) electron injection.

One might expect that such intermediary states would not exist without their continuous generation
by the effects of fission-fragment radiation on the MOSCs; no evidence of increased device current
was seen for devices which had been fission-fragment irradiated and were subsequently examined.
This expectation was borne out in the experimental evidence and suggests that the intermediate
states are unstable and the trivalent silicon/oxygen bond dissolves when either the field is reduced
sufficiently to allow trivalent silicon-hydrogen* recombination, or many more of these bonds are
broken than are generated by the hot electron injection when the fission-fragment radiation field is
removed.

An important finding of this investigation is, assuming the discussion presented in sections 7.3.1
to 7.3.4 is wholly applicable to radiation induced dielectric breakdown and the extension to the
KLEIN245 model is valid, that a new model is needed to explain several of the effects seen which
are not described or explained by the KLEIN245 model: KLEIN approaches the problem from the
premise that high fields induce breakdown and the radiation affects the breakdown strength of the

dielectric regardless of the changes in carrier injection and that therefore breakdown is primarily field
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dependent. However, in the light of the new evidence it is proposed that radiation induced
dielectric breakdown is the result of anomalous carrier injection from either electrode (specifically
from surface asperities, inherent surface damage and carrier-generated damage) which is
dramatically enhanced by very heavily ionizing radiation by electron-hole pair generation in the
vicinity of these regions of (already ) high carrier injection, leading to the generation of channels of
defects (energy states and traps) around the path of the radiation and eventual breakdown of the
channel. This would only require the minimum field for carrier injection {which may vary from device
to device) to begin the avalanche process ; the breakdown process after initiation is believed to be
identical to that for intrinsic (and defect-related) breakdown (discussed in section 7.3.1 to 7.3.4).

This would explain the observation that each fission-fragment, regardless of its stopping power in
SiO», appears to induce a single breakdown.

It has already been shown that a minimum value of stopping power is required to induce breakdown;
by the KLEIN245 model all fission-fragments of this minimum energy induce breakdown if the field
enhancement is great enough, the field enhancement being over the entire active area of the
MOSC. Thus, by the KLEIN model, fission-fragments with a very iarge residual energy might be able

to produce more than one breakdown per fragment by field enhancement at surface defects and
sites in the neighborhood of the fission-fragment track through the SiOp. This would contradict the

experimental evidence presented, and seems unlikely considering the distributicn of breakdown
sites and energy distribution of the fission-fragment source used (where there are an approximately
equal number of light and heavy fission-fragments).

Thus, radiation induced breakdown is a two-stage process: the first is the creation of structural
changes in the dielectric layer due to anomalous charge injection which is locally greatly enhanced
by the fission-fragment; this enhanced carrier-injection eventually leads to a low resistance path
connecting the two electrodes. The second process is the instantaneous discharge of the MOSC

via this low resistance path, as is the case for intrinsic dielectric breakdown. The energy released at
this discharge site leads to a permanent leaking of the dielectric (SiOp) and a breakdown crater, with

an approximately one-to-one correspondence between the number of breakdowns and the
number of fission-fragments crossing the MOSC in the same time period. There is a minimum

residual energy of fission-fragment which can initiate breakdown. The energy and ionization



375

associated with the passage of a fission-fragment has been (previously) shown to be insufficient to
initiate thermal breakdown.

A modification to the KLEIN245 model has been made which eliminates previous contradictions in
the various magnitudes of field and charge density necessary to initiate breakdown when radiation
induced dielectric breakdown is described as being primarily ficld dependent; however, recent
.experimental evidence suggests that radiation induced dielectric breakdown is primarily dependent
on the charge injection processes occurring in the MOSC under irradiation.

Therefore, it has been proposed that a new model to account for this primary dependence on

injection current rather than field is needed; such a model would require further investigation and
quantitative analysis of the charge injection properties of virgin Al-SiOo-Si MOSCs and devices

under irradiation.

7.5 General Observations on Radiation Effects in Al-Si05-Si MOSCs

The two primary effects of radiation on the Al-SiO»-Si MOSCs tested in this investigation are

positive oxide buildup and interface trap generation. A series of simple mechanisms for these
effects are presented in this section of the discussion, which considers each of these effects in
terms of the general effects of all the radiations tested.

The radiation sensitivity of the MOSCs has been assumed to be proportional to the magnitude of
the residual trapped charge in the devices, since it is this effect which produced the greatest long
term effect in irradiated MOSCs ; this concept, and that of a damage equivalence of various radiation

fields, is discussed for radiation en masse and for the individual radiation fields.

7.5.1 Positive Qxide Charge Buildup

Radiation-induced positive oxide charge in Al-SiO5-Si MOSCs is widely accepted to be caused by

hole trapping in the oxide layer, where holes are generated by irradiation186-189_ 1t is proposed
that the flatband voltage shift following trapped holes can be written as a function of the oxide

charge due to the generated hole density and the distance from the silicon substrate that these
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holes are generated, thus

TI
AVip = 9/ Cox J(T'v\)' p(x) dx -132
0
where p(x) = N(x) [1-& (-s NR(x)) ] 133

where Cyy is the permittivity of the SiO», T'is the SiO» thickness, x is the distance from the silicon
substrate, p(x) is the oxide charge density generated by the irradiation, N7(x) is the intrinsic hole

trap distribution in the oxides, s is the hole capture cross-section, and Np(x) is the generated hole

density, which is a function of the applied oxide field and total radiation dose.
High-energy radiation, such as gamma-rays, produces electron-hole pairs which are spread

uniformly through the oxide layer. When the applied gate bias is near the initial value of the flatband
voltage,Vip, most of the electron hole pairs generated in the oxide would recombine, and a small

fraction of the holes generated can be trapped at the same place without drifting away, because

effectively no field is applied across the oxide. Therefore, the observed dependence of the shift in
Vip on the oxide thickness is the same as the dependence of the intrinsic hole trap density
distribution in t:_he oxide on the oxide thickness. If the hole trap distribution in the oxides is
independent of the oxide thickness for a constant dose, the trapped hole distribution in the oxide
generated by the irradiation is also independent of the oxide thickness for a constant radiation
dose, which leads to a near linear dependence of the Vypshift.

At a positive oxide field, the generated electrons drift more rapidly toward the gate electrode,
whereas holes drift more slowly toward the silicon substrate 186, Consequently, a large number of
generated holes contribute to hole trapping in the oxides without recdmbination. The fraction of
generated holes escaping recombination appears to be proportional to the field strength. At fields

above 3Mvem-1, recombination appears to be suppressed and nearly all the generated holes are
transported to the interface; therefore, the shift in Vi is expected to increase with increasing field,

as has been reported in the results from this investigation.

At very high fields (those approaching breakdown) of more than sMvem-1, negative charging in the
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SiOp has been observed. This is attributed to the compensation of the positive oxide charge by

electron trapping in sites with trapped holes, where electrons are injected from the silicon substrate

by Fowler-Nordheim tunneling, which is enhanced by irradiation, because of electron-hole pair
generation in the silicon substrate and at the Si-SiO» interface.
At a negative oxide field, most of the holes generated drift toward the gate electrode, and only a

fraction of the holes generated near the Si-SiO» interface become trapped there, which leads to a
smaller shift in Vy,, compared to that for a positive oxide field. Therefore the ratio of the shift in

flatband voltage for negative and positive gate bias (AVyy. / A Vip,) depends on the hole trap
density distribution in the oxides; the devices tested appear to have a density of hole traps with a
large charge centroid, that is, hole traps extend deeply into the oxide from the Si-SiO» interface to
the gate electrode. This may have arisen from nitrogen (or other impurity) incorporated in the oxides
during growth, since hole traps are perhaps related to non-stoichiometry of the SiO».

This is the simple explanation derived to explain the results taken from the shift in C-V characteristic
of the MOSCs due to irradiation, suggesting the generation of a positive oxide charge in the SiOop,

reported in Chapter 6.

7.5.2 Interface Trap Generation

in this discussion, the effect of interface trap generation in the oxide on the flatband voltage shift

has been neglected. This effect can be estimated from the interface trap distribution and the

assumption that the interface traps in the upper haif of the SiOpband gap are acceptor-type and

those in the lower half are donor-type; the additional shift in Vi, caused by interface charging, AVy,

can be calculated thus

AVit = q/COX J ADM dE -134



where Cqy is the oxide capacitance, AD;; is the change in the density of interface traps due to
irradiation (determined from the change in slope of the C-V characteristic at the flatband condition),

Ef is the Fermi level at the flatband condition, and E; is the midgap energy. AVj; is estimated from

the C-V characteristics presented in Chapter 6 to be at most approximately 12% of AVip for the
greatest radiation dose and positive bias conditions; therefore, this interface charging is

negligible,compared with the effect AV, though not insignificant.

It has been proposed (in section7.3) that Si- H and Si- OH bond breaking at the Si-SiOs intertace,

which is known to occur in irradiated devices227:228, is enhanced by electron or hole transter to
the interface. Such bond-breaking can produce trivalent silicon centres (=Si-) at the interface,
giving rise to a localised energy level in the forbidden gap (that is, the interface trap level). This

reaction can be expressed as:

=Si-H + radiation ->=Si- + H*  (dnft away) -135

=Si-OH + radiation ->=Si- + OH ™ (drift away) -136

Interface trap generation appeared to be larger for devices under positive gate bias than those
under negative gate bias during irradiation, which would suggest that hole transport to the Si-SiOp

interface is the most likely mechanism for the generation of interface traps. This in turn suggests
that hole capturing at the interface is the dominant mechanism for breaking Si- OH bonds, rather
than the electron impact process, and also that Si- OH bond breakage is the more probable reaction
than Si- H bond breakage, since, according to SAH226, OH - ions easily drift away under a positive
oxide field.

There is also, however, evidence to suggest that clustering of impurity ions (in particular Na* and
CI, introduced at the oxide growth stage) at the interface ih irradiated MOSCs is responsible for the
large interface trap density seen89.90, and this would seem a more likely mechanism than that
proposed above. This effect would explain the change in slope of the C-V curve observed in
irradiated devices if one considers the effect of such clusters on the interfacial region: the surface

potential is dependent on the bias voltage applied to the MOSC and on the fixed charge



distributions at the Si-SiO5 and SiO,-Al interfaces. If there is no trapped charge at the Si-SiOo

interface and in the oxide, the oxide-semiconductor interface is an equipotential surface. A small,
uniformly distributed density of charge due to trapped ions does not alter the equipotential surface
other than to shift the C-V curve linearly along the voltage axis due to the small change in the
surface potential of the device. If, however, the ions are not uniformly distributed but clustered, the
interface is far from an equipotential surface, and regions of different surface potential would be
seen. Such an effect would produce regions of varying equipotential in the device which would
alter the C-V curve anomalously in the various bias regions (accumulation, depletion and so on) due
to a change in the surface potentials, causing an anomalous change in the slope of the C-V curve
over a large bias range. It is this effect, combined with the smal! linear shift in the C-V characteristic
due to interface traps (described above) which has been used to calculate the density of interface
states in the devices before and after irradiation (by the method described in Chapter 5 and

Appendices 4 and 5).

7.5.3 The Radiation Sensitivity of Al-Si05-Si MOSCs

The Al-SiO5-Si MOSCs all responded to radiation by the shiit of their C-V characteristic to more

negativé gate bias regimes due to the buildup of positive oxide charge in the devices, as discussed
in section 7.5.1. Since, unlike interface traps this effect on the devices did not appear to
substantially decay over long time periods, such a shift may be used as a measure of the radiation
sensitivity of the devices to various radiation fields. The shift, evaluated from the difference in the
virgin device and irradiated device C-V characteristics, has been shown to be near-linear up to total

fluences of 10KRad(SiOs).

It is evident from the flatband-voitage voitage shifts that the radiation sensitivity of the devices

follows the ratio
fission-fragments > gamma > alpha > neutrons/recoil-protons > neutrons

and the order of magnitude of these ratios for the oxide charge generation follows the ratio, for
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equivalent p-type devices, :
1 : 0.54 042 0.03(6) : 0.01(4)
and for equivalent n-type devices :

1 : 0.75 :0.58 0.03(9) : 0.01(5)

This may be equated to the damage equivalence of the radiations, such that fission-fragment
irradiation of 4*103 fission-fragments cm™2 produces an effect one hundred times larger than an
irradiation of 5.5MeV neutrons to a fluence of 108 ncm™2.

The anomalous result that a combined recoil-proton/neutron field should produce such a small
change in the trapped charge in the devices may be explained by proposal that, since heavily
ionizing particles appear to produce an initial recombination of the electron-hole pairs generated in

the oxide and neutron irradiation appears to produce minimal oxide charge generation in the
devices, a reduction in the number of holes reaching the SiO»-Si interface where trapping occurs is

expected due to the recoil-protons. The heavily ionizing radiation has reduced its own effect in the
devices by enhancing recombination. This would suggest that the effect of the other heavily
ionizing radiations has been diminished somewhat, and in fact the optimum sensitivity of the
devices to such radiations is not seen.

This, however, is not evident from the de\)ices ability to detect fission-fragment and alpha radiation
in a similar fashion (and with similar resolution) to a silicon surface barrier detector; the feasibility of
such devices as cheap, easily fabricated alternatives to such detectors is clear.

Since the MOSCs evaluated only displayed radiation induced dielectric breakdown phenomena for
fission-fragment irradiation, the feasibility of such devices as radiation detectors using this mode of
operation is limited to the detection of very heavily ionizing radiations. However, the invisibility of
the devices operated in this mode to the other radiation fields is an advantage for experiments
which require a high degree of sensitivity to fission-fragments in mixed fission-fragment / radiation
fields.

The smaliness of the effects of neutron irradiation on the MOSCs implies that the devices are not
feasible as neutron detectors in the neutron energy range tested (0.5MeV to 10MeV), and the
initial aim to develop such devices as neutron detectors could not, therefore, be fulfilled.

However, the results presented indicate that neutron irradiation with neutrons in the 0.5MeV to



10MeV energy range do produce a small number of interface states, which is more pronounced in
thick devices than thin devices, an effect which may prove useful to workers investigating neutron
irradiation effects in more complex MOS systems. The mechanism proposed for this interface state
generation is that neutrons, by intermediate reactions with impurity ions at the interface, break
Si-OH and Si- H bonds in the interfacial region, causing an excess of OH™ and H* ions which are free
to drift under the action of the applied electric field. Since the effect was similar for positive, zero,
and negative applied bias, the ions produced in this fashion must be produced both close to and
throughout the oxide layer, where hole transport could produce such a small magnitude effect

under natural drift of the ions to their respective electrodes.
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CHAPTER EIGHT.

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK



383

The theory underlying the electrical and physicai properties of MOS systems has been presented.
This has been applied to the Al-SiO5-Si MOS capacitor structure, and the most recent experimental

evidence giving insight into electrical and physical properties of such devices has been described

and discussed with respect to their theorized properties.
In particular, the experimental evidence of the behaviour of Al-SiO2-Si MOSCs under various

conditions of high-field stressing, dielectric breakdown, irradiation and radiation induced dielectric
breakdown has been described; the most recent, accepted mechanisms and models of device
behaviour in these circumstances have been presented and discussed in the light of the
experimental evidence available.

A wide range of experimenta! evidence has been presented, ottained using a variety of electrical
and physical investigatory techniques, which shed new light on several properties of Al-SiOp-Si

MOSCs under the conditions mentioned above. In particular, new evidence of radiation effects in
such devices has been presented, and new mechanisms and extensions to the available modeis
for device behaviour under these conditions have been proposed which are consistent with the
observations of other workers in the field.

Important modifications to the existing models for device behaviour under high-field stressing, and
the effects of radiation on the properties of Al-SiO»-Si MOSCs irradiated under high-field stressing,

have been proposed; these indicate that a new mode! to describe device behaviour and, in
particular, to describe radiation effects on the devices when under these conditions is required.

A brief summary of the conclusions drawn from the discussion of the principal experimental findings
presented in the last chapter, and the theoretical considerations underlying these, are also briefly
summarised.

Suggestions for a follow-up programme to the present investigation conclude this chapter; these
broadly concentrate on the need to understand more fully the charge injection properties of virgin

devices, and on the data necessary for the development of the new model to describe the effects

of radiation on Al-SiO»-Si MOSCs under high-field stressing.
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8.1 _The Principal Experimental Findings and Theoretical Considerations

The simple conclusions which can be drawn from the experimental evidence presented for intrinsic
and defect-related dielectric breakdown in the Al-SiO5-Si MOSCs tested may be summarised thus:

(1). Breakdown appears to be the result of charge injection.

(2). The energy dissipated by the current is, in most cases, not
sufficient to cause thermal runaway.

(38). The total amount of injected charge must be an important
parameter.

(4). The charge needed for breakdown appears independent of the
injection conditions.

(5). The changes induced by charge injection are permanent.

(6). Asmall injection may induce a positive space charge.

(7). A very large injection induces a negative space charge.

(8). Interface states are generated by this injection and breakdown.

(9). Atthe moment of breakdown the displacement charge provides the
energy that causes the destruction of the MOSC.

(10). At breakdown, part of the MOSC oxide is gasified and a larger partis
melted. This results in a crater and pit in the silicon substrate and
oxide layer, and the removal of the Al gate electrode in a small

portion of the MOSC where breakdown has occurred.

These are wholly applicable to the study of radiation induced dielectric breakdown; it has also been
concluded that the similarity between the effects of intrinsic (or defect-related) dielectric breakdown
and radiation-induced dielectric breakdown shows that the same underlying mechanism for the
breakdown process occurs in both cases, though the breakdown initiation process is different.

Only very high LET radiation (for example, fission-fragment radiation) is capable of inducing
breakdown; charge injection from the silicon substrate is enhanced by radiation induced trapping

close to the interface and throughout the oxide, which leads to conducting channels formed



through the oxide layer at substantially lower injection currents than those necessary for a similar
effect in the intrinsic breakdown case. This qualitatively explains the effective lowering of the
breakdown field observed for radiation induced breakdown, and is consistent with the observations
reported by other workers in the field.

The accepted model for radiation induced breakdown has been extended by considering the
effects of charge generation in the oxide; in the light of the new experimental evidence and this
extension to the accepted model, it has been proposed that, in order to explain the results seen in
this investigation, that radiation induced dielectric breakdown is primarily charge-injection
dependent and not field dependent. Further data on the injection properties of the virgin device
are needed, and data on the effects of radiation on the charge injection and physical properties of

the devices are the necessary requirements to enable the derivation of the new model.
The effects of radiation en masse on the properties of Al-Si0»-Si MOSCs are briefly summarised

below:

(1). Radiation generates positive oxide charge in the oxide layer of
MOSCs.

{2). The magnitude of the positive oxide charge is field, field
polarity, radiation type, radiation dose and oxide thickness
dependent; the larger the positive field, the thicker the oxide, the
greater the dose, the greater the density of the irapped oxide
charge.

(3). Radiation generates interface states and traps in MOSCs.

(4). The magnitude of the interface state density is field, radiation type,
radiation dose and oxide thickness dependent; the larger the field,
the thicker the oxide, the greater the dose, the greater the density
of interface states and charge traps.

(5). The sensitivity of the MOSCs to radiation is governed by the
radiation type and the thickness of the oxide; the thicker the oxide,

the more ionizing the radiation, the more sensitive the MOSC.
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Radiation generates positive oxide charge in biased and unbiased Al-SiOp-Si MOSCs.The

mechanism proposed to explain this effect offers a more qualitative description of the underlying
processes than other mechanisms, and is more consistent with the data presented and the
observations of other workers.

A mechanism proposed for the generation of interface traps by irradiation, based on bond-breaking
at the Si-SiOy interface, is believed to be an adequate description of the underlying mechanism for

the generation of radiation induced interface states and appears to be consistent with the results
presented by other workers.

A description of the sensitivity of the devices to various radiatiocns has led to the conclusion that the
devices are debilitated by radiation to too great an extent and would not make good radiation
detectors for dosimetry; however, because of the unusual properties exhibited by the MOSCs in
their detection similarity to silicon surface barrier detectors, and their invisibility to any other than
alpha and fission-fragment radiation fields, the devices are thought to have applications as

fission-research tools.

8.2 Suggestions for Future Investigations

A follow-up programme to the present investigation would broadly concentrate on three main
aspects: Firstly, it is necessary to investigate the charge injection characteristics of virgin Al-SiO5-Si

MOSCs. Immediate progress could be made by more information about the nature, magnitude, and
mechanisms underlying such charge injection; here, the first interesting and very useful experiment
would be to characterise the effects of a known injected charge on thé C-V and |-V curves for
various thickness and substrate type devices.

This would provide the basis for a second investigation into the nature of the charge injection
occurring in the pre-breakdown stage of dielectric breakdown under high field stressing; it is
envisaged that a study of charge injection with time, oxide thickness, gate electrode area, and

breakdown field would be used to develop a new, quantitative model for intrinsic and defect-related
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dielectric breakdown.
With new understanding of the effects of charge injection on the electrical characteristics of the

MOSCs, an important objective would be a thorough study of the ctiemical and physical nature of
the bulk oxide and the Si-SiO5 interface using sensitive analysis techniques {such as secondary ion

mass spectroscopy) to provide further (microscopic) evidence to develop a qualitative model of the
effects of injection on the physical nature of the devices, and a mechanism describing the mode(s)
of injection and locating sites where injection takes place.

A third investigation would be to study the effects of radiations of varioljs energies, dose rates, and
total doses on the injection characteristics already known fcr the MOSCs. The effect of known
magnitudes of charge injection on the breakdown characteristics of devices under irradiation would
provide useful data to compare with the effects of known magnitudes of charge injection on virgin,
unirradiated devices. This would provide clear evidence to incorporate into the proposed new
model for dielectric breakdown to formulate a theoretical approach to radiation induced dielectric
breakdown, based upon charge injection rather than high field induced breakdown.

However, before embarking on these investigations, it would be highly desirable to develop the
high-field breakdown apparatus to incorporate a microcomputer data aquisition system linked with
sensitive |-V apparatus to measure the oxide field, magnitude of charge injectic;n,
time-to-breakdown, and number of breakdowns occurring in the device under test. One way to
accomplish this would be to extend the apparatus used by WOLTERS and VERWEY121 to
incorporate a timing system and to add the Hewlett Packard I-V aquisition system used in this study;
this would also provide the statistical information necessary to distinguish between the initial
defect-related breakdowns and the intrinsic breakdowns.

To complement such a future experimental programme, some theoretical work would also be

necessary. Here, a particularly valuable study would be of the interaction of charge carriers with the
band structure of the SiOp and a simulation of the tunneling effects of (hot) electrons from the

silicon substrate to traps of various energies in the silicon dioxide. Foliowing this, a further
simulation of the effect of a large deposition of charge into the oxide by irradiation, and the

subsequent generation of traps which are filled and emptied by the effect of an applied field; the
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principal value of this would be verification of the enhancement of charge injection at the Si-SiOp

interface by the radiation,which it is proposed is seen in practice.

For these studies it would be assumed that the charge does not alter its characteristic when emitted
to the oxide, electron-phonon interactions are negligible (thermal effects have already been shown
to be minimal) and that the injected electrons surmount the surface barrier according to
Fowler-Nordheim tunnelling theory.

Finally, it should be observed that this théoretical work would nct only be meaningful to the present

type of study, but also to those working on development of the microscopic theory of operation of

all devices based on the Si-SiCp system.
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APPENDICES.
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4. Iheoretical Analysis to Determine Ug and Dj from High-Frequency C-V Curves
for MOS Structures.

The semiconductor capacitance, Cg. in the depletion region for the Si-SiOp system is described by
LINDNER'S formula®6, thus

Cs = Csfb 7V 2 (|Ug-1) -1

where Cg 1, is the semiconductor capacitance at the flat band condition, and Us=q@s / KT the

normalised surface potential. The total capacitance, C, of the MOS system {neglecting the interface
trap capacitance) can be expressed by

Crci =1+ Circg) -2

where C; is the insulator capacitance.

The high frequency capacitance of the semiconductor under strong inversion conditions is
described by BERMAN and KERR'S formula 18, with an error smaller than 0.02%, thus

Csmin = Cs,tb -3
V2 v 2 |Uf-1+In1.15(Ugl-1)

where |Ug|= In N/ njl is the normalised Fermi potential, OF.

This formula takes the inversion charge re-distribution effect into account, and its practical
approximation has been proposed256 (with an error smaller than 0.3%) as,

Comin= Cs.fb/(2.06 ¥ |UF)) -4

Combining Equations?,2 and 4 one obtains a relationship between the normalised total
capacitance and the normalised surface potential which is valid in the range 5 < [Ugl < (2 |UF] - 3) with

an error smaller than 0.5%, thus
Crci = 1 -5

V2 VjUugd-1 G ooq o+
2.06 V|UFl  Cpin

where Cpmin is the high frequency capacitance of the MOS system under strong inversion

conditions.
Hence, for the given values of surface potential, one sees that

U1l = 1 + IUFl/5 and [Uggl = 1 + 3IUFl/, .

Then, the corresponding capacitances Cqy and C» are

0.485 G .
Crmn
and CZ/Ci = 1 -8
0.841 G . 1



A6
The gate voltage of the ideal structure in the depletion region could be ‘written as
Vg =t KT/q {IUgl+V 2 [Ugl-1} -9
(the positive sign taken for a p-type substrate, the negative for an n-type substrate).

Taking Equation 4 into consideration gives

Vg =t kT/q {|Ugl +2.06 Y |Ugl(Ug-1)} -10
G -1
Crrn

The formulas 3 and10 determine the C-V characteristic of an ideal structure in the depletion
region. The parameters measured are C; and Cppin and Ug is calculated from theseusing the

formulae above.
On the basis of Equation 10 one can determine the difference AV corresponding to the change
in the surface potential, thus

Ugql = 1 + IUFl/ 5 to Ugpl = 1 + SIUFl/

as \VG/@el= 1 +  _1.51 11
G -1
Crn
For the real MOS structure, the difference in the gate voltages ccrresponding to the capacitances
Cq and Cp is AV@g'. The values AVg and AV " are not equal due to the interface trapped charge
On.ThUS,

AVG - AVG' = A/Ci [QyUs1) - Qi(Us2)]

Usz

f
=A/C; G2 Dy(E) dUg -12

Us1

where A is the gate area in mm?, Dit(E) is the density of interface traps over the energy gap.
The average value of Dy(E) in the range ( Ug4 Ugo) is

Us2

;
(1Ug1l - 1Ug2l) Dit(E) dUg

A
1

Us1

Gi_(AvVg - AVG) -13
4% A |OF]




Taking into consideration 77 one obtains

Dy = Ciigea [[2VG) -1 - 13T ] -14
OF G-
Cmin

Thus, a knowledge of the Fermi potential is required and not the dopant concentration, N, and this
can be calculated from direct measurement of C1, Co and A. It has alredy been proposed256 that

Uf can be directly calculated, thus

Ug = 1.087 In (192KT/q2n;cg) + 2.1741n (1/4) ( CiCmin/ Cj - Cin)
-15

and hence for a silicon substrate at a typica! room temperature of between 290 to 300°K gives,
approximately, .

10e! = [T/ 2061155.5n {(1/p) ( CiCmin/ C; - Cpyin)} - 627] + 658 mV
-16

The gomponents of Equations 15and16 must be in the proper units, that is C (pF), T (°K) and A
{(mme).

Thus the procedure for finding Dj;, U and |@g]| from the high-frequency C-V curves for a MOS
system would be:

1. to measure Cj, Cmin from the C-V curve (for say gate voltages of +10V)

2. to calculate values of C4 and Co from Equations 7 and 8.

3. to find gate voltages corresponding to the capacitances Cq and Cp and to
calculate AVg'.

4. to calculate the value of Ug from Equation 15.

. to calculate the value of |Q)F| from Equation 76.

and 6. to calculate the value of Dy according to 74.

o

The errors connected with this form of calculation for Dj; can be accounted for in three groups:

a. errors connected with the non-ideality of the structure (non-uniform doping,
surface potential fluctuations, series resistance, interface trap capacitance,
lateral current flow, and bulk traps in the semiconductor.)

b. measurement errors of C;, Cin, A, T, and AV

¢. errors due to assumed approximations.

These errors are assumed not to exceed an estimated value of 7% as calculated from the equations
with the assumption that the error margins quoted in the text from JAKUBOWSKI and INIEWSK|256
are fair estimations.
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5. Theoretical Analysis to Determine Up, Ctp. Qot.@nd the Semiconductor
Impurity Concentration from High-Frequency C-V_Curves for MOS Structures.

Using the same form of analysis as in Appendix 4, various approximations to determine U, Cfb,
Qqt, and the semiconductor impurity concentration from the high-frequency C-V curves can be
made:

From the analysis by JAKUBOWSKI and INIEWSKI256, the intrinsic carrier concentration in a silicon
substrate with cg=11.7c, is given by the approximation

n;=386"1016T3/2 exp [7014/ 4 -17

and thus, using Equation 15 one can obtain

Up=-21.494 + 2.1741n (1/4) ( CiCmin / C; - Cppip) - 0.544T + 7624/ ¢ -18

and for room temperature of T=256°K
Up=1.167 + 2.1741n (1/4) ( CiCmin / C; - Cryin) -19

Thus, a second approximation for Ug has been given; this approximation agrees within £0.14% of
that of the previous approximation over the range of Ug 9 to 16.
From Equation 78, the impurity concentration can be seen to be

Ng=1.786"107 70-956 (1/,) (CiCmin/ C;- Coyn)2 174 exp (810/¢) cm3 -20
and at room temperature of T=236°K
Npg=3.23'1010 (1/4) ( CiCmin/ C; - Cyip)-174 cm'3 -21

Thus, a relation is presented from the proposals of JAKUBOWSKI and INIEWSKI256, which gives
estimates for U for the MOS system and Ng for the semiconductor substrate.

Consider the proposal that the ratio of the maximum high - frequency capacitance of the MOS
system in the strong accumulation state, Cpayx, to the minimum high - frequency capacitance of the

MOS system in the strong inversion state is determinable from the high - frequency C-V curve as
Cmax / Cryjn = Ci/Cin =1+ / Cgmin] .22

Then, considering Equation 4, the capacitance of the MOS system in the flatband condition Cyp
can be written as

Cip = Ci
1206V Ur [Ql -] +1 -23

Cmin

and thus, an approximation for Cg, may be made. According to NICOLLIAN and BREWS16, such an

approximation might be accurate to £1%.

To estimate the trapped oxide charge, Qp, from the high frequency C-V curve for an MOS system,
the assumption that the density of interface traps effecting the midband-voltage voltage-shift is
valid, since the majority of interface traps which cause distortion to the C-V characteristic at the
flatband condition lie near the conduction band of the interface system and therfore play a minor
role in the midgap capacitance for the system.
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Thus, since the ‘midgap capacitance at the flatband condition of the MOS system may be
approximated to

Crmb = Cj 10.66 (Ci ICpyin - 1) + 1] -24
the oxide trapped charge can be calculated from the McLEAN approximation223 as simply

Qot = Cmb AVG'

Qot = Ci [0.66 (Ci/Cppyin - 1) + 1] 1 avgy -25

where AV has been already determined from the C-V characteristic.
Again, the errors connected with this form of analysis for the variuos parameters approximated can
be accounted for in three groups:

a. errors connected with the non-ideality of the structure (non-uniform doping,
surface potential fluctuations, series resistance, interface trap capacitance,
lateral current flow, and bulk traps in the semiconductor.)

b. measurement and calculation errors of Cj, Cmp, Cmjin, A, T, and AVg'.

and C. errors due to assumed approximations.

These errors are assumed not to exceed an estimated value of 2% as calcuiated from the equations
with the assumption that the error margins quoted in the text from JAKUBOWSKI and INIEWSKI256
and NICOLLIAN and BREWS16 are fair estimations.
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6. A _Program for the BBC 'B' Microcomputer to Determine the C-V Characteristics
of an MOSC from Its High-Frequency C-V Curve,

10 @%=&2030A

20 REM MOS

30 REM A PROGRAM TO CALCULATE BASIC
40 REM PARAMETERS OF MOS DEVICES

50 REM FROM C-V DATA .

60 REM VERSION 1/10/1986 .

70 PRINT:PRINT" A program to calculate che"
80 PRINT" basic paramcters of MOS devices'

90 PRINT" from C-V data ."

100 PRINT

110 PRINT

120 PRINT"Enter Device , Thickness , Type'
130 PRINT:PRINT:INPUT DEVS

140 PRINT:INPUT THIS:PRINT

150 INPUT TYPS:PRINT

160 VDU2

170 PRINT"Device " DEVS

180 PRINT"Oxide thickness " THIS

190 PRINT"Substrate type "OTYPS " Ohm-cm'
200 PRINT:PRINT

210 vDU3

220 PRINT:PRINT"Input Ci in pF"

230 PRINT:INPUT CI:PRINT

240 PRINT"Input Cmin in pF"

250 PRINT:INPUT CMIN

260 VvDU2

270 PRINT"Ci ="CI" pF" "  Cmin="CMIN" pF"
280 VDU3

290 A=(CI/CMIN)-1

300 LET Cl1=CI/(1+0.485%A)

310 LET C2=CI/(140.841%*A)

320 PRINT:VDU2

330 vDU2

340 PRINT:PRINT

350 PRINT"CL =" CI " pF" " c2= " C2 " pr"
360 PRINT :VDU3:PRINT

370 PRINT"Input Vg in Volts"

380 PRINT:INPUT VG

390 vbU2

400 PRINT"The Voltage Shift"

410 PRINT" Vg~ is"'VG" Volts"

420 PRINT

430 vDU3

440 PRINT

450 PRINT"Input area of device in sq.mm"
460 PRINT:INPUT M

470 VDU2

480 PRINT"The Device Area'

490 PRINT™ A is'"M" sq.mm"



500
510
520
530
540
550
560
570
580
590
600

610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880

LET B=(CI*CMIN)/((CI-CMIN)*M)
U=31+(55.5*LN(B))

PRINT

PRINT"The Normalised Fermi Potential”
PRINT" |Uf] is"U " mv"
V=1.167+(2.174*LN(B))

PRINT:PRINT"The Fermi Potential "
PRINT" Uf is "V

LET C=(CI*1079)/(1.6*M)

LET E= (VG*10°3)/U

D=C*(E-1-(1.51/A))

@7%=&1050C

PRINT:PRINT"Density of Interface States "
PRINT" Dit is '"D" per eV per sq.cm"
PRINT

P=1/(2.06*SQR(V))

F=CI/((P*A)+1)

@%=&2030A

PRINT"The Flatband Capacitance"
PRINT" Cfb is "F" pEF"
N=(3.23%10"10)*(A"2.174)

PRINT

PRINT"The Impurity Concentration"
@%=&1050C

PRINT'" Nb is 'N" per cc"

VDU3 :PRINT

PRINT"Input Vfb in Volts"
INPUT VFB
Q=(VFB*CI*10~=12)/(M*10"=2)
VDbU2

PRINT:PRINT"The Flatband Voltage"
@%=&2040A

PRINT" Vfb is"VFB" Volts'":PRINT
PRINT:PRINT"The Oxide Charge Density is"
@%=&1050C

PRINT"™ Qox is "Q" C per sq.cm"

VDU3
PRINT:PRINT:PRINT: PRINT:PRINT
GOTO 120
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7. Calibration and Details of the Am241Alpha-Irradiation Source,

All the alpha-radiation exposures were performed using a 0.109 mCi Am2471 source supplied by
Berkeley Nuclear Laboratories, Gloucestershire, UK. This emits alpha particles with a mean energy
of 5.5MeV, has a half-life of 433y, and was in the form of a small (=10mm diameter) disc of material
mounted on a short 0BA stud.. ;

This source was calibrated using an Ortec SSB with an active area of 1*10"4m2 and an Ortec NIM
pulse counting system. The calibration was performed in vacuo at 0.142+0.001m from the SSB;
counting periods of 100, 200, and 300 sec were used, and the source activity was found to be
0.1076+1.6% mCi. The associated error in this calibration is due to : counting errors (of less than
*0.3%); distance measurement errors (of less than +1%); and error in the stated area of the SSB (o
less than £0.3%).

Since 85% of the alpha-particles from Am241 are of energy E=5.484 MeV this was considered to
be the radiation having the majority of interactions in the SiOo. Subsequently, the effects of the

remaining 15% of alpha-particles with slightly different energies (x1%) have been assumed to
produce effects of a similar nature to the most abundant particles and thus the source has been
treated as a 100% source of alphas of E=5.484MeV.

The range of the E=5.484MeV alpha-particles in SiO, was determined to be 20.4+0.1um, which

implies that all the particies would penetrate into the siiicon substrate to some depth and would
therefore interact with both the oxide layer and the Si-SiO» interface.

The dose rate was determined for SiO5 as the absorber and ignored the effects of the extremely

thin layer of Al overlaying the device oxide layer and acting as a gate electrode and the effects of the
underlying silicon substrate since the particles had to traverse the oxide layer initially. The dose rate
in the SiOo layer was determined to be (46.41:6.6°/0)Rad(8i02)hour‘1 for devices held at

0.20+0.01m from the Am241 source, implying that irradiations in vacuo of up to 9 days were
required in order to expose the devices to a total dose of 10KRad(SiO»).

The device irradiations were performed in vacuum of =10"2mbar on either individual basis or on a
completed bias-board of devices in the arrangement shown in Figure 184. The boards of devices
were irradiated to 10,5, 1, and 0.5 KRad(SiOp) +6.6%. The associated errors with the irradiations

are due to: distance measurement errors (of less than 1%);the area effect of the device
multi-biasboard (the error associated with the difference between the dose at the edge and dose in
the centre of the board is =x3%);errors in timing of irradiation ( of less than £1%); and errors in the
calibration of the source (of less than +1.6%).

L= 10'2 mbar
/
voCuUum
chamber
> \ A
§ — A5 2y i
|
(%] - - O s
2,
o e L55mm*0-5mm
e
200mm ¢ 2mm
/
multi-bias board

Figure 184: The arrangement of devices in the vacuum irradiation chamber illustrating the
dose variation over the device irradiation board.
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8. Calibraticn and Details of the Co60 Gamma-Irradiation Sources.

Two gamma-radiation sources were used to perform the gamma-irradiations: a high dose-rate Co60
source and a low dose rate Co60 source. These both emit gamma-ray photons of energy 1.173 and
1.333MeV, with a half-life of the sources of 5.27y.

The low dose-rate exposures (used to investigate the real-time effects of gamma radiation on the
counting characteristics and breakdown effects in devices) were performed in air using a 5.33mCi
Co60 source supplied by the Amersham Radiochemical Centre, Amersham, UK in 1978. Its activity
at the time of the irradiations was calculated to be 1.86+0.11mCi. Thus, individual device exposures
to gamma-radiation were made at 0.050+0.001m from the source for long (days) periods since the
absorbed dose in the SiO2 layer of the devices was calculated to be only approximately

(0.34+6%)Rad(SiOo)hour-1 and long (days) exposures were necessary these tests. This source

was not used for board-mounted device irradiations.

The high dose-rate exposures (used to investigate the effects of relatively low doses of
gamma-radiation on the device electrical and physical properties) were performend in air using the
gamma-irradiation facility at Birmingham University, UK. The source exposure system used was a
Precisa 217 gamma-exposure system, the source-to-target arrangement being illustrated in the
main text in Figure102.

The source activity was 950Ci on 1/4/1986, which implied a calculated dose rate at the time of the
irradiations of (1.3751+1.1%)*105Rad(SiO2) hour1 at a source-to-device board distance of
0.240+0.001, the error due to the the uncertainty in the decrease in activity of the source and in
measurement of the source-to-device board distance.

Doses of 10, 5, 1, and 0.5 KRad(Si02)+8% were performed in short time periods; all the dose rate
calculations apply to conditions of electronic equilibrium, the state of affairs where the given flux of
secondary electrons produced by the interactions of the gamma-rays in the small volume of material
is balanced by the flux of electrons leaving that volume Because of the average forward motion of
such electrons, a sheet of perspex of thickness 4mm (density 0.4gcm-3) was placed in front of the
device board to establish electronic equilibrium conditions.

The dose rate distribution at a point greater than 0.1m from the source was assumed to be
symmetrical and given by

Do/p =1+ [x2/(d+1.4)7] -25

where Dg is the dose at the centre of the distribution, D is the distribution at some point on the

device board, x is the distance of the centre point onthe board face to the outer edge of the board,
and d is the distance of the centre of the board to the source. With a source-to-device board
distance of 0.24m and the board width at maximum of 0.09m, the maximum error in dose at the edge
of the board compared with at the centre of the board is -3%.

The associated errors with the irradiations are due to: distance measurement errors (of less than
1%);the area effect of the device multi-biasboard (the error associated with the difference between
the dose at the edge and dose in the centre of the board is -3%);errors in timing of irradiation (of less
than +1%); errors in the dose calculations for gamma-rays in SiO2 (of less than 2%); and errors in the

calibration of the source (of less than £1%).



. Calibration and details of the National Physical Laboratory Neutron Irradiations,

NATIONAL PHYSICAL LABORATORY
Teddington, Middlesex, England.

Certificate of Measurement

OF THE NEUTRON FLUENCE GIVEN
DURING THE IRRADIATION OF
ARRAYS OF MOS DEVICES

FOR: Mr J L Collins
Department of Electrical & Electronic
Engineering & Applied Physics
Aston University
Aston Triangie
Birmingham B4 7ET

DATE OF IRRADIATIONS: 20 October 1986

IDENTIFICATION: Arrays of MOS devices, individually numbered
and mounted by the user.

MEASUREMENTS:

Irradiations of the arrays of MOS devices were carried out in the
low-scatter facility associated with the 3 MV Van de Graaff at the
National Physical Laboratory, at a known separation distance between
the neutron producing layer and the front surface of the board used
to mount the MOS devices. The target was mounted at the centre of
the facility and the particle beam parameters, target properties and
resulting neutron energies are given in Table 1 together with the
relevant run numbers.
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Continuation of Certificate

The neutron fluence was determired using the NPL long counter at OO, at
a distance of (199.3 : 0.3)cm, measured from the neutron producing
target layer to the long counter moderator front-face. Corrections for
inscatter, measured using a shacow-cone, effective centre, dead-time and
background effects were made. Tre neutron fluences at 0° were obtained
by assuming that the neutron flusnce followed the inverse-square law and
by applying a small correction for out-scatter, calculated using the
known oxygen and nitrogen cross sections. Individual runs, at the same
neutron energy, were relatec to each other through the NPL
"slab-detector", a long counter of enhanced efficiency, used as a
monitor of the neutron output. A current integrator was used as a
monitor to relate these individual measurement runs to the neutron
fluence determinations. A measurement of the ratio of the neutron
fluences at 0° and 10° was &lso made to assist the user in the
calculation of the actual fluernce given to each sample, and the value
for each neutron energy is given in Table 1.

The efficiency of the NPL long counter has previously been determined
using radioactive neutron sources calibrated absolutely in the NPL
manganese sulphate bath and unfolding the source spectra from the
resulting long counter response curve, as described in NPL Report RS5
(April 1976). The efficiency obtained in this manner has been confirmed,
relative to the hydrogen scattering cross-section, over the neutron
energy range 2.5 MeV to 5.5 MeV using a proton recoil telescope of
conventional design, and also, absolutely, over the neutron range
0.55 MeV to 1 MeV using the associated target activity technique.

RESULTS:

The measured neutron fluences, expressed in terms of neutrons per square
centimetre, for each of the irradiation runs, are given in Table 2,
together with the run number, maximum angle subtended by the chamber,
and the angle of incidence of the neutron radiation upon the chamber.

ACCURACY:

The uncertainties associated with these measured neutron fluences are
given in Table 3. The only contribution included due to the MOS devices
is the systematic uncertainty associated with the irradiation distance.
No other contributions to the total uncertainties have been included, as
it is felt that the user is a better judge of these components. The
first section of Table 3 gives the random uncertainties quoted at 95%
confidence limits with the associated number of degrees of freedon
essentially infinite. The remaining section gives the component
non-random uncertainties estimated at 95% confidence limits.
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Run Nos.
Reaction
Incident
Particle

Energy

Target
Thickness

Angle of
Detection

Neutron
Energy

E (15°)

o
En (207)

Neutron
Fluence
Ratio
0°/10°

NATIONAL PHYSICAL LABORATORY

Continuation of Certificate

Table 1

Particle beam parameters, target properties
and resulting neutron energies (all in keV).

20.10.86 20.10.86 20.10.86
1-4 5-8 9-12
T(p,n) "Li(p,n) T(p.n)
(1880 + 3) (2233 + 3) (3296 + 3)
(6 + 5) (5.8 + 0.5) (32 + 5)
OO OO OO

(1056 + 24) (496 + 5) (2499 + 16)

1.030 1.101 1.006
1.020 1.096 0.996
(1052 + 24) (495 + 5) (2491 + 16)
(1040 + 24) (491 + 5) (2468 + 16)
(1021 + 24) (484 + 5) (2431 + 16)
(994 + 2h4) (474 + 5) (2379 + 16)
1.04 1.02 1.06
20.02 2 0.02 10.02
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Table 2

Measured neutron fluences for runs 1-12

Sample Max.angle Angle of Neutron
Run No. Distance Subtended Inc%dence Flugﬁce
cm to Normal cm
1 (20.0 + 0.2) ~ 13° 0° 1.00 x 10°
2 (20.3 + 0.2) - 13° 0° 1.89 x 107
3 (20.3 + 0.2) - 13° 0° 1.12 x 10°
4 (20.3 + 0.2) ~13° 0° 9.6 x 10"
5 (20.3 + 0.2) ~ 13° 0° 1.02 x 10°
6 (20.3 + 0.2) - 13° 0° 1.05 x 10/
7 (20.3 + 0.2) - 13° 0° 1.09 x 10°
8 (20.3 + 0.2) - 13° 0° 1.11 x 100
9 (20.2 + 0.2) - 13° 0° 9.99 x 107
10 (20.2 + 0.2) ~ 13° 0° 9.96 x 10°
11 (20.2 + 0.2) - 13° 0° 1.00 x 10°
12 (20.2 + 0.2) - 13° 0° 1.15 x 107

*Runs 4, 8 and 12 are subject to an additional uncertainty of about + 8% due
to difficulties inherent in monitoring very short irradiation runs.
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Table 3

Percentage uncertainties associated with the
determination of the neutron fluence

UNCERTAINTY

Random Uncertainties

Statistical uncertainties associated with - 0.3%
the neutron fluence determination.

Essentially infinite degrees of freedom.

Non-random Uncertainties

1+

Positioning of long counter (i 0.2 cm) 0.3%
Positioning of MOS devices (> 0.2 cm) I2.0%
Effective centre and 1/r2 extrapolation z 0.6%
Outscatter correction = 0.2%
Dead-time correction 0.1
Long-counter efficiency : 2.0%
Inscatter correction : 0.2%
Background effects M 0.3%
Target scattering effects z 0.5%

Variation of neutron fluence with incident

'+

beam current during irradiations
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10.Calibration and Details of-the Am2%7/Be Neutron-Irradiation Source,

The Am241/Be neutron source (as described in the main text) was used to investigate the real-time
effects of neutron radiation on the counting characteristics and breakdown effects in devices and
irradiations were performed in air in a thick lead-shielded enclosure. The source activity was 3Ci,
equivalent to a flux of (3.926i0.196)'107n cm2s-1 at a source-to-device board distance of
0.015+0.005m.

The Am241/Be neutron spectrum is shown in Figure 185, where it can be seen that the mean
neutron energy is approximately 5.5MeV with a large number of low energy neutrons below iMeV in
energy. -

Irradiations were made at source-to-device board distances of €.150+0.005m to total fluences of
108 tq 1013+4% n cm2, with errors resulting from source-to-device board distance measurements
(of less than 3%); in the source activity (of less than 0.5%); and in the exposure times (of less than
0.5%).

241 Am/Be source made and measured at
The Radiochemical Centre using a stilbene crystal
and pulse shape discrimination.

Spectrum reproduced by courtesy of:
LGRCH, E. A.

f Int. J. Appl. Radiat. Isotopes, 24, 588-9, 1973.

- Neutron spectrum
a8

RELATIVE INTENSITY

ENERGY MeV

Note:

(@, n) Be neutron sources also emit a

significant number of low energy neutrons.
(~23% below 1MeV with mean energy 400keV)

Figure 185:  Energy spectrum for an Am241/ Be (alpha, neutron) irradiation source.
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11.Calibration and Details of the Recoil-Proton Irradiations,

The recoil-proton irradiations were facilitated by the (n,p) rection in a thin hydrogenous radiator
placed in close contact with the front gate electrode of the device. The calculations of the number
of recoil protons are based on the number of (n,p) interactions occurring in the thin hydrogenous
radiator, and all the recoil-protons produced are assumed to leave the radiator and impinge on the
device. This assumption is based on two main factors: the first that the thickness of the radiator
used was thin enough to prevent large absorption and interactions of the recoil-protons with the
nuclei within the hydrogenous radiator, and second that all the recoil-protons produced exit the
radiator on the device-side rather than on the source-side of the radiator and therefore no
backscattering occurs.

The cross-section for neutron interaction with hydrogenous materials, ojnt, such as plastic, over the

neutron energy range, ng (in MeV), of 0.5, 1.0, and 2.5 MeV (the energy range of the neutrons
used in the combined neutron / recoil-proton irradiations) may be calculated26 from

Oint = [4'83 /N ng) - 0.578 barns -26

and thus;
for neutrons of energy 0.496+0.015MeV 0 jpt = 6.25£0.19barns
for neutrons of energy 1.056+0.C24MeV 0 jnt = 4.25% 0.13barns
for neutrons of energy 2.499:0.016MeV 0 jpt = 2.48+ 0.07barns

The number of interactions, Nj;; may be calcuiated frem
Nint =A Nmoj 0 int X Ot -27

where A is the area of the sample ( m?); Nmol is the number of molecules in the radiator (m=3); x is
the thickness of the radiator (m); and Oy is the neutron flux (m2).
Thus since Nipoy is = 8.73*1027 m3, x was 1.13*10™4m, A was 9°10°6m2 and Oy varied between

10%nd 1012 n m"2, by substitution the results in Table 14 were obtained (Reprinted in this
Appendix from the main text).



The errors seen in the relative numbers of recoil-protons are due to: error in the thickness of the
hydrogenecus radiator (of less.than 0.4%); errors in the neutron energy and fluences (of less than
3% in total); errors in the area of the gate electrode and in the calculation of the cross-section (of
less than 0.2%) lead to an overall error in the recoil-proton fluences of approximately 3.6% for
devices at the centre of the boards, and approximately 8.6% for devices at the edges of the boards.
The relatively low number of recoil-protons compared to the number of neutrons is due maily to the
thinness of the hydrogenous material. Had the radiator been any thicker, however, its thickness
would have scattered (and possibly absorbed) an appreciable number of the recoil protons away
from the devices. Since the effects measured were only for comparison with purely neutron effects
the comparitive smaliness of the number of interacting recoil-protons (compared with the number of
interacting neutrons) is not considered of great importance.

Neutron energy Neutron fluence Recoil-proton fluence

MeV ncm2 p cm2
1.056 + 0.024 (1.00+0.030)* 108 (4.34+0.17)*10%
1.056 + 0.024 (1.89+0.033)*107 (8.47+0.34)*103
1.056 + 0.024 (1.12+0.034)*106 (5.02+0.21)*102
1.056 + 0.024 (9.60+0.077)*104 (3.53+0.10)*10"
0.496 + 0.005 (1.02+0.031)*108 (6.3840.32)*104
0.496 + 0.005 (1.05+0.032)*107 (6.40£0.32)*103
0.496 % 0.005 (1.09+0.033)*106 (6.43+0.33)*102
0.496 + 0.005 (1.1140.089)*10° (6.45+0.34)*101
2.499 +0.016 (9.99+0.030)*107 (2.53+0.76)*104
2.499 +0.016 (9.96+0.030)*10° (2.51+0.75)*103
2.499 + 0.016 (1.00+0.030)*10° (2.53+0.76)*102
2.499 +0.016 (1.1540.921)*10° (2.64+0.79)*101

N

ron and R

il-Pr

n_lrradi

ion Parameter
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12.Calibration and Details of the C{252Fission-Fragment Irradiation_Source; . , -

The Cf252 source used for fission-fragment irradiations was ‘supplied by the Amersham
Radiochemical Centre, Amersham, UK, as a small disc of material of active area ~ 39 mm2.0On1/5/
1984 the source had an activity of 1.3uCi, equivalent to 4.81*104 disintegrations s-1 of which 3.1%
were fission-fragments and the remainder alpha-particles; associated with each spontaneous fission
were 4 neutrons.

At the time of the investigations of fssion-fragment effects in the devices, the source had a
calculated nominal activity of 2.64 *104 disintegrations s 1 and thus the source emitted
approximately 409 fission-fragments s~1 forward of the source at the source surface, with the same
likelyhood that a particle emerges from the centre as from the edge of the source. This implies that
for a device area of 9mm? set at (2.51+0.05)mm from the source in vacuo the maximum number of
incident fission fragments on the device surtace is approximately 55 s-1. For irradiations in air, this
figure is reduced somewhat because of attenuation of the fission-fragment flux due to interactions
with the surrounding atmosphere.

The source details are listed in Table15 of the main text; inFigure 186 the spectrum for the source is
given, and the approximate energies and distribution of energies for the fission-fragments are
shown.

The abundance of the mean light fission-fragments ( atomic number between 92 and 106, mean
approximately 106) and heavy fission-fragments (atomic number between 130 and 160, mean
approximately 142) is not easily quantified, but from the shape of the curve in Figure 186 it appears
that there are approximately the asme number of light fragments as there are heavy
fission-fragments.

The irradiations were performed both in vacuo and in air: the irradiations in air were at various
source-to-device distances in order to energy-select fission-fragments. The calculations for the
residual energy and stopping powers are shown in Appendix 14.

10° -

-—~~particles

10°

~104MeV

¢/

RELATIVE INTENSITY

10?

ENERGY ——

Figure 186: Energy spectrum for a Cf252 spontaneous-fission fission-fragment irradiation
source.



13. Calculation of the Approximate: Number of Displacements in_ Various
Thicknesses of SiQ»s_due to Neutron Irradiation in the Energy Range 0.5,

1.0, 2.5, and 5.5 MeV.

The number of interactions that a given neutron fluence (of a particular neutron energy) has with the
SiOp molecules in a MOSC is a measure of the displacement damage which might occur in the

oxide. The assumption that the number of interactions is a direct measure of the displacement
damage to the oxide is not valid since it is unknown if each interaction causes one or more than one
displacement. However, it can be assumed that each interaction produces at least one
displacement and therefore such calculations do give insight intc the possible minimum effects of
the neutron radiation on the oxide layer.

Using the same analysis as in Appendix 11, the number of interactions in the SiOp of the devices is

Nint = A {Nmo1 Sioint Si + Nmol,0 ©int,0 1 X Ot .28

where A is the area of the sample ( m2); Nmgoi si is the number of atoms of silicon and approximately
1.0624*1028 m-3; Nmol,0 is the number of molecules of oxygen and approximately 2.1248*1028
m-3; x is the thickness of the oxide layer (m}; and Oy is the neutron flux (m™2). In this case o int,Si is
the interaction cross-section for neutrons with siiicon (barns) and o jht o is the interaction

cross-section for neutrons with oxygen(barns).
Calculations of the cross-sections for interaction i for the various neutron energies used in the
investigations of neutron effects on the MOSCs are shown in tabulated form below:

Neutron Energy O int,Si 0 intO
MeV barns barns
0.486+0.015 4.58x0.14 3.02+0.10
1.056+£0.024 8.0320.24 4.40+£0.13
2.499+0.016 4.51+0.14 1.02+0.03
5.5+0.2 2.0+0.06 1.3+0.05

Calculated Cross-sections for the Interagction of Neutrons with silicon and

oxygen.
(After NORTHCLIFFE and SCHILLING, Reference 265)

Thus, the number of interactions may easily be calculated using Equation 28, and the results of
these calculations are tabulated below. The smallness of the number of interactions in the devices
implies for the low fluences used to irradiate the devices illustrates that the level of displacement
damage to the oxide is probably not responsible for the effects seen in the oxide layer and
described in the main text. The number of interactions in the silicon substrate however would be
approximately 5*104 greater than that for the oxide layer and it is probably in the semiconductor
region where displacement damage has most effect. Only calculations for the thinnest and thickest
oxide devices are presented.




Neutron Energy NeutronFluence Number of Interactions per device
of Oxide Thickness

MeV ncm-2 42.5nm 588.3nm
0.496+0.015 109 5410-3 71072
1010 541072 7*10°1
1011 5101 0.7
1012 0.5 7
1.056+0.024 109 9*10-3 1.2*10°1
1010 9102 1.2
1011 g*10-1 12
1012 9 120
2.499+0.016 109 2.6*103 3.6*10°2
1010 261072 26
1011 2.6*10°1 260
1012 2.6 2600
5.540.2 1012 1.8 25.3
1013 18 253
1014 180 2.53*103
1014 1.8*103 2.53*104
1016 1.8*104 2.53*105

The Theoretical Number of Neutron Interactions in the Oxide layer of an MOSC of the Indicated
Oxide thicknesses.




14. The Stopping-Power in_SiO,_and Residual energy (range in air at room
temperature and pressure) of Light and Heavy Fission-Fragments,

Many fission-fragment irradiations were performed with several source-to-device distances in order
to expose the devices to fission-fragments of known energies and thus known stopping powers in
the SiOp; this is described in the main text, section 5.4.5.

Linear interpolations of availaite data2®5 for the range and stoppinf; "power for heavy ions in
aluminium to that for SiO5 have been made in order to gauge the threshold fission-fragment
stopping power in SiO» for radiation induced dielectric breakdown in the devices.

The stopping powers in SiOp have been determined from residual energy curves for average light
(A=106, Z=43) and average heavy (A=142, Z=55) fission-fragments, and fission-fragments
energy-selected by the source-to-device distance, as described in the main text.

The interpolated data is tabulated below; plots of stopping power versus residual energy (Figures

187 ) and stopping power versus source-to-device distance (Figure 188) are shown overleaf for
average light and average heavy fission-fragments.

Residual Energy Stopping Power in SiO»o
of light particle

MeV MeV mg-1 cm2 (+3%)

104 39.37

89 43.69

69 40.32

54 38.69

49 35.10

44 31.52

33 29.79

27 24.39

18 20.23

13 18.04

The Residual Energy and Stopping Power in SiO» for Average Light
(A=106, 7=43) lons.

Residual Energy Stopping Power in SiOo
of heavy particle
MeV MeV mg-1 cm? (£3%)
80 45.46
63 39.24
45 31.32
35 29.89
31 26.47
27 25.39
21 21.74
17 19.59
12 14.53
8.5 - 12.57
e~ - The Residual Energy and Stopping Power in SiQ» for Average Heavy

(A=142, 7=55) lons,
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Figure 187: A plot of the residual energy of mean light (A=104, Z=42) and heavy (A=140,
Z=55) ions versus their stopping power in SiOo.
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Figure 188: A plot of the stopping power of mean light (A=104, Z=42) and heavy (A=140
Z=55) fission-fragments versus their range in air. '
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