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ABSTRACT

Films of amorphous silicon (a-Si) were prepared by r.f. sputtering in
a Ne plasma without the addition of hydrogen or a halogen. The d.c. dark
electrical conductivity, the optical gap and the photoconductivity of the
films were Investigated for a range of preparation conditions, the sput-
tering gas pressure, P, the target-substrate spacing, d, the self-bias
voltage, Vgh, on the target and the substrate tenperature, Tg. The de-
pendence of the electrical and optical properties on these conditions
showed that various combinations of P, d and Vsp, at a constant Ts, giv-
ing the same product (Pd/V¢y) result in films with similar properties ,
provided that P, d and Vgp remain within a certain range.

Variation of Pd/Vg, between about 0.2 and 0.8 mTorr.cm/V varied the
dark conductivity over about 4 orders of magnitude, the optical gap by
0.5 eV and the photoconductivity over 4-5 orders of magnitude. This is
attributed to controlling the density-of-states distribution in the mo—
bility gap. The temperature—dependence of photoconductivity and the
photoresponse of undoped films are in support of this conclusion. Films
prepared at relatively high (Pd/Vgp) values and T¢=300 OC exhibited 1ow
dark-conductivity and high thermal activation energy, optical gap and
photoresponse, characteristic properties of a 4dow density-of-states
material.

P-type doping with group-111 elements (Al, B and Ga) by sputtering from
a composite target or from a predoped target (B-doped) was investigated.
The systematic variation of room-temperature conductivity over many
orders of magnitude and a Fermi-level shift of about 0.7 eV towards the
valence-band edge suggest that substitutional doping had taken place.
The effects of preparation conditions on doping efficiency were also
investigated.

The post—deposition annealing of undoped and doped films were studied
for a temperature range from 250 °C to 470 °C. 1t was shown that annea--
ling enhanced the doping efficiency considerably, although it had little
effect on the basic material (a—5i) prepared at the optimum conditions
(Pd/Vgr=0.8 mTorr.am/V and Ts=300 °C).

Preliminary experiments on devices umply potential applications of the
present material, such as p-n and MS junctions.
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CHAPTER ONE

INTRODUCT ION

During the last decade, extensive work on amorphous silicon
(a~Si) has been carried out in many laboratories to optimise
the preparation conditions and study the detailed . properties
of this material. Hydrogenated amorphous silicon (a-Si%H) pre-
pared by glow-discharge (GD) decomposition of silane was found
to nave a low density of unwanted defect-states in the mobility
gap (e.g. Spear and LeComber, 1972), which made it possible to
be n- or p-type doped from the gas phase (Spear and LeComber,
1975) or by ion implantation (Miiller et al, 1577). Reactive
sputtering of Si with hydrogen in Ar plasma has been found to
produce a-Si:H (Paul et al, 1576) with similar properties to
that of GD material. Unhydrogenated Ar-sputtered and evaporated
a-51 are believed to possess a relatively high overall density-
of~states in the gap, (e.g. Madan et al, 19765 Spear and

LeComber,1979), making doping impossible.

[t is worth mentioning that a-Si:H is a material with, intrin-

sically. a high density-of-states. These states can be reduced [0)%

dangling-bonds termination using H atoms. Therefore. the
effusion of hydrogen (e.g. Tsai et al, 1977) makes the
thermal stability of this material questionable. In recent

years, attempts have been made to produce a-Si, with intrinsic—
alh/é lowdensity-of-states, without the addition of hydrogen
or a halogen, by sputtering at hign Ar pressure, which could
oe doped by co-sputtering with the dopant (e.g. Suzuki et al,

1980). Although doping has taken place in this material the




doping efficiency seems to be very low compared with that
achieved by other known techniques, inparticular the lack of
success in doping by co-sputtering with Al, the main dopant in the
present work, is noted. In addition, there has been some evi-
dence of porosity in a-Si films prepared by sputtering at
high Ar pressure. A more detailed gurvey of the previous work

on a-5i 1s presented in chapter 2.

More recently, the production of a low defect-density a-Si
by r.f. sputtering in Ne gas has been reported (Fane , 1981),
where doping by co-sputtering from Al/Si composite target has
proved possible. The present work is an extension to the work
of Fane (1981). The main aims of this work are summarised in

the following.

(i) To try to understand the mechanism of film deposition
by studying combinations of deposition parameters such as Ne
gas pressure, the target-substrate distance, the self ~bias
voltage on the target and the substrate temperature, which

control the optical and electronic properties of a-S5i.

(ii) To study the effect of the preparation conditions on
the quality of the films, by carrying out three types of mea-
surements; namely, dark conductivity, photoconductivity and
opttcal absorption, to remove the possible ambiguities in inter-

preting the data.
(iii) To find the optimum preparation conditions for a-Si.

(iv) To investigate the doping possibility and efficiency

of a-Si by group-1I1 elements and attenpt to establish better




conditions to enhance the doping efficiency.

A detailed investigation of the electronic and optical pro-
perties of undoped a-Si, as a function of the preparaticn conditions
is presented and discussed in chapter 5. Chapter 6 is devoted
to the doping possibility by group-111 elements. Possible
further improvement of the doping efficiency, by post-deposi-
tion annealing at relatively high temperatures, is demonstrated
in chapter 7. The results are discussed in the light of the
available theory outlined in chaptef 3. The experimental details
are explained in chapter 4, where appropriately referred to

throughout the thesis.

'n summary, the present work could be considered a feasi-
bility study of the production of a dopable a-Si. for semi-
conductor and possibly photovoltaic applications, without
the introduction of nydrogen or a halogen; i.e. to obtaih
a-51i with intrinsically a low density-of-defect-states without

the need for any dangling-bond terminator.



CHAPTER TWO

SURVEY OF PREVIOUS WORK

2.1. INTRODUCTION

.The aim of this chapter is to briefly summarise previous
work on amorphous silicon (a-Si) including preparation tech-
niques and electrical and optical properties of this material.
Amorphous silicon has been receiving an increasing amount
of attention in many places around the world. The history
of amorphous materials dates back nearly 50 years, though
it has only been in the last 7-9 years that interest in
these materials has increased enormously. The increased
interest in a-Si can be realised from the increase in pub-
lications on this material as illustrated in rig. 2-1 (Abo-
Namous and Sayigh, 1682; INSPEC-EMIS group, U.X.). Interest
nas further increased since the limited supply of the present
conventional energy sources has become apparent; and crys-
talline silicon (c-Si) is limited in terms of cost reduction
(DOE, U.S., 1980) when making solar cells or semiconductor
devices. Recent advances in a-Si technology nave made it
plausible that this material may replace or at least conpete
with c-Si for some devices. In fact recently an efficiency
of 7.5% has been reported for a-Si solar cells with 100 cm2
area (Kuwano and Ohnishi, 1981). More recently, Matsushita

et al (1984) reported that solar cells with 8.05% efficiency

can be produced.
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Relatively little work has been carried out on the produc~
tion of pure a-Si with a low density-of-states and conseq-
uently it was considered to be a valuable area of research.
The relatively detailed survey of hydrogenated amorphous
silicon (a-Si:H) in the following pages is presented to
enable a comparison to be made between the unhydrogenated
a-Si, which is the material of interest, and the well

established proverties of a-Si:H.

2.2. DEVELOPMENT OF PREPARATION TECHNIQUES

There are many techniques that produce amorphous silicon,
although the literature shows that only a few methods have
received much attention. These methods can be summarised in

the following.

(1) Thermal evaporation (EV), in which the Si is therml-
ly heated under vacuum to the melting point (about 1400 OC),
and then evaporation takes place and the material is depo-
sited onto the appropriate substrate. Heating could be
supplied either electrically through a graphite boat or by
an electron beam gun (e.g. Bahl et al, 1973). It has been
reported that EV a-Si could be hydrogenated by subsequent
neat treatment in a hydrogen plasma (Kaplan et al, 1978),
or by introducing hydrogen during the evaporation process
(Iselborn et al, 1983: Jang et al, 1980; Malhotra et al,

1975) .

(2) Chemical vapour deposition (CVD) in which films of

a-S5Si are deposited by the pyrolytic decomposition of silane



(SiH,) or silicon tetrachloride (SiC14) onto the appropriate
4

substrate in a horizontal, heated, atmospheric pressure
reactor. A typical carrier gas is helium. This technique
has been widely investigated by Seraphin's group at the
University of Arizona (USA) (e.g. Janai et al, 1979; Booth

et al, 1979).

(3) Reactive sputtering (SP) of c-Si in Ar/H2 plasma ;
was developed by Paul et al (1976). In this technique, Ar
plasma is initiated by radio-frequency (r.f.) power, and
the argon ions are accelerated through the plasma sheath
to sputter Si atoms from the silicon target, which are then

deposited on a substrate.

(4)  Glow discharge (GD) decomposition of SiH4 or SiH4/Ar
gas mixture with the aid of plasma discharge produced by
either d.c. or r.f. power. This technique was first deve-

loped at Harlow by Sterling and Swann (1S65).

The last two techniques have been ermloyed mainly for the
photovoltaic and semiconductor devices (e.g. Snell et al,
1981; Carasco and Spear, 1983; Hamakawa, 1981, Carlsonj98OL
This is due to the possibility of effective doping of a-Si
produced by these techiques, since this material pOssesses
a low density-of-states in the mobility gap. On the other
fnand, CVD and EV a-Si have the property of high optical
absorption in the solar spectrum region, which extends to

.

long wavelengths. For this reason, these two types of a-5i

could be suitable for solar photothermal absorbers. However,



hydrogenation of EV a-Si proved to make doping of this

material possible (e.g. Jang et al, 1980; Beyer et al, 1880;

1679).
Fig. 2-2 compares the absorption coefficient, o, of c-Si
(Carlson and Wronski, 1976) and two types of a-Si, one

prepared by thermal evaporation (Wakim et al, 1982) and the
other prepared by glow discharge (Gibson et al, 1978). The
figure also includes a linear plot of the AMi solar spectrum
(e.g. Treble, 1977). It can be seen from the figure that
for amorphous silicon, & is uo to about an order of mag-
nitude higher than that of the crystalline in the region of
interest. This means that for the same absorbed energy ;
amorpnous solar-cells and thermal collectors can be apprec-

iably thinner than the crystalline devices, with a consequent

saving in material.

Although work with amorphous materials dates back to 1930,

relatively little progress was made untill about 1975, when

the Dundee University group demonstrated the possibility of

Q

as phase (phosphine or diborane) doping of a-Si:H prepared

(Spear and LeComber,

o‘
<&

4

glow-discharge decomposition of SiH
5). Since that date, there has been renewed interest 1in

187
using "thin" films of a-Si for cheap photovoltaic and semi- -
conductor devices. Consequently, several universities and
companies in the United States, Britain, Japan, France and
Germany, have started the investigation of GD a-Si. This

was followed immediately by reported attempts of the Harvard
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group (Paul et al, 1976) and others (Thompson et al, 1978; McGill et al
1579). Doping from the gas phase Introducing bhosphine

or diborane (Paul et al, 1976) and from the solid pnase by
co-sputtering with the dopant or by sputtering a predoped
target (Thompson et al, 1978) have proved possible, although
some results demonstrated a modification of the a-<Si:Hy
network by co-sputtering Al (Thompson and Reinhard, 1980,

Ga or In (Xu et al, 1984) with Si rather than true doping

effects.

In recent years, attempts have been made to produce a
pure stable a-5i having the major fundamental proverties of
GD and SP a-Si:H (such as low density of gap states and
hence low conductivity and high thermal activation energy)
0y means of a more simple and safe method. Pawlewicz (1978)
investigated the dependence of the properties of unhydroge-
nated Ar-sputtered a-Si on preparation conditions such as
Ar pressure, the target-substrate spacing and the substrate
temperature (see section 2.3.2.1.). He found that the
electronic and optical properties could be influenced
considerably by changing the preparation conditions and
that these could be optimised to produce material with a
low density-of-states in the mobility gap. A Japanese
group (Shimizu et al, 1979: Suzuki et al, 1980) has inves-
tigated the production of a-Si without aydrogen by sputter-

3,

Ing in high Ar pressure (up to 0.2 Torr) and/or nigh target-

s
(18]

/ -

substrate distance (up to 4.5 cm). They reported a hig

oy

o L 8 \ o s . :
resistivity a-Si (about 10 4§2cm) and high thermal activation

J



energy (about 0.8 eV). Substitutional doping by co-sputter-

ing B or P with silicon under hign Ar p2ressure has been
reported (Suzuki et al, 1980). It seems from these results,
especially the conductivity and tanermal activation energy
values, that doping efficiency is low compared to that in
the case of cther known techniques. Furthermore it seems
that there has been a lack of success in doping by co-sput-
tering Al with Si in Ar. The same group has also shown

that a-Si produced by negative biasing of the substrate and/
or by magnetron sputtering in Ar is promising (Suzuki et al,

1982).

Sputtering Si in Ne without the additicn of hydrogen, to
our knowledge, has not been seriously investigated previously.
Recently, the Aston dniversity group demonstrated that r.f.
sputtering of Si in a Ne gas plasma could be an alternative
technique to produce dopable a-Si without hydrogen (Fane |,
1981). It has been shown that sputtering at high Ne gas
pressure may procuce material with a low density of defect-
states in the mobility gap. This has been demonstrated by
the high resistivity (2 108\§2cnﬂ and high thermal activa-
tion energy (about 0.6 eV). The low density-of-states made
it possible to n- or p-dope this material by co-sputtering

Ta (F

—+
o

Wit

ol

ne and Zaka, 1983) or with Al (Fane and Abo-Namous

b

b

98

) respectively. voping with other group-I11 elements

[O%)

\

has demonstrated the same effect (chapter 6).




2.3. PROPERTIES OF a-5i

The electronic and optical properties of unhydrogenated
and hydrogenated a-Si have been extensively investigated.
Several extensive reviews of the development in the tech-
nology of a-Si and the study of its properties are availa-
ble in the literature (e.g. Spear, 1977, Moustakas, 1979).
The characterisation of GD a-Si:H is reviewed by Fritzsche
(1980). The properties of a-Si:H prepared by r.f. spﬁtter~
ing in Ar/H2 mixture are reviewed by Paul and Anderson
(1981) and Moustakas (1979). For further information the
reader is refered to articles in Volume 36 of Topics in
Applied Physics (Brodsky, 1S79), to the Pnysics of Amorphous

Silicon and Its Applications (Joannopoulous and Lucovsky,

1983), to article in Photoconductivity and Related Phenome-
na (Mort and Pai, 1976), to the comprehensive book by PBott
and Davis (1979), to the Proceedings of 13th IEEE Photovol -

taic Specialists Conference (1978) and to the 7th, 8th and
Sth Proceedings of the International conference on Amorphous

and Liquid semiconductors, 1577 , 197¢ and 1¢81 respectively.

"ry

or more references on a-Si the reader is refered to the

classified bibliogfaphy Dy Mahan and Stone (1S81,1982 and

ot

984) .

A considerable amount of conflicting data has been repor-
ted on the properties of a-Si, making it very difficult to
S

specify the nromerties of a typical sample (e.g. Zemek et al,

1S80;: Paul and Anderson, 1981). However, by careful study



of the literature, it has become apparent that the electro-
nic and optical properties of a-Si depend markedly on the
method of preparation and the detailed conditions during

deposition.

2.3.1. HYDROGENATED AMORPHOUS SILICON (a-Si:H)

2.3.1.1. GLOW-DISCHARGE a-Si :H

It has been established that in a-Si:H prepared by the
glow-discharge technique, the properties of the films are
mainly determined by the substrate temperature during
deposition (e.g. LeComber et al, 1972; Fritzsche, 1980)
Hydrogen in the amorphous silicon network is believed to
have a major role in controlling the optical gap by satis-
fying the dangling bonds (Tsai and Fritzsche, 1979). On

the other hand Cody et al (1981) consider that the optical

gap is determined by the degree of disorder in the lattice
rather than by hydrogen content. It has been found that
a-Si:H films with good electronic properties contain one
10 two orders of magnitude more hydrogen than is needed for
the compensation of dangling bonds (Title et al, 1977;
Wronski and Carlson, 1977; Moustakas et al, 1977). This
suggests that the role of hydrogen is far more complicated
than simply passivating dangling bonds. However, the exact
role of hydrogen in a-Si:H is stil] uncertain and requires

further investigation.



Spear etal (1980) reported that without adding dopants,
variations in deposition conditions produce a-Si:H samples
with thermal activation energy, AEA, in the range 0.61A§iﬁo.9
eV. The optical gap EO of a-S1:H has been found to vary,
according to the preparation conditions (especially the

substrate temperature), from 1.5 eV to about 1.9 eV.

The Dundee Universizty group were the first to dope GD
a-5i:H from the gas phase (Spear and LeComber, 1975). The
doping effect has been demonstrated through the control of
dark conductivity over about 10 orders of magnitude and
the shift of Fermi level over a range of about 1.2 eV. The
above authors claimed that one in three P atoms acts as a
donor centre in the gas phase doping. However, lower values
of doping efficiency for B from the gas phase (1/10) have been
announced (e.g. Miller et al , 1977). The doping efficiencies of 1/500,
1/100 and 1/200 for P-, alkali- and B~-implantations respectively
have been reported (LeComber et al, 1980), which reflect
the lower doping efficiency of the Implantation ©process
compared to gas phase doping. Fig. 2-3 illustrates a
compariscn of doping efficiencies of various dopants using
different doping techniques. The comparison is made through
the room-temperature dark conductivity as a function of

the dopant concentration in a-5Si:H.

Extensive photoconductivity measurements on a-S1:H prepared
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by glow discharge have been reported by Loveland et

al

(1973/74) and Spear et al (1974). 1t has been shown that

the photoconductive response depends critically on the

preparation conditions; through the control of the density-

of-states distribution in the mobility gap. The spectral

dependence of the photoresponse has been used to determine

the optical gap, E_, and the photoconductive threshold .
. o
These measurements provide confirmaiion of the values of the op-

the thermal activation eneigy obtained [rom lhe direct

fleal oap
transmission technique and the dark conductivity nieasure-

ments respectively.

Tne dependence of the photocurrent of a-=Si:ll on the
temperature indicales the position of the band-tail edge
in the mobility gap (Spear et al, 1974). For further
details the reader is refered to a review article by Spear
and LeComber (197G). Recent photoconductive measurements

on G a-5i:ll (Ray et al,1983) are in supporl of the above

results.

The dintensity depondence (Spear o al, 1974) and t(he
temperature denendence (Kay et al, 1983 Spear et al ,1974)
of photoconductivity indicate thaty,at room temperature,
monomolecular recombination is dominating at low light
intensitiecs and a bimolecular process al high intensities.

[N T . g , . .
opcar el oal (19740 argued that the monomol ecular recomi -

nation transition most likelv results [rom transitions




3

from localised tail states =at (A totne states at the Fermi

energy €. On the other hand the bimolecular recombination

Is believed to take place as a result of transition between
(—/\ and the density-of-states maximum atl ¢ g about 1.2 eV
below the conduction-band edge (see fig. 3-3). Furthernore,
Il has been suggested by the above authors that the photo-

current 1s mainly carried by electrons (LeConber and Spear,

19700 .

2.3.1.2. REACTIVE SPUTTERED a-Si:H

Although a-Si:il prepared by r.[l. spultering in Ar/H2 gas
mixture may have similar properlties to that prepared by
glow-discharge decomposilion of silane, il has been argued
that the two materials have different structures, due to
the hydrogen bonding into the silicon network in different
configurations (e.g. Brodsky et al, 1977;: Fritzsche, 1680;
Paul and Anderson, 1681). ilowever, it has been reported
that the optical absorption of a-Si:li prepared by Ar/H2
spultering is shiflted to higher energies wilh increasing
nydrogen concentration in the plasma. A variation in the
cplbical o pap between 1.4 eV oand 200 oV has been reported
{(Paul and Anderscn, 1G81). However, it seems that a nigh
hydrogen partial pressure may introduce additional states
into the gap of a-Si:il prepared by r.f. sputtering. The
density of these states could be sufficient to completely
dominate the electronic properties. The Conduﬁtivity acli-

vation energy, [Sﬂq, has been varied from about 0.7 eV to



about 1.0 eV depending on the hydrogen partial pressure in

the plasma (e.g. Anderson et al, 1977; Paul and Anderson )

L)

1981).

N- and p-type doping proved to be successful from the
gas phase, where the Fermi level is shifted towards the
conducticn or valence band, accompanied by a control of
the conductivity over many orders of magnitude (Anderson,
1978) in a similar way to that reported for the glow dis-

charge case (e.g. Spear, 1977).

The Harvard University group studied the photoconductive
properties of the sputtered a-Si:H and found similar
properties to thcse of tne glow-discharge a-Si:H . They
developed a model to extract the optical-absorption coef-
ficient as a function of energy at low photon energies (1.2~
1.8 eV) from the measurements of photocond%tivity (Moddel
et al, 1980). This model is used in the present work to
study the absorption coefficients at low energies, and to
study semigquantitatively the density-of-states distribution
in the mobility gap (see section 3.6.3.). The photoconduc-
tive, electrical and optical properties of the r.f. sputtered
nydrogenated amorphous silicon are reviewed extensively oy

Paul and Anderson (1981) and Moustakas (1579).

The modification of the electrical and optical prooerties

by co-sputtering from composite targets incorporating alu-

T]

minium nhas been renorted by Thompson and Reinhard (1980).




The "doping'" effects were suggested by the control of
conductivity over several orders of magnitude (see Fig. 2-3)
and a snift in the Fermi level position of about 0.4 eV

towards the valence band. However, the authors reported a
requcticn in the band gap for the higher Al concentrations in
the silicon which was attributed to modification in the

silicon band structure, suggesting that an alloying effect had
taken place rather than a true doping effect. The modifica-
tion of the structure of a-Si:H by co-sputtering transition elements

has also been reported (e.g. Ovshinsky, 1977: Yacobi et al, 1980).

More recently, Xu et al (1984) reported doping effects
of Ga and In in a-Si:H prepared by r.f. co-sputtering in
Ar/H2 mixture. They reported that 5.2 at.% Ga or 22 at.%
In in a-5i gave a conducdivity of about 10~5 51:1cm~1, accom-
panied by shifting the Fermi level to about 0.4 eV from the
valence band edge. However, higher content of Ga or In
showed a sudden increase in conductivity with zero thermal
activation energy, indicating the alloying effect. Niu et
al (1984) reported that 25 at.% Al in a-51:H, prepared by
co-sputtering 1in Ar/H2 mixture, produced an a-Si:Al:H alloy

5 Sz—l -1

with conductivity of 10 cm . However, Niu et al

(1984) revorted that annealing the a-Si:Al1:H films at

about 600 °C increased the conductivity by 5 orders of

magnitude for films containing more than 6 at.% Al, for
~

films with less than 6 at.% Al no annealing effect was

observed.



2.3.2. UNHYDROGENATED a-Si

2

N}
(O8]
N

-1. Ar-SPUTTERED a-Si

The work of Pawlewicz (1978) showed that the eleectrical,
optical and photoconductive properties of Ar-sputtered un-
hydrogenated a-Si films are related systematically to depo-
sition parameters. Sputtering at high Ar bressure and/cr rela-
tively high target-substrate spacing produced films witﬁ resistivi-
ty of about 107 Q.cm, and significantly reduced the density
of states in the mobility gap. The latter property was
deduced from the optical absorption measurements and the
high photoconductive response. The above author also
reported that film properties were independent of deposition
rate. The above technique was based on deposition conditions
(gas pressure, target--substrate distance and substrate temperature )

which were believed to minimise the plasma interaction with

the film and maximise thermal reorganisation (Pawlewicz ,
1978). Remarkably good electrical and optical properties
for unhydrogenated a-Si resulted. The influence of sub-
strate temperature on the film properties was attributed

to annealing of collision-induced defects during film growth,
Or to a decrease in the density of microvoids (Paul et al,

1976 .

In recent years, the Xanazawa University group in Japan,

aave attempted to produce a-Si without aydrogen by r.f.




sputtering at high Ar pressure. They found that the overall
density-of-states in the gap depended on the preparation
conditions (Shimizuetal, 1979). For instance upon increasing
the product (Pd) of the pressure P and target-substrate
distance d, to about 1 Torr.cm, the density of defect-

centres was reduced by one order of magnitude. Accordingly

the dark conductivity decreased from about 1072 Q lem ?

, -3 ~ -1 . . ‘
to adout 10 Q lcm . Upon annealing the films the
o , . -4 -1 -1

conductivity changed from about 10 Q “cm to about

-10 52-1 -1 ; ) ) PO
10 cm as (Pd) product approaches 1 Torr.cm. This
was accompanied by an increase in the thermal activation
energy up to about 0.9 eV. The authors reported that Ar
content in the films decreased with increasing Ar
pressure which was attributed to the decrease in kinetic
energy of Ar particles hitting the substrate . It is worth
ﬁwnthynng that a-Si films prepared at high Ar pressure were
reported to have a porous structure (Suzuki et al, 1980),
where oxygen was found to be introduced into the film by
exposing it to air after preparation. However, the

authors attributed the low conductivity of these films to

the low density of dangling-bonds (Shimizu et al, 1S$80).

Miore recently, Batabyal et al (1984) studied the effect
of The sputtering pressure and substrate temperature on
the properties of a-Si films prenared by magnetron sputter-
ing in Ar. They found that variation of the pressure from
3 mTorr to 40 mTorr, varied the dark conductivity from

~

- -1 -1 - M - -
3.4x10 ! S5 em™ 1o 1,2x1077 ;l 1cm ! and the optical gap



from 1.3 eV to 1.7 eV. This was attributed to a reduction
in the density of defect states and microvoids as the
pressure is increased, where low deposition rate means

. time ] +
allowing morexfor atoms to orient themselves, and Ar ' and
neutrals have lower energy due to scattering. Batabyal
et al (1984) showed that variation of substrate temperature
from 240 °C to 350 °C resulted in reducing the conductivity
from 1072 Qlem™ 1o 1075 Qtem™t, This was attributed
to high mobility of atoms on the surface at high substrate
temperatures, and to the possibility of some annealing of
microvoids. It was claimed (Batabyal et al, 1984) that a
sputtering at a pressure of 40 mTorr resulted in films

with photoconductivity to conductivity ratio of 10 under

20 mW.cm % white light illumination.

The conductivity control over 6 orders of magnitude, by
doping with B or P for Ar-co-spuitered films was reported
(Suzuki et al, 1980). This was accompanied by a snift in
the Fermi level position over about 1 eV. A slight increa-
se in the conductivity upon doping with Al was attributed
to modification of a-Si network as evidenced by the dec-
rease of the optical gap as Al content was increased
The annealing effects on undoped Ar-sputtered a-Si were
studied by Suzuki et al (1982). They reported that the
room-temperature conductivity was reduced by about one
order of magnitude upon annealing at 600 °C. Negative
bias of the substrate and the use of a magnetron target

have been reported to produce a-Si with a reduced density-



of-states in the mobility gap (1O18 cm_SeV“l) and increased

~

thermal stability up to about 500 °c (Suzuki et al, 1982).

[N
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.2.2. Ne-SPUTTERED a-5i

It has been suggested (Grigorovici, 1969) that an a-Si
with a truncated tetrahedral structure, where all the
bonds are satisfied, is possible. Polk (1371) developed
a moel, based on a concept proposed by Zachariasen (1932),
in which a continuous random network, might be constructed
with pureley tetrahedral coordination. According to this
model, a-Si atoms are organised in a tetrahedral structure
with all the atoms having four neighbours, i.e. all bonds
are satisfied, provided that a slight variation in the
bond angle is allowed. Recently. at the University of
Aston, attempts have been made to produce a high-resistivity
a-51 with high thermal activation energy, without hydrogen,
by sputtering in Ne plasma. It is believed that the type
and energy of the plasma species hitting the film during
deposition play an important role in determining the pro-
perties of the produced films. A-Si films with high
resistivity (108 $cm) and high thermal activation energy
(~C.6 eV) have been produced (Fane, 1681). A preliminary
study of doping by co-sputtering with Al showed that 2%
(target area ratio) of Al moved the Fermi level by more
than 0.45 eV and increased the conductivity by about 6
orders of magnitude, indicating that doping had taken

ace. The doping was not as efficient as gas-phase doping.



The author suggests that deposition conditions might need
to be optimised. However, further investigation of the
deposition conditions, such as gas pressure, target-substrate
distance, self-bias voltage on the target and substrate
temperature, showed that a-Si with conductivity as low as
10—9 §2‘1cm~l » activation energy of 0.85 and photocon-

ductivity of 10—6 §2~1cm_1 can be produced (Abo-Namous et al,

1983).

The present work is an extension to the work of Fane
(1581) where more detailed investigations of the deposition
conditions and the electronic and optical propmerties of
Ne-sputtered a-Si, as well as the doping efficiency of this

technique, are carried out.



CHAPTER THREE

THEQRETICAL BACKGROUND

3.1. INTRODUCT ION

Fortheinterpretatimlofvariouspropertiesofamorphous
semiconductors. such as electrical conduction, optical
absorption and photoconductivity, it is necessary to understand the band
structure and the nature and density of electromic states in the
mobility gap between the conduction and the valence bands. This chapter
summarises the available theoretical cencepts which are

used in interpreting the data described in this thesis.

Experimental data of electrical transport and optical
absorption can only be properly interpreted if a model
for the electronic structure is available. In this
section an outline is given of the approach to a model
wnich is thought to be relevant to the experimental results
presented in this thesis. 1t is well known that for crys-
talline semiconductors, the main feature of the energy
distribution of the density of electronic states N(€) is
the well-defined band-edges. This means a well defined
structure in the valence and conduction bands, and abrupt

terminations at the valence-band maximum and conduction-

T

band minimum (Fig. 3-1;. The snarp edges in the density-
of -states distriburion proauce a well-defined forbidden

energy gap. Tne states witain tne bands are extended, where

=




log N (€]
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band

kg
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band

Fig. 3-1: Density-of-states distribution in a crystalline semiconductor. .

€ 1s conduction-band edge; €,
o

is valence-pand edge.



the wavefunctions extend to the entire volume of the
solid. These features of the band structure are con-
sequences of the perfect short-range and long-range order

of the crystal.

On the other hand, in amorphous solids, theilong—range
order is destroyed while short-range order is
retained over a few atomic spacings. Mott (1970) suggested
that fluctuations in the potential caused by the disorder
In amorphous materials may lead to the formation of loca-
lised states, which do not occupy all the different energies
in the band, but rather form a tail above the valence band
and another below the conduction band. Furthermore, he
states that there should be a sharp boundary between the
energy ranges of extended and localised states. The loca-
lisation of states means that an electron placed in a
region will not diffuse at T=0 °K to other regions with

corresponding potential fluctuations (Mott, 1989).

However several models have been suggested for the band
structure of amorphous semiconductors, which are almost
the same to the extent that they all consider the concept
of localised states in the band tail, although they differ

in the extent of this tailing.

Cohen et al (1969) proposed a model refered to as Cohen-
Fritzsche-Ovsninsky (CFO) model in which it is assumed

that the tail states extend accross the gap ina structureless



distribution as showninFig 3-2. The CFO model considers

the overlap of tail states in alloy glasses, where the
disorder is sufficiently great that the tails of the con-
duction and valence bands overlap, leading to an
appreciable density-of-states in the middle of the gap.
More recently a similar but modified model (Fig. 3-3) was
used by the Dundee group (e.g. Madan et al, 1976) which
was suggested in the light of field effect measurements
on glow-discharge amorphous silicon. This model considers
the overlap of defect-states distributions which include
dangling and weak bonds. In this model it is suggested
that the minimum in the density of states, N(€), arises
from overlapping tails of two distributions of defect
centres with their charge states being different. The
dotted curves in Fig. 3-3 show N(€) as if it is divided
into two components. Distribution A, which extends from

the side of the conduction band edge, €., 1nto the gap,

contains acceptor-like states. These states are neutral
when empty, so that below the the Fermi level, €rs they
will be negatively charged with a charge density n . On

the other hand, distribution B contains states extending
from the opposite side of the mobility ga? (valence band
edge, Ev)’ into the gap. These states are neutral when
full and therefore provide positively charged donor-like

1 . ) 1 . +
states above €p> with a charge density p .

However, our experimental measurements of conductivity, photoconducti-

vity, optical absorption (chapter 5) and doping effects (chapter 6)
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Fig. 3-2: The density-of-states distribution according to Cohen-

Fritzsche-Ovshinsky (CFO) model.
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Fig. 3-3: The density-of-states distribution as proposed by the Dundee
group. E the extended states, T the tail states, G the gap

(defect) states, E, the optical gap.



can be interpreted consistently by the Dundee group model
described above. Therefore the model of Fig. 3-3 will be
refered to throughout the thesis as the basis for inter—

pretation of results.

3.3. SUBSTITUTIONAL DOPING IN a-Si

We will now consider the possibility of substitutional doping in a-Si
specimens with a density-of-states distribution as described by Fig.
3-3. Following Spear and LeComber (1979), assume a bmxiofrﬁ
substitutional atoms are incorporated into the amorphous
semiconductor material leading to donor states between
the conduction band edge €. and the tail states at EA
Practically all the n, excess electrons will condense into
previously empty gap states above the Fermi level, EF ,
shifting €p towards €. by an amount AEF. In amorphous
materials, changes in the electrical properties are brought
about primarily by cnanges in the occupation of the gap-states.
The new position of EF’ for small changes, is determined

by the charge neutrality conditions (Spear and LeComber |,

1"'793
y/ / +
"d
Ae. = — (3 - 1)
) N(€e_)
F
where N(EF) ls the density of states around €. and n; is
the density of the ionised donors. For sensitive doping

N(€.) should be as low as possible and hence Zﬁer would be

—

= - - ™
as large as possible I

he above approach applies

similarly to the acceptor doping, where a similaz expres-

sion to {(3-1) can be written.




Since the density of donors (or acceptors) in an amorphous semiconduc-

tor is not necessarily equal to the incorporated impurity density n,

(e.g. Mot1,1969; Mott and Davis, 1979), eq. (3-1) may be written as
fni
Ae = — ° (3 - 2)

: N (€.)
N

b

where f is the fraction of impurities that act as ionised

donors (or acceptors) and will be refered toas the doping

efficiency.

Relation (3-2) has been used by Beyer et al (19793) to
estimate the density-of-states distribution in the mobi -

lity gap using the lon-implantation results . Alternative-

Iy, 1f N(€.) 1is calculated, for example , from

—
I3
I

-t

he dark conductivity measurements at low temperatures
(section 3-4), f can be determined for doped samples .
flowever in this approximate method of calculation the
following assumptions are made;

(1) f is essentially independent of the doping concen-
tration. Practically this assumption could be valid at

relatively low dopant concentrations since the Fermi level

s still in the vicinity of the density-of-states minimum.
As the Fermi level moves towards the rapidly rising density-

of-states in the mobility gap, the dooping efficiency is
{11) The gap density is not significantly modified by
the doping procedure. Our results,as well as the results

of others (Anderson et al, 1680}, show that
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levels, more defect states a: Created in the mobility gap



However the above two assumptions could be considered a

reasonable approximation for low doping levels since a

negligible variation in the density of states is then

o

expected.

-

8.4. ELECTRICAL CONDUCTION IN ANORPHOUS SEMICONDUCTORS

~

wa s seen in section 3.2. that the main feature

=

of an amorphous semiconductor, such as a-51i, is that there
is a continuous distribution of localised states within
the energy gap as shown in Fig. 3-3. It can be shown that
the conductivity, 0, due to electrons excited beyond the
mobility edge, €., into the extended states is given by

(e.g. Mott and Davis, 1979)
g = Og exp |-

where EF is the Fermi level and Ob 1s a pre-exponent
parameter containing the density of states, N(EC), and

the electron mobility, M s botn at EC, and a linear depen-
dence on temperature, T. A similar expression can be

~

written for the hole conduction in the extended states,

The optical abscrption mesurements made on amorphous
semiconductors (e.g. Freeman and Paul, 1979) have shown

that the optica

He]
Qo

i)
jo ]
¢

creases with increasing temperature.
Therefore (ec -€-) and (€. -e ) will show a similar behav-

lour. Assuming a linear temperature dependence,



and

where § is a temperature coefficient, and (¢ and

C~EF)O
o,

(e.-¢ )O are energy differences at T=0 K. In general

Fov
EcméF and EF—EV are called thermal activation energies for
dark conductivity and will be denoted by AEa. This type
of thermally activated conduction is believed to be dominant
at room- and higher temperatures (Spear et al, 1980), for
relatively low density-of-states semiconductors, or when
ZXEa ls small (Mott and Davis, 1979). However, Anderson
and Paul (1982) argue that thermally activated conduction
in the extended states tends to dominate at temperatures

o}

higner than 150 "C.

[f the wavefunctions are localised, as is the case in the
band tails, then the conduction is expected to occur only
by thermally activated hopping. Every time an electron
moves from one localised state to another it will exchange
energy with a phonon. The conductivity, Ty in the tail
states, when hopping takes place from one site toanadjacent

site (Fig. 3-4a) is given by (Mott and Davis, 1979)

r € -€. + W
a, = O, exp Lo A £
oh

h (3 - 6)

k T

U |

where W is the nopping energy and Oéh 1s a pre-exponent




R
Fig. 3-4: (a) Hopping from a localised state at one site to an
adjacent site (nearest neighbour hopping). (LeComber,1379).
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Fig. 3-4: (b) Variable-range hopping at various low temperatures.

' : a LeCo 379 .
T2<’Y1, W2<V%_and R2>I?1. (LeConber, 1979)
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ig. 3~4: (c) Log¢ vs 1000/T for a-Si:H. (1) Thermally activated conduc-
tion the extended states; (2) Phoncn-assisted hooping
conduction; (3} Variable-range hopping conduction. (LeCorber

and Spear, 1970)




parameter containing the distance covered in one hop .

Mott (1969) has suggested that at 1ow temperatures, rather
than hop a given distance to the nearest neighbour site,
for which the electron needs to galn an energy W from the
lattice, it may prove more likely that the electron will
hop a longer distance if this involves a smaller energy
jump (Fig. 3-4b). This process has been called variable-
range nopping. When it occurs via localised states around

the Fermi level it leads to an expression for the conduc-

tivity of the form (Mott, 1969)

- TO]bZ

i
—3
[}

where Ogh and TO In this case are parameters both involving
) . -1
N(EF) and the spatial extent, a ~, of the electron wave—

functions at tne Fermi energy, where

Zquations (3-7) and (3-8) can be used to evaluate N(EF>
- , . -1
LI a reascnable guess is made for a -.

rinally, it is worth mentioning that various current paths, such as
extended-states conduction and conduction through the localised states,
may contribute to tne observed conductivity simul taneously
(e.g. LeComber, 1979). However, at a glven termperature range, it can

be assumed that one path predominates. so that the interpretation of

the results becomes simple. Fig. 3-4c shows log g wvs 1000/T for a-Si:H



(LeComber and Spear, 1970), where the temperature range is divided into

three regions with different conduction mechanisms.

3.5. OPTICAL ABSORPTION

:The measurements of the optical properties have played a significant
role in understanding the structural and electronic properties of amor-
phous silicon (e.g. Pierce and Spicer, 1972: Gibson et al, 1678; Yamasaki
et al, 1982). In fact, the optical absorption does not give an exact
representation of the density of states in the valence band (e.g.
Moddel et’al, 1980). Nevertheless, like photoemission (e.g. Von Roedern
et al, 1579), it exhibits the major features of the band, where it rep-

resents the initial-final states coupling.

It is normally assumed that the densities of states just beyond the
mobility edges (extended states) can be represented by power laws,
similar to the case for crystalline material. When a parabolic shape
of the conduction- and valence-band edges are assumed, the desired ex-—
tended-extended optical transitions can be described by the relation
(Tauc, 1970)

x = p(hw - )Q/ﬁm (3 - 9)

EO
where & is the absorption coefficient, hw isthe photon
energy, EO Is the optical gap, which is arbitrarily defined
as (6C~6V) (sece Fig. 3-3), and ﬂ is a constant. The
absorption coefficient, &, can be deduced from the trans-
mittance, Tr, data with a reasonable accuracy for CY2103

¢m ~, using the relation

Tr = (1-R) exp (- at) (3 - 10)



where (1-R) is the transmittance at long wavelengths

and t 1s the thickness of the film.

In the lignt of experimental results the optical absorp-
+10n 1n amorphous semiconduciors can be divided 1into
three regions (Connell, 1976) as shown schematically in
Fig. 3-5, which shows a vs ha . Regions 1 and 11
represent extended-extended transitions partly perturbed
by defects, while region 111 is believed to arise from
transitfons Iinvolving the defect states directly. The
absorption edge at regions 11 and 111 represents a defect -
induced tail at the lowest énergies, an exponential region
al Intermediate energies resulting from lack of lTong-range
order, and a power-law region at the highest energies .

In the latter region , @ is described by eq. (3-9).

The direct absorption measurements, however, proved to
nave large uncertainty in the energy range well below
the optical gap, EO, because of the weak absorption
signal in that range. Another method to measure
the optical absorption in this range is by photoconduc-—

tivity measurements and is described in section 3.6.3..
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3.6. PHOTOCONDUCTIVITY

3.6.1. TEMPERATURE AND LIGHT INTENSITY

DEPENDENCE OF PHOTOCONDUCTIVITY

The photocurrent; iPh’ 1s defined as the difference
between the current measured under illumination and the
dark current. It has been established that at room-tem-
perature, electrical transport occurs predominantly through
the electron extended states at €.- Spear et al (1S74)
suggested that the localised states in the regions €pr €y
Ey and €., in the density-of-states distribution of rig.
3-3 play an important role in the recombination processes

of the photogenerated electrons and holes in a-Si, where

recombination pnroceeds from the localised tail states at

€r- The pnotoconductivity data presented in section(5.2.3.)

suggesis tnat at low light intensities the electrons re-
combine via the states at tne Fermi level, €., whereas

2

at nigh light intensities recombination proceeds via noles

trapped in the density-of-states feature at ey avove tne
valence band edge. The following expressions for photo-
conductivity, UPh’ in the above two cases have Deen derived
by Spear et al (1974) to explain their resulis for the

erature dependence of the photoconductivity of GO a-Si:H

films. It will be snown that these expressions apply to

J

lght-intensity as well as temperature dependence o

ot
"y
(¢

—

by

photoconductivity of We-sputtered a-Si (sections 5.2.4.2.

and 5.2.4.3.)




3.6.1.1. RECOMBINATIONS VIA HOLES TRAPPED AT ey

For the electronic conduction at EC, Obh can be written

o))
n

Q
H
3
¢

&

(O8]
|

11
Ph c c )
where n_ is the carrier density at €. and M ls themobility
at € . In the steady state, the geéneration rate, G, of
electron-hole pairs created by photon excitation (illumi-

nation) is given by

where Kl 1s the recombination constant and n,

A and py are

the total densities of electrons and holes at €a and éy
respectively during illumination . [f we assume
that the electron densities at €. and €y are in quasi-

thermal equilibrium, we can write

where N(e¢ ) and N(GA} are tne effective densities of

i

)

respectively. When the density of
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he darx, tnen the condition for cnarge neutrality

will give n, = p | since Ny and the photoexcited
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noles are assumed to de rapidly trapped
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neutrality condition, eq. (3-12) can be rewritten as
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Combining eqs. (3-11), (3-13) and (3-14) the photoconduc-
tivity can be given by
! ) - - — -
N(EC) ro€. —€y
exD [- '
N(eg, J
(ey)

(N1

Opr, = el (G/K,)
C 1

Since the generation rate, G, of the electron-hole pairs,
at a given excitation energy, 1s proportional to the
light intensity, F, eq. (3-15) would lead us to expect
that the photoconductivity of a specimen under the abpove
conditions would increase as the square root of the light
intensity at a given temperature. This type of recombina-
tion process is called a bimolecular process and occurs
either at high light intensities or at sufficiently low

temperature.,

3.6.1.2. RECOMBINATION VIA STATES AT €

We still assume the conduction to occur in the electron
extended states. Assume that recombination takes place
from states at ¢ via states at the Fermi level. in a

similar way to the above case (eq. (3-12)). the pnoto-

generaiion rate of electron-hole palrs, in the steady

wher

0]
5
]
-~

tne recombination constant in

n
ot
oy
—
w
@]
o))
wn
D
jol}
o1
[a%

e

(N



N(EF,T) ls the effective density of states at the Fermi

energy, which is given by

Combining egs. (3-11), (3-13) and (5-16) we find that

e{LL "6 ’- E *E 3
o : c ( ([;) \, N{ C) exp | - __C~_*_A_J (3 _ 18)
kT 2 N(eF)N(EA) L kT
Eq. (3-18) indicates that at a fixed temperature, under

the above conditions, the photoconductivity would increase
linearly with the light intensity. This type of recombi-
nation is called a monomolecular process and normally

occurs at low light intensity levels, or at high temperatures.

From eqs. (3-15) and (3-18) we can draw a general relation
between photoconductivity and light intensity at a given

tegperature, in the form

- cr! (3 - 19)
Upy 3 9

where C is a constant. The exponent )0 varies between
0.5 and 1 depending on the dominant recombination process.

Furthermore the thermal activation of the photoconductivity
Is expected to give the position of the tail-states edge,

€y» with respect to the conduction-band edge at €.

A

assuming that only electrons in the extended states are




contributing to the photocurrent (LeComber and Spear,1970),

the photoconductivity can be given by the following

expression

o = eF (1-R) [ 1 -exp (—th)]U/LDTh/t (3 - 20)

where F(1-R) is the number of photons falling on 1 an’ of the
specimen per second, corrected for the surface reflection. f is the
quantum efficiency for photocarrier generation, My 1s the electron
drift mobility, TR Is the response time for photocurrent, which‘is a
function of recombination lifetime, and t is the thickness of the film.
In the weak absorption region (low photon energies), and for thin films

@t « 1, therefore eq. (3-20) may become
" _ = ;o ] fa ( - 1
Upy/eF (1-R) amn py Ty (3 21)

This equation suggests that the photoconductivity results,
especially at energies around and lower than the optical

gap, could be used as a sensitive measure of the absorp-

tion below the optical energy gap. This is valid if we

can assume constant 1 Mo and TR. The validity of these

assumptions is discussed in section 3.6.3..

The photoresponse represented by'iph/eP‘(l—R) can be

: : . 4 Ph | ‘
used to determine the optical gap, EO , from the inter-

o

,iph?ia)/eF‘(l-R)]z Vs excitation

energy, Aw , with the iw axis. Furthermore from the

plots, the photoconductive thr

D

o R)
AcPh

£ {(thermal

shold,

(

activartion energy at room temperature) can be aetermined by




extrapolating the '"tail'" of the curve at low energies to

1
the zero value of [iphhu)/eF(l—R)]z.

3.6.3 LOW-ENERGY OPTICAL-ABSORPT LON

b

ROM PHOTOCONDUCT IV ITY

It has been found that for energies not far below the
optical gap, the absorption signal of a-Si films i's strong
cnough to be detected and subsequently « values with
Signilicant accuracy can be obtained. In a-Si the thin
film geometry limits the accuracy of « from direct trans-
mission techniques to (v ) 10 Cm—1 (e.g. Moddel et al,1980).
The values of « as low as this correspond to energies
well below the opntical gap, where the absorption signal
is not strong enough and uncertainty in reflection is
relatively high. Moreover in our samples the technique

used to measure the transmittance is limited to hwpl.4 eV

(section 4.5, ). Information about states in the gap
requires the measurements of low & . Therefore another
complementary technique is used. The Harvard group

(Moddel et al, 1980) have developed a model in which the
absorption coefficient, (, at low photon energies, can be
derived from the photocurrent speclral distribution (iPh

vs iw ) at these energies. The relative absorption coef-

ficient ( Q/LYO) can be given by

. ‘ P - 1/p
avtnw) Lo Fj’_‘:ﬂ_'l J (3 - 22)
* u/o F - 1 }

PhO



where Fj 1s a reference photon flux, e is a reference
C

absorption coefficient, iPhO s a corresponding reference
photocurrent and ) is an empirical exponent in eq. (3-19)
where 0.5 ¢ Vg1l for a given excitation energy, hw , and
a given « . Relation (3-22) instead of considering

iPh as a function of the incident flux, as in eq. (3-19),
relates thedepmmkpcecﬁ iﬂjon the absorbed photons in the
film. In this case jPh would be a function of both the

incident photon flux, I, and the absorptimicoefficient,

& (how) .

In deriving eq. (3-22) the following assumptions were

made.

(1) The illumination and electron-hole generation are
uniform throughout the material. This is met by using
thin film samples so that @t(c] and subsequently eq. (3-20)

leads to eq. (3-21).

(1i) Reflectivily does not vary with hw at energies
below the optical gap, and the interference resulting from

the front and back surfaces is ipgnored.

(iii) Only one type of photocarriers is contributing to
pnotocurrent with drift mobility o independent of tw over
the excitation encrgy range of interest. However, it has
been established that the electrons are the dominant
photocarriers in a-Si (LeComber and Spear, 1970). Theplots

of (Y/ub vs hw at different temperatures (fig. 3-6)

show that within the experimental error, there is nomarked




0-8 7-0 1.2 1-4 1.6 1.8 2-0
Biw [eV]

Fig. 3-6: The relative absorption coefficient (a/cro) vs photon

energy, hw , at two different temperatures.




change in the shape of the curves for energies above 1 eV.

Thermal activation behaviour of My has been reported
(e.g. Moustakas and Paul, 1977; Spear et al, 1974).
Therefore if Ao depends on the excitation energy, &/CYO
curves would be expected to show strong dependence on the
temperature. The similarities in curves of Fig. 3-6
indicate that My is independent of excitation energy. The
horizontal shift in the curve with temperature Is expected
because of the temperature de pendence of (he absorption

edge (e.g. Freeman and Paul, 1979)

(iv) The exponent )y in eq. (3-19) does not vary withaw
This assumption can be justified experimentally (Fig. 3-7).
The figure shows the measured iPh plotted against the
light flux, F, at different hw values. Ii{ can be seen
that the ) values are independent of the excitation

energy

(v) The response time, 'I‘R, of photocurrent and the
quantum efficiency, 1), for the photocarriers generation

are assumed to be independent of hw in the energy range

under consideration. The measurements of photocurrent
decay after the Fioht is switched off (Moddel el al,1980)
showed that the response rime, TR’ in the erergy range

considered depends on the density of photccarriers in the
material rather than on the excitation energy. The inde-
pendence of the exponent factor Y ©on the excitation energy
(Fig. 3-7), could be another Justification for this assump-

tion, since Y 1is an indication of the rate of rise of the
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photocurrent . Finally Carasco and Spear (1983) have
argued that the quantum efficiency, 17, should decrease

as the excitation energy becomes lower than the optical
gap. On the other hand, it has been suggested that at
room temperature, the excitons dissociate thermally, which
Is evidenced by the absence of luminescence structure
corresponding to the exciton recombination (Paesler and
Paul, 1980). lHowever we must deal with this assumption
wilth caution, where assuming constant 1 would reduce the
derived w at lower energies to less than its true value.
Therelore the  values derived from photocurrent measure-
ments particularly at low he will be regarded as the lower

limit of ¢

Using the above method. ansorption coefficients

s low as about l()-_]"czl'lm1 may be reliably
determined ( e.g. LeComber et al, 1973: Anderson
et al, 1979). The details of the results which are

analysed in the light of this model will be discussed in
section 5.2 .4.4.. However, it should be emphasised that
the absorption spectra cannot determine an absolute
value for the density of states in the mobility gap, but
they are reliable for comparison of samples prepared
under different conditions and they can be used as a
check on other types of direct measurements of the density
of states such as field effect measurements (e.g. Madan

et al, 1976).
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CHAPTER  FOUR

EXPERIMENTAL DETAILS

AR INTRODUCT 10N

In this chapter the sputtering system which was used for
preparing the films is described. Also the ©preparation
procedure of the specimens is described in some detail.
Various measurements, such as dark electrical current
photocurrvent, optical absorption and [ilm composition are

explained.

4.2. SPUTTERING SYSTEM

A schematic diagram of the radio-frequency diode sputtering system
which was used during the course of this work is shown in Fig. 4-1. The
system was originally designed and built by Newman (1972). 1t comprises

three main comonents; the sputtering chamber, the vacuum system and

the radio frequency (r.f.) power supply. The sputtering chamber con-

sists of a target (cathode) and substrates holder in plane-

parallel arrangement with a rotatable shutter between them.

The target-holder assembly is shown in Fig. 4-2. The single-

crystal waler tarpcet of electronic grade silicon was about
7/ cm in diameter with a grounded shielding bracket usually
positioned around the backing electrode, typically, at a
spacing of about 2 mm to prevent neon plasma coming into
contact with the backing electrode, therefore stabilising
the plasma conditions and preventing the sputlering of the

target holder. The target was glued with a high thermally-
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conductive epoxy (silicone 732-DOW CORNING) to the water cooled target-
holder. However, recently a more practical target holder was designed
and used, which is similar to that of Fig. 4-2 except that it is more
convenient since the target, instead of being glued, could be placed on
the target holder with a themal grease between them. and then screwed
in. The target was connected via the target holder to a r.f. generator
and matching network (Fig. 4-1) which was tuned [or minimum reflected
power. The subsirate was placed on a grounded copper substrate-holder
vhiich could bhe electrically heated using a Nichrome ribbon resistor
(3.63 Ohm/meter). The substrate tenperature was measured wilh [wo

chromel-alumel thermocouples, one at a corner of the substrate holder

and another at the opposite corner. The agreement belween the two
thermocouples was good. The target-substrate distance could be ad-
Jjusted using a gear. To conline the plasma to the space

between the target and the substrate, a Helmholtz pair of
coils was mounted around the chamber to provide a uniform

magnetic field in the centre of the plasma.

The sputtering chanber is mounted on a conventional high vacuum sys-
tem consisting of a 6" SPEEDIVAC EO4 oil diffusion pump with a
Piquid nitropen cooled-trap and a thermoelectric baffle (o
prevent backstreaming of oil vapour into the sputtering
chanber. The diffusion pump is backed by a mechanical
rotary pump and another liquid nitrogen trap as shown in
Fig. 4-1. The spuflering chamber was outgassed by an elec-
trical heating tape around it. With this aid, the back-

ground pressure prior to a sputtering run was always of
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the order of Jg Torr, measured by an ionisation guage.

During the run, the Sputitering chamber was isolated from
the vacuum system by a butterfly baffle valve, which toge~
ther with a needle valve on the gas supply line was used
to conivol the gas [low fo acnieve the required gas pres-
sure in the chamber which was measured by a SPEEDIVAC DCB6

thermocouple (T.C.) guage.

4.3 DEPOSTTION PRUCHQQRE

Cleaning of the substrates and the sputtering chamber
belfore the film deposition has been found to be wvery
important in order Lo obtain good adhesion between fhe
Film and the substirate, as well as pinhole free lilms. For
this purpose Corning 7059 glass substrates were ultrasonica-
Ily cleaned in a detergent for about 15 minutes, rinsed
thoroughly in distilled water, washed ultrasonically in

distilled water for a few minutes and then boiled in iso-

propyl alcohol before placing in the spult tering chamber.

. : . -7 .
'he chamber was evacuated to a pressure of 5x10 lorr as

desceribed in osection LoD, The sputtering chamber was ouf -

gassed by baking overnight at about 150°C. The substrate

was electrically heated to the appropriate temperature in

the range up to 500 °C. The target was a single crystal waler of

electronic grade silicon, kindly supplied by Mullard Limited.
For {hebpurpose of doping, a composite target was used

P . L1 - 1
where the dopant material was [ixed on the centre of the




silicon target. In the case of Al doping, a disc cut from an

aluminium sheet (99.99%) was used, while for boron doping
a pellet was prepared by compressing boron powder (99.9%)
in a die. Since gallium has a low melting temperature
a small ingot of Ga was rubbed against the centre of the
silicon target. This helped Ga to stick to the target
However, during the sputtering, the gallium piece melted
and Tormed a small ball at the centre of the target. In some cases,

the target was a highly B-nredoved target, kindly supplied by Mullard.

Neon gas (99.999%) was admitted into the chamber via a
needle valve, thus by controlling the flow rate the desired
pressure could be achieved. The deposition pressure ranged
between 40 and 200 mlTorr. The target-substrate distance
was varied from 2 to 5.3 cm. The radio-frequency field
was applied to start the plasma resulting in a self-bias
voltage on the target in the range between 600 V and about
1000 V. The self-bias voltage was measured using a circuit
similar to that of Rock and Smith (1975). A Helmholtz
pair of coils gave a field of about 0.01 T at the centre
of the discharge. The target was pre-sputtered prior to
deposition for a [ew minutes Lo remcve any possible

contamination on the target.

As will be demonstrated in chapter Five, combinations
of the above prearation conditions resulted in films with
a wide range of deposition rates (Fig. 5-3 ) , electronic

and optical properties (see section 5.2. ).
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The [ilm thickness, with an estimated uncertainty of L 10%, was
measured using multiple beam interferometry (HILGER & WATTS interfero
meter) on an edge produced by masking and overlayed with evaporated-
aluminium. The film thickness ranged from 0.3 to 1.5 . The thick-
of some of the films was also measured by a TALYSURF surface profiling
Instrument and a good agreement between the two methods was obtained.
The thickness uniformity throughout the film was within the experimen-—

tal uncertainty.

4.4. D.C. CONDUCTIVITY AND PHOTOCONDUCTI1VITY

The d.c. electrical dark conductivity was measured in the temperature
range between -150 °C and 150 °C under vacuum using the arrangement
shown in Fig. 4-3. Aluminium surfacecell electrodes, 2 mm wide and
with typically1 mm gap, were thermally evaporated onto the top surface
of the a-5i specimens, prepared by sputtering in Ne gas as described
in section 4.3.. A stainless steel mask was used. A Keithley 610C
Llectrometer was used for the measurements of current, 1, as a function
of temperature, T, with a fixed applied field of 102 V.cm*l, using the
circuit shown in Fig. 4-4. The electrical leads and copper-constantan
thermocouple used for measuring the specimen temperature were attached
to the specimen surface by a DU PONT high temperature silve paste.

The current-voltage characteristics for each specimen were checked for
linear behaviour in electric fields up to about 5x102 V.cm_1 at room

tenperature and at a nunber of higher and lower temperatures during the
run. Al electrodes proved to make good ohmic contacts, both

with undoped and p-type doped a-5i within the range of the
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applied fields at the various temperature ranges. However

more recently, further investigalion showed that Al makes

goaod ohmic contacts with a-5j in a field range up to about

) -1 : -
FOT Vo.oem as shown in [ig. 4-5,

T'he dark conductivity, ¢ , was calculated from the relation
U = L1/AV (46 - 1)

whrer Lods the widih of (he cell ap. A is the ¢cross sectional

area and V is the applied voltage.

The conduction type of randomly chosen undoped and doped
[ilms was readily determined [rom the polarity of the room-
tenmperature thermopower sign observed by the hot-probe
technique. The testied undoped samples were all n-type;

while the doped samples were p-type.

The photoconduclivity experiments were carried out on the
same gap-cell configurations as for the dark conductivity
measurements. The steady photocurrent, defined as (he dif-
ference between the current measured under illuminalion and

Phe doanke carrent | was measured For the applicd Tield of l()z

, ! v
Vieem © 0 A 300 W rated tungsten lamp was used as g light source ,

and was mounted on a stand for a vertical Incidence ol lioht
Pl

on the specimen.

~ P . D 2 Bl P XSRS RN H .
FFor spectral photoresponse, a group of BALZERS scelected inler

. 3o ) - i v N
ference [ilters were mounted on a rotatable disc above the specimen
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Fig. 4-5:

1-V characteristic curve

at room tenperature.

of a typical Al/a-Si/Al junction,




(see Fig. 4-3). The band width of the filters is typically
about 10 nm as specified by the manufacturer. The transmission
band-shape of a typical filter is shown in Fig. 4-6. However,
the band width of the filters is negligibly small compared both to
the "monochromatic" light anelength-énd to the breadth of the
photoresponse spectra és seen from Fig. 4-7. the output light
intensity of these filters was calibrated using an LEPPLEY PSP
pyranometer, rated 9.98x10—6 V.W‘l.mz, which was in turn checked
against a NEC GLG2058 He-Ne laser beam of 6328 nm wavelength and 0.7 niW.
The measured rating of the pyranometer was 7.88x10_6 V.W"l.mz.
Due to difficulties in adjusting the specimens for normal
light incidence, they were displaced horizontally to give the
maximum photoresponse. 'This was considered to correspond to
normal incidence. However, the dislocation of the centre of

the specimen with an angle of about 0.7° from the normal ,

caused a change in the photocurrent of less than 3%.

To have a wide range of light intensities, the voltage
across the tungsten lamp was varied up to about 240 V. The
variation of the light intensity with the applied voltage for

two wavelengths is shown in Fig. 4-8.

The intensity dependence of the photoconductivity was

measured using mainly two [ilters (1.89 eV and 1.3 eV),

1
for the light flux intensity in the range from about 10 3

to about 10t7 photons.cm_z.s_l. The dependence of photo-

conductivity on temperature was measured in the temperature
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range from about -40 °c to about 140 °C. The same arrange-

ment shown in Fig. 4-3 was used for these experiments.

4.5. OPTICAL ABSORPTION
== APOURET TUN
Optical transmission In the wavelength range from about

400 nm to about 900 nm was measured for samples deposi -

ted on glass substrates, using a UNICAM spectrophotometer.
These wavelengths cover the visible range and part of the
ultraviolet range. To calculate the absorption coefficient

&Y, 1t has been assumed that reflection is constant with
wavelength at long wavelengths where this is justified when
@& is not small. The approximate relation for transmittance,

Tr,
Tr = (1-R) exp (- at) (4 - 2)

was used for calculating (t+ , where t is the film thickness
and (1-R) is the value of Tr at which the interference
averaged transmittance levels off at higher wavelengths.

. . -1
The uncertainty in the calculated v for a{g103 cm was

found to be less than 10%.

4.6. CLEANLINESS OF FILMS

Infrared absorption was used to check for any oxide con-
tamination in the films. No absorption corresponding to
5i-0 vibrational mode was detected. As another ‘check for
the presence of contamination in the films, photoemission

spectroscopy wa s used . The measurements were
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taken by a XRATOS XAMS-800 spectrometer, using Mg K x-ray
excitation. The photoemission spectra showed no sign of
chemical shifts due to silicon oxides. However oxygen photo-
peaks could be detected before etching the surface of the
film. This could be due to the presence of voids in some
of the films. Upon etching the surface of the films no
oxide or free-oxygen peaks were detected in films prepared
at Pd/VSb < 0.8 mTorr.cm.Vﬂl. P, d and VSb are the sput-
Lering pressure, the target-substrate distance and the sel f-
bias voltage on the target respectively. Furthermore, the
presence of a relatively strong surface plasmon of Si(2s)
photopeak at the right energy (Fig. 4-9) is another indica-
tion of the contamination free surface, at least within the
detection limit of this technique. Also, this technique
failed to detect Ne traces. The same measurements were
taken at different depths in the films by means of ion
etching. No change in the spectra shape was indicated. 1t

Is worth noting that the XPS measurements were taken at

least a few days after deposition.

The absence of both the chemical shifts and We photopeaks
in the photoemission spectra are indicaltive of oxide- and
Ne-free [ilms within the detection limit of this technique

generally accepted as 0.1% (e.g. Usami et al, 1980).

Finally, the appearance of a plasmon loss at an energy

almost similar to that in the crystalline silicon (about
17 eV (e.g: Kittel, 1971)) may suggest that the material

of the films is close packed.
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4.7. FILM COMPOSITION

The aim of this study was to determine the atomic percen-
tage of the dopant in the a-Si films. Two methods were
used as described in the following two sections. Photo-
emission measurements were used for determining the Al
and Ga concentrations, though for the convenience of

explanation, Al is mentioned in the equations of section

4.7.1.. Since B(ls) photopeak is superinmosed on the vlasmon
peaks of Si(2p), and B(ls) also has a small ionisation cross-—section
(Scofield, 1976), the B/Si atomic ratio was difficult to
determine by XPS. The etching profile method was used only for

Al since information about the sputtering yields of B and Ga
are not available. In the light of the reasons given in
section 6.2.2., the B/Si target area ratio was considered

Lo reoresent the upper limit of the B/Si atomic ratio in the films.

4&.7.1. PHOTOEMISSION MEASUREMENTS

The atomic percentage of Al in the silicon films was
calculated from the photoemission measurements. Al (2p)
and Si (2p) photopeaks were choosen to calculate Al per-
centage in Si since they have similar kinetic energies |,

so the electron escape depths for these two lines are

considered to be approximately equal. However, for more
accurate calculations, the electron escape depths reported
by Penn (1976) were used. The atomic ratio (NAI/NSi) of

Al to Si was calculated from the approximate relation
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where lgy and L, are the intensities of Si(2p) and Al(2p)

peaks respectively, Mg, and 7 are the photoionisation
) 9

Al
cross-sections for Si(2p) and Al(2p) respectively, and./\g_i
and_\A] are the electron escape depths for Si(2p) and Al(2p)
respectively. The photoionisation cross-sections were taken
From the caleunlations of Scolield (1976). The alomic
percentages of Al in the a=Si [ilms determined by this
method are shown in Table 4-1. The atomic ratio of Al Lo

St was found to be nearly the same at different depths in
the films . A similar method to that déscribed above has

been tollowed to delermine Lhe atomic ratio of Ga Lo Si.

4.7 .20 ETCHING PROFILE OF TilE TARGET

Ihe etching prelile of the sputtered Si target was studied
as a function of the distance from the centre of the target.
The thickness of the target after a long time spultering was
measured at different posiltions with respect (o Ithe centre.
The shape of the tarpget alter cetching is shown in Fig. 4-/0,
where the target could be divided into two regions. Region
A represents a grove-like ring,a result of a higher etching
rate near the edges of the target. This could be due to
the distortion of the clectric field at this region which
might elfect the angles of incidence of the bonbarding ions.

reported that the spuiiering yield

dowever, i1t has been
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of target atoms emitted per bombarding

. . . . . O
increases for lncreasing angle of incidence up to 40

1970). On the other

(e.g. Jackson,

region B represents a flat disc which had resulted from

Measurements

area was uniformly

fraction would be larger if the
The volumes of

larger. the sputtered

regions, calculated fron the dimensions shown in IFig. 4-10a, were

used to calculate the sputtering

to that at region B, which

Al disc of area (a) at the

tne sputtering rate of the

where YA1

sputtering rate of Si

is the Ne-sputtering yield for Al.

rate of silicon at region A relative

vas found to be about 1.55:1. WNow with the

centre of the target (i.e. in region B),
g

Al is given by

a.y 4)

Al (4 -

The relative

1s given by

(4 - 5)

A and B are the areas of regions A and B respectively, and

Y%i Is the Ne-sputtering yield of Si. From the expressions
(4~4) and (4-5), considering the measured values of A and
B, the A1/Si atomic ratio is given by

Vi Yar- @ |

— = (4 - 6)

Ng, 2326 - Vepa

‘ . 2
the areas being in mm"™.

elements were taken [rom the measured values reported

The sputtering yields for different

by
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Carter and Colligon (1968). The atomic percentages of Al

in the films obtained by this method are shown in Table 4-1.

From Table 4-1 we can see a good agreement between the
Al atomic bercentages obtained from the above two methods,

. 4 + . , . .
within - 5%. I'hese measurements show that the Al/Si atomic

ratio 1s as 1.15 times the Al/Si target area ratio.

4.8. ANNEAL ING EXPERIMENTS

A CALBOLITE tube furnace was used (o anneal scmne of the specimens.
I'ne furnace was electrically heated by a resistance wire wound
onto a refractory tube, where the heat ed length of the tube
s 30 cm. The temperature of the furnace was measured by a
Pt/Pt 13%Rh thermocouple. The furnace was facilitated with
solid-state controllers to stabilise the temperature. Using
an alumel-chromel thermocouple, it was found that the tempe-
rature in the vicinity of the specimen was about 10 °C below the

reading of the built-in thermocouple.

As recommended by the manufacturer, prior to annealing, the
furnace was run at 800 °C for 30 minutes to remove moisture
and contamination . For annealing, the furnace was switched
ON to give the required temperature, the tube was [lushed with

nitrogen then the specimen was inserted into the tube, while




the nitrogen was kept flowing at a low rate to minimise Lhe

temperature gradient between one end of the tube and the other.
To cool the specimen (he furnace was turned OFF and the nitrogen
flow rate increased. The tube was pulled out slightly to get

the specimen to the cold region.

A fresh set of Al-clecirodes were deposited on the

Fitm for the electrical measurements as described in section

Goblia.
Jfﬂﬂflf&ilz The atomic percentage of Al in a-Si ilms obtained by
(a) XPS measurements and (1) etching profile method.
AL/Si (a) (b) average
(area ratio) Al/ST % Al/Si % AL/Si%
0.37 0.70 0.09 0.70
0.99 1.3] 1.18 1.25
1.85 2.52 2.21 2.37
416 5.45 4.94 5.20
0.22 &.30 7.33 7.82
7.4 9.98 3.68 9.35
L0 08 13,00 1.6y 12,45




CHAPTER FI1VE

ELECTRICAL, OPTICAL AND PHOTOCONDUCT IVE

PROPERTIES OF UNDOPED a-Si

5.1. INTRODUCT 10N

In this chapter the possibility of the production of a
low density-of-states amorphous silicon (a-5%i) without the
introduction of hydrogen or a halogen is discussed in the light
ol the experimental results obtained. This has been inves-
tigated through four physical qQuantities; namely, the d.c.
dark electrical conductivity (¢), the steady-state photo-
conductivity (UPh)’ the optical gap (Eo) and the thermal
aclivation energy (Alia). The measurcments on photoconduc-
tivity are extended to include the photoresponse spectral
distribution and the temperature and light-intensity depen-
dence of photoconductivity. In addition, it will be shown
how the photoconauctivity could be useful as a double check
on physical quantities, such as the optical gap (deduced
from the direct transmission measurements) and the thermal
activation energy of dark conductivity. Furthermore a
qualitative study of the density-of-states in the mobility
gap 1s also shown to be possible using tne photoconductivily
measurements. The results suggest, consistently, that a
material with low density-of-states in the mobility gap

can  be produced by controlling the preparation conditions.

1t has been found that the deposition rate, DR’ decreases

almost exponentially with increasing target-substrate




distance, d, (Fig. 5-la) or the spultering gas pressure,

P, (Fig. 5-1b). Various combinations of P and d proved

to give a systematic variation of DR with the product Pd

Ul

(Fig. 5-1c¢) in a similar way to the variation of DR with

P or d. In addition, the self-bias voltage, Vsb’ on the
target has been found to control the deposition rate as
shown in fig. 5-1d. Furthermore, as it will be shown in
section 5.2.1., the deposition rate was found to be con-
trolled systematically by the product Pd/VSb. Also, the
above observations apply equally well to the control of the
electrical and optical properties of the films by the in-
dividual parameters (Figs. 5-2a and b) as well as by the

product Pd (Fig. 5-2¢) or Pd/V The interesting result

b
of this investigation was that different combinations of these
preparation conditions, within the considered ranges of P
(40 - 220 mlorr), d (2 - 5.3 cm) and VSb (650 ~ 1100 V),
which give the same product (Pd/vsb) resulted in films with
the same electronic and optical properties. Consequently
throughout the rest of the text, the preparation conditions
will be dealt with as two quantities; the product Pd/VSb

and the substrate lemperature, TS
5.2. RESULTS

.1. DEPENDENCE OF DR ON Pd/Vgy, AND T,

W
[N}

The deposition rate (DR) of the films was found to dec-

. ) . - = . - ~ ~ O
rease with increasing sputtering gas pressure and/or

the target-substrate separation, while it was found to
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increase upon increasing the self-bias voltage on the target.
However, it should be emphasised that there are limits to
the above peparation conditions. At the gas pressure

P> 250 micrr. sputtering is not possible due to the Limit

of the mean free path for the Ne gas particles with respect
to the distance between the shielding bracket and the target. The
target-substrate distance was limited so that 2>d> 6 cm due to

the limitations of the mean free path and the length of the region
of unilonm nagnetic field. The minimum self-bias voltage on

the target to give a reasonable deposition rate was about

650 V.

In the lightof the discussion in section 5.1., it will be
more convenient to consider DR as a function of Pd/VSb at
0,

a fixed substrate temperature (about 300 °C). Fig. 5-3

shows Dp as a function of Pd/VSb. It can be seen fromthis
\

figure that DR varies almost exponentially from about 4 Xs*l

to ¢ 1 R.s71 for high Pd/V_ . This type

for low Pd/V t
s D

b
of variation seems to be consistent with the fact that the
number of silicon atoms which reach the substrate without
suffering collisions would be expected to be proportional
to the exponent of (-Pd). The very slow variation in DR

at high (Pd/vsb) values (Fig. 5-3, range ll) would also

logically follow from this.

The deposition rate of a-5i was also studied as a function
of the substrate temperature (TS), over the range from

T.= 150 °C to about 470 °C. The Pd/V_, value was about
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Fig. 5-3: Thg deposition rate, DR’ as a function of (Pd/vqu. P, d
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0.68 mTorr.cm.V_l; & condition in the optimum range (see
Fig. 5-5, range 11 and the details of section 5.2.2.)

The deposition rate as a function of TS s shown in Fig.
5-8a. 1t can be seen from the figure that DR decreases
from about 1.4 R.s™ ! at T, 300 °C to about 0.8 K.s71 at
T = 460 "C. The decrease in DR with increasing TS above

o .
300 "C could be due to the low sticking coefficient at high

substrate--lenperature (e.g. Davidse and Maissel,1965; Batabyal et al,1984).

w

+2.2. DEPENDENCE OF ELECTRICAL & OPTICAL

PROPERT IES ON Pd/VCb

The results of the room-temperature conductivity (¢

RT)’
the thermal activation eénergy, tne optical gap and the
steady-state photoconductivity were measured for films
prepared at TSZ 300 °C and different values of Pd/VSb
These results are summarised in Table 5-1. In the following,

the above quantities will be discussed in more detail.

5.2.2.1. THE D.C. DARK CONDUCTIVITY

The d.c. dark electrical conductivity (0) was measured
as a functltion of temperature in the temperature range
from about -150 °C to about 150 OC, using the method des-
cribed in section 4.4.. The plots of logo vs 1000/T are
shown in Fig. 5-4. These plots represent films prepared
at a range of Pd/VSb values with Ts: 300 °C. It can be

seen from the plots that the films prepared at low Pd/VSb

have a relatively high conductivityand a low slope, while as




Table 5-1: A sumary of various measurements for a—Si films prepared
at different Pd/VSb values and ']‘5:300 . DR deposition
rate,; O-RT room-tenperature conductivity; AEa thermal
activation energy of the dark conductivity; OPh photocon-
ductivity; EO optical gap.
specimen Pd/Vey . DOplds! Gr[2.cm)? 4 EyleV]  oppldl.cm) -1 Eg leV]
[mlorr.cmV ]
N
1 0.17 3.74 7.9x10°° 0.51  56x107 1.4
2 0. 19 3.50 — — —— 1.49
3 0.21 3.00 5010 0.58  2.0x10 1.4
4 0.25 2.70 7.9x 1077 0-66  2.0x107° 1.56
5 0.31 248 1.3x107 0-64 1.4x107% 1.56
6 0. 33 2.37 1.6x107 0-58 7-9x1077  1.66
7 0-36 2.20 6-3x10°8 0-66 _ 169
8 0.41 1.80 1.0x1077 0.72 4.0x10% 171
9 0-46 1.90 2.5x10% 0.8 6.3.15% 168
10 0.50 1.60 1-3x1078 076 25x107  1.75
11 0.55 1. 40 5.6x10° —  40x1d] —
12 0.61 1.20 2.5x107% 0-84 2.2x 107 1.71
13 0.64 1.00 3.2x10°7  —— sgx107
14 065 1.30 1.3x 1077 0.77 — 1.90
15 0-68 1.10 1.4x 1077 0.81 £.5% 107 176
16 0-76 1.00 2.2x10° 078 85 x 1w 1.75
17 0.79 1.00 9.3x 107° 0-86 11 %105 1.8
8 0.81 1.00 7.9 x 16717 0-82 3.0x 107 1.88
19 0.84 0.90 11 x 107 0.0 11x10% 1.8
20 089 0.90 14ax 107 075  32x107 194
21 0-92 0.90 25x107  0.68  t10x107  1.47
22 0.95 0-80 3.2x 107 0-61 89109 1.0
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pd/vsb increases up to about 0.80 mTorr.cm.V *, the conduc-

tivity decreases and the plots become steeper. The curve
marked 0.95 mTorr.cm.v ™! represents a film prepared at a

very high Pd/VS value and shows a higher conductivity and

b

. -1
lower slope than that of the filmpreparedat 0.8 mTorr.cmV -,

Also, from Fig. 5-4, a change in the slope of the curves
can be seen at a temperature which depends on the Pd/VSb
value, where below this temperature the current isbelieved
to be carried by a phonon-assisted hopping process described
in section 3.4.. The temperature at which hopping conducticn
occurs, decreases as Pd/VSb 1s increased up to about 0.80

. ~1
mlorr.cm.V .

From the slope of the plots of Fig. 5-4, around room-
temperature, the thermal activation energy ( AEa) was ded-
uced according to eq. (3-3). The room-temperatue dark-
conductivity (URT) and AEa are shown in Fig. 5-5 as functicns
can

of Pd/VS [t can be seen from this figure that o

b’ RT
be varied systematically over more than 4 orders of mag -

. ] . -5 -1 -1 , ! - § 1
nitude, from about 10 Q “cm at about 0.15 mTorr.cm.V

¢ - - - ]

Lo about 1077 Jcm : at about 0.80 mlTorr.cm.V l. On the
other hand, AEa changes with Pd/VSb in a manner consistent
with the variation in URT’ and it approaches a maximum
value of nearly G.85 eV at Pd/VSb = 0.80 mTorr.cm.V~1. This
latter value is comparable witn those values found for

samples prepared by glow-discharge (e.g. Spear & LeComber, 1975)

and Ar/H2 sputtering (e.g. Paul et al, 1976 ) techniques.
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At Pd/Vg, values higher than 0.80 mTorr.cm.V (Fig. 5-5

range 111), URT increases and AEa decreases with increa-

sing Pd/VSb. This suggests that, with the other preparation
conditions being fixed, range 11 of Fig. 5-5 may represent
the optimum Pd/VSb range for preparing a-Si films with a

relatively low density-of-states, by Ne sputtering.

The conduction type of randomly chosen undoped filins was readily
determined from the polarity of the room-temperature ther-

mopower sign observed by the hot-probe technique. All the

tested samples were n type.

5.2.2.2. THE OPTICAL GAP

The absorption coefficient () was determined from the direct trans-
mittance spectra measured by a UNICAM SP-800 spectrophotometer, as
explained in section 4.5.. Eq. (4-2) was used in calculating @, where
(I-R) in this equation was considered as the value at which the inter-
ference averaged transmittance levels off at longer wavelengths. The
transmission and reflection measurement s for two sanples were made in
the Physics Laboratories of Leicester University, using a PERKIN ELMER
spectrophotometer; which covered the IR, visible and UV regions of the
speclrum. The agreement between the (1-R) values from the two spectro-

photometers was good. The uncertainty in dffor'cl;103 cm-l, due to the

N

error in (1-R) was found to be less than 10%. The plots of (ahw)
against the photon energy hw of films prepared at different values of
AV, with T = 300 °C, are shown in Fig. 5-6. The optical gap (E_)
of each sanple was considered as the intercept of the extrapolation of
the straight part of the appropriate curve, with the ¢ axis, according

to eq. (3-9). 1t can be seen that as Pd/VSb increases, the slope B of
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the curve increases and the curve shifts to higher photon

energies. The variation of [ with the optical gap seems to be linear

I ]

as shown in Fig. 5-7.

-

From o iig. 5-5 1t can be seen that EO increases from about

O

1.4 eV at low values of Pd/V N o about 1.85 eV at high
S
-1

VA o values up to avpout 0.80 niorr.cm. V . As  Pd/V .
SO $

tncreases above this value, the oplical gap decrecases (FFig.

e b orvanpe LTI This observation will be di scussoed in sec-
Cion Ho3.00.. The increase of Looin ranges I oand 11 of

R §
"ig. 5-5 with the increase in Pd/\"gb s consistent with tne

decrease in T and the increase in AEa in the same figure.

b2z 8.0 Tiik STEADY -STATE PHOTOLONDUCT IV ITY

In this section it is not intended fo discuss the details
of the photoconductive properties of a-Si. instead, the
variation in the steady-state photoconductivity, at room

temperature, with Pd/V . Is presented only for the compa -

b
rison with the other electrical and optical properties

ltowever, more detailed information about this topic will

be fTound in seciion 5.2.4..

The steady-state photocurrent, defined as the diflerence
between the current under ilTumination and the dark current,
was measured using lhe arrangement described in section 4.4..
The Tilms wvere illuminated by & monochromalic Fignt with

-7 - ) .
;)holons.(tm .5 Flux int CH 51 l.y

—
-

chergy .89 eVoand F¢o

At room Lemperature, the photoconductivity ((Iph) wa s
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measured for films prepared at a range of Pd/VSb; Oph is
shown as a function of Pd/VSb in Fig. 5-5. 1t can be seen
from this figure that Up;, lncreases rapidly as Pd/VSb is
increased. An optimum value of about 100 O lem! compares
well with the photoconductivity of a-Si:H (Moustakas et al,
1977; Spear et al, 1974). It can also be concluded from
i'ig. 5-5 that Opy, ncreases with AEa (i.e. the position of

the Fermi level in the mobility gap) in an analogous way to

that obsecrved for a-Si:ll with 1ow H2 content (Paul and

Anderson, 1981).

5.2.3. DEPENDENCE OF ELECTRICAL AND OPT ICAL

PROPERTIES ON TS

The electrical and optical properties of undoped a-Si were
studied as functions of the substrate temperature during

the deposition. The Pd/VSb value was kept around o.68

o -1 Ce . . ‘ .
mlorr.cm.V 7, a condition in the optimum range (fig. 5-5

range 11). The results concerninog (.... AE and £
8 ) I € & Upp» a’ 9pp FJo

are summartsed in Table 5-2.

Tl
NG

3.1 THE DARK CONDUCTIVITY

. vs T is
T S

shown in Fig. 5-8b, where T decreases with increasing

The d.c. room-temperature dark-conductivity Up

Fs until it approaches a minimum value of about 10h9£2_1cm~1

around TS =300 °C. At substrate temperatures higher than

) o -~ " . . . "~
300 ~¢, UPT increases upon increasing I.. On the other

hand, the plots of logg vs 1/T, shown in Fig. 5-9, for




Table 5-2: A sunmary of various measurements for a-Si films prepared

cm.V“l

AEa thermal activation energy of the dark conductivity;

GPh photoconductivity;

EO optical gap.

at different substrate tenperatures and Pd/VSb:O.68 mlorr.

DR deposition rate; 0},{,1‘ room-tenperature conductivity;

specimen I.1°C] DOp, [AST) Opr [em)? AdE,[eV] O’%KQ.cm]'7 E leV]
1 150 1.36 1.3 ~109 064 56x10% 158
7 195 1.35 13 x10°% 0.2 — 1.65
3 220 1.34 56 x10°  0.68 71 x108 173
4 255 1.26 10 x108  0.73 45158
5 265 1.28 4.0 x 107 0-66 1.4 x107  1.69
s 295 1.26 2.6 109 079  2.5x107  __
7 298 110 14 x 107 0.81  4.5x107  1.76
8 340 1.06 2.8x 1077 0.79  3.2x107 1.7
9 380 0-84 T4x 108 070 5.0x107 168
10 390 1.04 1.0 x 108 0.76  1.0x107 1.7
11 460 0.85 2.8 x 108 064 s0x108 .53
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(a) The deposition rate Dy
as a function of sub-

strate temperature TS.

(b)  The photoconduct ivi ty'cfpll
and room-tenperalture con-
ductivit)/Cﬂ, as functions

T
of T .
s

(c) The optical gap EO as

a function of TS

(d)  The thermal activation
energy [kEa of dark con-
ductivity as a function

of T .
s




films prepared at different ranges of Ts’ indicate a varia-
tion in the thermal activation energy AEa with Ts' This
is shown in Fig. 5-8d, where a maximum in AEa of more than
0.8 eV around TS: 300 °c corresponds to the minimum in URT'
It can be seen from Fig. 5-9 that at a moderate temperature
(about 300 °C) the activated conduction in the extended

states remains the dominating conduction mechanism even at

temperatures well below room temperature.

5.2.3.2. THE OPTICAL GAP

The optical gap (EO) for the same films as discussed in section 5.2.3.1
was determined in the same wayas described in sections 4L.5.
and 5.2.2.2.. The dependence of EO on TS is shown in Fig.
5-8c. It can be seen that EO increases with increasing
the substrate temperature to a maximum value of about 1.8 eV
o

at T = 300

S C. Beyond this temperature EO decreases as the

substrate temperature increases. The max imum Eo is consis-—
tent with the maximum in AEa and the minimum in oO.

RT”

5.2.3.3. THE PHOTOCONDUCTIVITY

The room-temperature photoconductivity, Upy,» measured in
the same way as described in section 4b.4., is plotted as
a function of TS in Fig. 5-8b. The variation in U?h with
I'c 1s consistent with that in Opro AEa and E_, and the
N . , =6 -1 -1 - N O .
Mmaximum of about 10 €7 "cm in o, at Jsz 300 "C is
Consistent with the maximum in AEa and E and the

(@]

minimum in Opr -
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5.2.4.. THE PHOTOCONDUCT1VE PROPERT1ES OF UNDOPED a-Si

The photoconductivity was measured using gap-cell config-
urations with Al electrodes separated by 1 mm and an appli-
ed field of about 102 \/.cm—l. Selected interference filters |,
with 10 nm band-width, were used to obtain near monochromatic iight of

tne appropriate photon energy. Further details of the experimental

arrangements can be found in chapter 4.

+2.4.1.  THE PHOTORESPONSE SPECTRAL DISTRIBUT 10N

(G2l

The steady-state photocurrent (iph), at room temperature
was measured as a function of photon energy (hw) for a
number of undoped a-S$i films deposited at about 300 °C with
a range of Pd/VSb values. Fig. 5-10 shows the steady-state
photoresponse, represented as [iPh/eF(l—R)], as a function
of iw in the range of fiw from about 0.8 eV to 3.5 eV
The quantity [iPh/eF(l—R)] represents the number of charge
carriers flowing round the circuit for each photon entering

the specimen, and F(1-R) is the number of photons falling

2 . .
on 1 ecm™ of the specimen per second, corrected for surface
reflection. The photon flux intensity F was -~ 1014 photons.
- — ) . .
ches . AL room temperature it was found that in this

range of light intensity the photocurrent was almost pro-
portional to the intensity throughout the spectral range

(see section 5.2.4.2.). From Fig. 5-10 we can see the

following;
(i) Films prepared at high values of Pd/VSb (~0.80 mlorr.

Cm.le) show peaks in the photoresponse between 1.8
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and 2.15 eV about an order of magnitude below unity

but may well approach, or even exceed, unity at higher

applied fields. Measurements of 1-V characteristics

of the films, showed that the current is linearly

proportional to applied field up to about lO4 V.cmﬁl.
Accordingly at this field the photoresponse would be
about 2 orders of magnitude higher than that shown in
Fig. 5-10.

(ii) Specimens prepared at low values of Pd/VSb exhibit a
marked decrease in photoresponse at all photon energies.

(iii) At higher Pd/VSb values than 0.80 mTorr.cm.V ™ * the
photoresponse is reduced at all photon energies; this
effect is demonstrated by the curve marked 0.95 mISrr.
cm.vTL

(iv) The photoresponse drops rapidly at energies lower than
0.8 eV.

(v) All the curves show a shoulder around 1.2 eV, followed
by a rapid rise in the photoresponse above about 1.6 eV.

The above features in the photoresponse spectra are closely

similar to those reported for a-Si:H prepared by glow-

discharge decomposition of silane (Loveland et al, 1973/74;

Ray et al, 1983).

According to egs. (3-9) and (3-21), the photoresponse

could be used as another technique to determine the opti-

N

cal gap. The quantity [iphﬁa)/eF(l—R)J is plotted against
photon energy hw for four samples, prepared at Pd/VSb values

of 0.31, 0.68, 0.79 and 0.95 mTorr.cm.V‘l. Respectively, these




plots are shown in Figs. 5-11 (a, b, ¢ and d) . From
these plots two quantities have been deduced; the optical
Ph Ph

o

and the photoconductive threshold AE , from the

gap E a

extrapolation of the straight part of the curves and the
extrapolation of the curves at low hw , respectively. The
Ezh values ranged between about 1.48 eV, for films prepared
at low Pd/VSb, and about 1.85 eV for films prepared at
relatively high Pd/VSb. AESh varied betweeen 0.52 eV |
tor low Pd/VSb, and 0.70 eV, for relatively high Pd/vsb'

In fact many undoped specimens were analysed in this way
and the results are summarised in Table 5-3. The table
shows a good agreement between Ezh values obtained from
this method and those obtained from the plots of ((1h<v)%
vs i) (section 5.2.2.2.). Also the values of AEzh are
compared with the thermal activation energlies for the dark

conductivity AEa) (section 5.2.2.1.).

Furthermore, the shoulder around 1.2 eV, which isa common
feature of the plots of Fig. 5-11, can be seen clearly
when the appropriate portion of the curves is expanded as
shown in cuvve (i) (Figs. 5-1la,b,c and d). This shoulder
becomes lower in height as the Pd/VSb value is increased
up to about 0.80 mTorr.cm.V_l, while it starts to increase
In height when Pd/VSb becomes greater than 0.80 mTorr.cm.y !

(Fig. 5-114).
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Table 5-3: Summary of specimen data of a-Si films.

P sputtering gas

pressure; d target-substrate distance; VSb self-bias on the target ;

Opp Foom-tenperature dark conductivity; A L

energy of dark conductivity;
-Ph

AE

thermal activation

ah photoconductlve threshold; n and

ho optical gap from absorption measurements and paotoresponse

measurements respectively.

Specimen (mijiZ?Em/V) (jzkzm)—l Z]Ea(eV) élﬂph EO(GV) Eih(eV)
| 0.21 5.0x107° 0.58 0.52 1.49  1.48
) 0.31 1.2x1077 0.63 0.56 1.56  1.56
3 0.36 6.3x1078 0.66 . 1.69 ——o
7 0.41 1077 0.72 0.65 1.71  1.68
5 0.46 2.5x1078 0.67 0.64 1.68  1.70
6 0.51 1.1x1078 0.70 0.66 1.71  1.71
7 0.65 1.3x1077 0.75 - 1.85
8 0.68 2.8x1079 0.68 0.64 1.76  1.75
9 0.76 2.2x1079 0.78 0.70 1.75  1.75

10 0.79 9.3x10~ 10 0.86 0.72 1.81  1.79

11 0.81 7.9x107 10 0.82 0.76 1.88  1.65

12 0.95 2.5x1077 0.68 0.63 1.67 1.68
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+2.4.2. DEPENDENCE OF PHOTOCONDUCTIVITY

Ul

ON LIGHT INTENSITY

At room temperature, the photoconductivity was studied
as a function of the light intensity for the films listed
in Table 5-3. The excitation energy was about 1.9 eV. The
depeé%nce of phototonductivity, Upy, s on the light intensity
for some of these films is shown in Fig. 5-12. These films
cover the full ranpe of Pd/VSb values considered. It has
been found that the intensity dependence of Up,, may be
represented by the relation (3-19) discussed in section

3.6.1.2..

In general, it can be seen from Fig. 5-12 that at low
light intensity, the exponent ) in eq. (3-19) is unity
indicating a monomolecular recombination process (section
3.6.1.2.). On the other hand, at high light intensities,
V varies from 1 towards 0.5 indicating that a bimolecular
recombination process is dominating in this range of light

intensities (section 3.6.1.1.).

't can also be seen from Fig. 5-12 that as the product
(Pd/VSb) increases, up to 0.80 mTorr.cm.V_l, the light
intensity at which the recombination process changes into
bimolecular decreases. This indicates that films with
less recombination centres are produced by sputtering at
a relativgly high (Pd/VSb) values. At very hiéh Pd/VSb,

the recombination process changes into bimolecular at
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higher light intensities. These results are consistent with

the electrical and optical properties reported in section

5.2.2..

5.2.4.3. TEMPERATURE DEPENDENCE OF PHOTOCONDUCTIVITY

The photoconductivity of several films was measured as a
function of temperature in the range from about -30 °C to
about 15 OC under different intensities of illumination
ranging from about 2x1012 to 8x1014 photons.cm_z.s_l' The
excitation energy was about 1.9 eV. Figs. 5-13 (a and b)
show T, plotted against 1/T for two films. Fig. 5-13a
represents a film prepared at low Pd/VSb value (0.31 mTorr.
cm.V_l), while FFig. 5-13b represents another film prepared
at a relatively high Pd/VSb value (0.76 mTorr.cm.V_l). For

the two films, the dark conductivity (0) is also included

In the figures.

The film of Fig. 5-13a exhibits very low photoconducti-
vity compared to that of Fig. 5-13b. Therefore for the
[ilm prepared at low pPd/v_, (Fig. 5-13a) only ihe photcon-
ductivity under high light intensity was measured. In gen-
ral at high temperature range the photoconductivity
approaches a maximum value. Beyond this temperature range
the photocurrent was difficult to measure with reasonable

accuracy because « o . Accordingly the decreasing

o]

Ph
part of the photoconductivity curves are not shown. The
maximum in photoconductivity has been reported by others

for a~Si:y (Spear et al, 1974; Fuhs et al, 1978;: Moustakas
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The measurements were nade at a photon encrgy of 1.89 oV witl

the indicated []ux

intensities.

The photoconductivity Tpy, and the dark conductivity

LOOO/T for a-Si prepared at T,=300 °C and Pd/V, =0.76 milorr.em.y™ !

VS
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1980; Ray et al, 1983). At the lower temperature side of
the photoconductivity curves, it was found that the intensity
dependence of UPh follows eq. (3-19). For instance, for

high Pd/VSb films, at about room temperature, the exponent
)= 0.55 while ) approaches 1 at high temperatures near the
maximum, at relatively high light intensities (about
1O15 photons.cm_z.sql). The value of P =z0.55 indicates that
the bimolecular reconbination process is dominant, and as the tempera-
turc is increased there is a combinalion of monomolecular and
bimolecular recombination processes, as }V increases towards
L. At high temperatures where Y =1, monomolecular recom-

bination process is dominating and the photoconductivity

becomes much less than the dark conductivity.

The available data of Tpp, VS 1/T suggest a thermally
activated photocurrent with an activation energy (at the
low temperatures side of the maximum photoconductivity )
between 0.15 and 0.2 eV. It is interesting to note that
10  systematic dependence of the activation energy of
the photoconductivity on preparation conditions (especially

Pd/Vg ) or light intensity was found. Furthermore it was

b
Found  that the shape of the curve Up,, Vs I/T is indepen-
dent of the photon energy in the range between | eV and

2 eV, This agrees well with experimental results for a-Si:H

Odbserved by others (e.g. Spear et al, 1974).




5.2.4.4. LOW-ENERGY « FROM PHOTOCONDUCTIVITY

MEASUREMENTS

It has been seen in section 5.2.2.2. that the absorption
coefficient (&) from direct transmission measurements, can

‘ -1
be measured with a reasonable accuracy only for(,k>,103 cm .

This corresponds to an energy limit of hw 21.5 eV. To extend
the range of fiw below the optical gap, EO, eq. (3-22) was
used Lo evaluate the relative absorption coefficient (H/(%)
from the photoconductivity results. The calculated (QVQO)
plotted as a function of Aw were fitted to the absolute
absorption scale at one energy where the two data sets
overlap. 1t has been found that this fit could be made

at energy between 1.5 and 1.7 eV. By fitting (d/ab) to

the absolute  scale, the energy range of X was extended

down to about (0.8 eV.

The plots of  vs hw for films prepared at different
values of Pd/VSb are shown in Fig. 5-14. The films rep-
resented in Fig. 5-14 are all about the same thickness
Iherefore there was no need to correct for the light penet-
ratiton depth, and direct comparison between these [ilms
ls valid. Furthermore the thickness was less than 1 m
SO that the condition of at<« 1 for eq. (3-22) to be valid

s fulfilled.

It can be seen from Fig. 5-14 that & vs fiw curves

5 -1

(€Specia11y the absorption edge between 104 and 107 cm "),
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are displaced to higher fitww values, and the shoulder around

1.2 eV is lowered in intensity with increased Pd/VS up to

b
0.80 mTorr.cm.V ° | similar to ‘the variations ob-
served for Ar-sputtered a-Si:H films upon increasing H2
content (Anderson et al, 1980). For Pd/VSb values higher
than 0.80 mTorr.cm.an, the &« vs ficw plot shifts to lower
fiw values and the absorption at energies lower than 1.5 eV
is increased. This suggests a control of the localised -
defect-states-density by Pd/Vsb. These observations, however,

are consistent with the variation in the constant /5in eq.

(3-9) with the optical gap Eo (Fig. 5-7).

5.3. DISCUSSION

In this section, the discussion is divided into two sub-
sections. In section 5.3.1., the results of the electrical
and optical properties will be discussed, while section

5.3.2. will be devoted to the discussion of the photocon-

ductive properties.

5.3.1. THE ELECTRICAL AND OPTICAL PROPERTIES

The vesults described in section 5.2.2. have demonstrated
that the electrical and optical properties of undoped a-5i
prépared by Ne sputtering can be controlled and varied
Systematically over a wide range, by variation of the preparation
conditions. The similarities between the changes in optical

ond electrical properties and the deposition rate shown

in Figs. 5-5 and 5-3 imply that the deposition rate, DR ,




- 109 -

plays an 1mportant role in determining the properties of
the films. Upon increasing the product Pd/VSb (Fig. 5-5
ranges [ and 11), at a fixed substrate-temperature, the
decrease in the room-temperature dark-conductivity (OkT)
and the increase in the photoconductivity (UPh) are con-
sistent with the increase in both the thermal activation
energy of the dark conductivity (AEa) and the optical gap
o (Fig. 5-5). 1t is interesting to point out that the
increasc Upp, With Pd/VSb (Fig. 5-5 ranges land 11) of these
films is qualitatively similar to the increase of Up, with
Increasing hydrogen content in a-Si:H producea by Ar/H2
sputtering at low hydrogen partial pressure ( Paul and

Anderson, 1981). The increase in UPh has been attributed

to reducing the density-of-states in the mobility gap.

The slow change both in the deposition rate (Fig. 5-3,
range ll) and in the optical and the electronic properties
(Fig. 5-5 range i1) indicates the optimum range of the
parameters Vsb’ P and d for Ne sputtering. Details of this can be
found in section 4.3.. I't may be possible, however, to
improve further the films by changing some olher parameters
ol examined here. For exanple negative substrate bias and nognet ron
Sputtering have recently been shown to improve the electronic and optical

properties of a-Si (e.g. Suzuki et al,1982; Batabyal et al, 1984).

1

from the plots of (ahw)? vs hiw for various films pre-
Pared under diflerent conditions (Fig. 5-6), it can be
Seen that upon increasing the product Pd/VSb up to about

0.80 mTorr.cm.V—l, the curves are displaced to higher

5




. . o . . 1) . . . . . . ~
energies, and the slope /b in eg. (3-9) is increased, where

[ovs EO (Fig. 5-7) shows a linear relationship similar to
the case of glow-discharge (e.g. Cody et al, 1980) and
sputtered (Paul and Anderson,1981) a-Si:H. This relation
and the shift in the curves may suggest that the increase

in the optical gap is due Lo reduction in the density of the band

tail-states or gan-delect states or both (Paul and Anderson, 1G81) ,

wiaich in turn  mignt lower the overall density-~
of=states in the mobility pap. The varviation in band tail
widlh means a change in the degree of disorder. This possi-

bility may be excluded, since the temperature dependence of
photoconductivity showed that the band tail-width ., calculated
[ram the slone of log ¢,, vs 1/T, is independent of Pd/vsb

TPy

Therelore the variation in the intensity of the shoulder

at 1.2 eV in the photoressonse curves and the change in [

are more likely due to changes in Lhe density of defects.

Therefore, a conclusion can be drawn that combinations of
pressure, larget-substrate spacing and sell-bias voltage on
target that give relatively high values of Pd/VSb (Fig. 5-5,
range 111) may produce films with low density-of-states in
the mobility gap. 't can be argued that the deposition rate
bsocont rolled by the kinetic cnergy ol the spultering pas
Species, ions and neutrals, bombarding the target and the
Subsequent collisions with the gas, whicn include Ne-Ne and
Si-Ne collisions (both ions and neutrals). In addition, the
nlasma contains ecnergetic electrons (e.g. Brodie et al, 1969).
these electrons strike the substratle. Increasing the Pd

product enhances the collisions within the plasma and reduces the




kinetic energy of the particles arriving at the substrate
surface. Priestland and Jackson (1968) estimated that with
p = 10_3 Torr and d = 6 cm, about 60% of the sputtered
material will experience collisions with the sputtering

gas species during transit from the target to the substrate.
Therefore with P=0.15 Torr and d-4 ¢m, a negligible fraction
of the sputtered material is eéxpected to arrive at the sub-
strate surface without suffering any collision. vsb is also
expected 1o play a role in controlling the kinetic energy of the parti-
cles arriving at the substrate surface (e.g. Batabyal et al,1984; Suzuki
et al, 1982). Tnerefore moderating the kinetic energy of the Ne species
and the sputtered Si particles, by theabove quantities (P, d and,VSb),
will result in less damage in the deposited film in addition
to the possibility of re-constructing some weak bonds in the
a~51 network (e.g. Suzuxi et al, 1981, 1982); so giving the opti-

mum conditions for producing a low density-of-states material .

On the other hand, increasing the product Pd/VSb above the
optimum conditions (Fig. 5-5 range 111), results in reversing
the effect where the arriving particles at the film surface
may have less kinetic energy than that required for remioving
wealks bonds, Accordingly higher densiiy-—-of-states [ilms are expected to
be produced Dy spuftering at very nhigh Pd/VS, product. This is suggested
Dy the reverse changes of Oio Tpyp s EO and ziEa (Fig. 5-5 range 111),
where the increase in OﬁT and the reduction in UD,,ZKE and E are inai-
cative of the increase in the density of states in the mob111ty gap.

Compari son of the influence of the preparation condltlons of sputtering

in a Ne plasma on film properties with that of sputtering in
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Ar plasma (Pawlewicz, 1978) indicates that the former technique
produces a material with less defect states. Detailed examina-
tion of the sputtering plasma is required to determine the fac-
tors which result in an improvement in film quality when using
neon as opposed to argon spultering (Zaka et al, 1984). Therma-
lisation of the plasma species is important but this may be
achieved in either case by using the appropriate Pd/vsb' Other
factors nav be fnoovtant . The Nioher ionisalion potential of Ne as conpa red
Lo Ar toray 19700 eans that there is less likel ihood of doubly ionised ions
wnich would result in greater damage to the film. For a given
energy the smaller stopping distance f[or argon ions, and possib-
ly neutrals, results in a larger energy dissipation per unit path
length and consequently more damage to the growing filim. Smal]l
atomic size of Ne could also be Important in causing less struc-
tural deformation. There is a higher probability for clusters
of atoms to be sputtered with argon (Wehner and Anderson, 1970)
which could result in film inhomogeneity and also lead to lower
doping efficiency (Thompson and Reinhard, 1980; Suzuki et al,
1980). However, higher sputtering yields by Ar sputtering than
by Ne spultering have been reported (Fluit et al, 1963). The
larper clusters of atoms with respect to the surrounding at oms

Chothe surface of the rilm may beoa veasen for the fomaiion of micro-

voids, XPS measurements showed that the plasmon energy of
SI(2p) line of a-5i, prepared by Ne sputtering, is nearly equal
to that ofr c-51 (Fig. 5-15). This suggests a close-packed
Structure ip Ne-sputtered a-Si: with a mass d(rnssityk:om;m rabloe

With (hat of c-%i.
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The dependence of the electronic and optical properties of undoped
a-Si, on the substrate temperature, TS, during the deposition (Fig. 5-8)
can be divided into two ranges; one below 300 OC and the other above
300 °Cc. 1t is worth mentioning that all the results of Fig. 5-8 were
for specimens prepared at about Pd/VSb:O.68 nﬂorr.cm.V_l; a condition
near the optimum according to Fig. 5-5 (range I1). Well below T,=300 °C
the sticking coefficient of the arriving particles at the substrate may
be relatively high as suggested by the higher deposition rate, and the
surface mobility of the atoms is low; this would make it difficult for the
atoms Lo be organised in (he appropriate way to produce low defect-states—
density films. As TS approaches 300 °C the surface mobility of the atoms
becomes enough for them to be organised in a more relaxed structure with

a low defect-states—density.

Although substrate temperatures higher than 300 °C are expec-
ted to improve the degree of order in the lattice (Cody et al,
1981) and to glve a more relaxed structure, it seems that higher
temperatures produce more defects in the a-Si network, and
subsequent ly cause a deterioration in the electronic and optical proper--

ties. In Fig. 5-8a the deposition rate decreases with increasing

S

[¢]

substrate temperatures above 300 °C. This effect has been

reported elsewhere and it was suggested that this could be
due to a reduction of the sticking coefficient at high TS
(Davidse and Maissel, 1965). This effect would, 1in turn ,

bProduce a higher density-of-states material in a similar way

to Pd/VS values in excess of 0.80 mTorr.cm.\f“1 (Fig. 5-5 ,

b

range I11[). This is suggested by the increase in Upp @nd the decrease

in Upp, s EO and ZlEa upon increasing TS above 300 °C (Figs. 5-8b,c and d).




5.3.2. THE PHOTOCONDUCTI1VE PROPERTIES

The high photoresponse of the films prepared at high

values of Pd/VS (Fig. 5-10) suggests a low density-of -

b
states in the mobility gap for these films. The shoulder
around 1.2 eV has been attributed toan optical transition
from occupied localised states at Ey in the lower half of
the band gap (see Fig. 3-3) to the conduction band (Anderson
ct al, 1980; Moddel et al, 1980). The origin of these
states 1s still unspecified although it has been suggested
that they could be natural defect-states. However, the
occurrence of this shoulder at approximately the same energy
in all the films, suggests that there is a rapid rise in
the gap density-of-states at about 1 eV below the conduc-
tion-band edge. This rise has been demonstrated by the
field-effect measurements of a-Si:H prepared by glow-
discharge decomposition of silane (Madan et al, 1976)

However, the changes in the height (intensity) of the

shoulder with preparation conditions, indicate that the
localised states in the mobility gap are controlled by
these preparation conditions. The high photosensitivity
of films prepared at high Pd/VSb ( 0.80 mTorr.cm.V_l)
could be a result of increasing recombination lifetime
according to eq.(3-20). On the other hand, when Pd/VSb

eéxceeds 0.80 mTorr.cm.V_1 (for example the curve labled 0.95
mTorr.cm.V“1 in I'ig. 5-10), tne photosensitivity is reduced, sug-
gesting a decreasing recombination lifetime. This is
consistent with the electrical and optical properties and

the deposition rate results discussed earlier in this chapter .




As mentioned in section 5.2.2.1., it was concluded, from
the hot-probe technique, that all the undoped films re-
ported here were n-type. It has been established that
in low density-of-states a-51, the transport of excess
carriers (photocarriers) takes place predominantly in the
extended electron states (LeComber and Spear, 1970) where
the hole mobility is negligibly small compared to electron
mobility. Evidence in support of this conclusion is
provided by the satisfactory agreement in table 53 between
the photoconductive threshold [AEE“:(EC—eF)RT] and the
position of the Fermi level | AEa:(ec—eF)O], deduced from
the dark conductivity measurements on the same specimens.
The onset of the photoconductivity is therefore thought to
coincide with transitions from filled states at € into
extended states at €.- The slight difference between AEa
and AEzh could be due to the fact that AEa refers to the
extrapolated position of the Fermi level at absolute zero,
whereas AEZh 1s measured at room temperature (Spear and

LeComber, 1976). Therefore, according to eq. (3-5a),

(€. - € )pp = (€. - €.y — o1 (3 - 5a)
Tuking O = 0.07 ¢V, the average value deduced from the

difference between AEzh and AEa In table 5-3, the tem-

perature coefficient ¢§ = 2.3)(10_4 eV.K—l.

Figs. 5-13 suggest an activated photocurrent with an
dctivation energy between 0.15 and 0.20 eV in the tempe-

ature range to the rignt of the photoconductive maximum.




In this temperature range, Uph»»a' so that the photo-
generated density of carriers at the conduction-band
edge €. (and the valence-band edge ev), as defined in

the model used by Spear and LeComber (1976) and discussed
in section 3.2., is larger than that in the dark so that
the quasi Fermi levels are separated from the thermal

equilibrium Fermi level €.4 and move towards the band-tail

O
states at €, and localised states at ey (see Fig. 3-3)
Conscquently, the charge neutrality condition tends towards
nAerV This will lead to a bimolecular recombination

process in which recombination takes place via holes trap-
ped at ey above the valence band. In this case the photo-
conductivity may be represented by the relation (3-15)
According to this relation, the photoconductivity will be
activated and the plots of 1og(¥h vs 1/T determine the
position of the band-tail edge €A with respect to €. (or
the band-tail width). From Figs. 5-13a and b and other
similar plots (not shown here) it can be concluded that
the band-tail width does not change significantly with
changing (Pd/vsb) . This could mean that no
significant change in the degree of disorder has occured
upon varying the quantities P, d and Vst)' Instead, these
quantities are more likely to affect the defect-states—
céntres as indicated earlier. The agreement betweeen

(€ ‘FA) values and those reported for a-Si:H prepared by
glow discharge (Spear et al, 19745 Ray et al, 1983) isan
Indirect indication that the films prepared in this labo-

ratory are amorphous.




On the other hand, at high temperatures and/or low light
intensities, the photoconductivity becomes less than the
dark conductivity. In this case it is believed that the
quasi Fermi levels for electrons (and holes) coincide with
the thermal equilibrium Fermi level EFO' This leads to a
suggestion (Spear et al, 1974) that the monomolecular recom—
bination process is associated with electron recombination
via states at the Fermi level (see section 3.6.1.2.). The
exponent P = 1 indicates that this type of recombination
I's taking place. Fig. 5-16 shows a schematic representa-
tion of the energy levels and the recombination transitions

discussed above.

It has been shown that the photoconductivity, when
monomolecular recombination is dominating, can be given

by eq. (3-18),

e N(e ) € —€
o ——/—5 (%) < exp (- —= A (3 - 18)
kT 2 N(EF) N(€A) kT

It is worth noticing that this equation predicts that

UPhOCI/N(EF) at constant temperature for a given genera-
tion rate G and constant [N(e_ )/N(€, )] and (e -€). A

¢ AT c A
pholoconduclivity value of JO_bfflcm*l in a-Si is thought

to correspond to a density-of-states around the Fermi level

: - -1 .
N(GF) of between 1O17 and 1018 cm 3eV (Spear, private com-
munication). An Iinteresting result, which is consistent
with this theory , is the relation betweecen Oy, and

(€C—6F) shown in Fig. 5-17. Large (€C~€F) means that GF

Moves towards the minimumof the density-of-states distribution




Fig. 5-16: A schenalic representation of the energy levels and the

recambination transitions in the mobility gap. K, and K,

—

freas given in eqs. (3-15) and (3-18) respectively.
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which corresponds to

(Fig. 3-3). Therefore the high Tp,

a large (€ -€.) in Fig. 5-17 is in support of the above

argument. It is worth mentioning that the results in Fig.
5-17 are similar to the dependence qof UP
content in a-5i:H prepared by r.f. sputtering 1in Ar/H2

L on the hydrogen

(Paul and Anerson, 1981), where at low H, content (%1 at.%),

2
(ec~eF) Increases with inceasing H2 concentration in a-S5i:H.
The decrease in the light intensi ty level, at which the

recombination changes into bimolecular, with increasing

Pd/VS (Fig. 5-12) may be another indication of the pro-

b
duction of a low density-of-states in the mobility gap by

controlling the defect states in a-Si network .

From the plots of Wvs fiw for various films prepared
under different conditions (Fig. 5-14), it can be seeen
that upon increas. ing the product Pd/VSb the absorption
edge between cr:],O4 and 105 cm~1 Is displaced to higher
energies. Similar changes have been reported for a-Si:H
(e.g. Freeman and Paul, 1979), and were attributed to
hydrogen satisfying the dangling bonds and relaxing the
a=51 network . furthermore, upon Increasing Pd/VSb, lower-
Ing the height of the shoulder around 1.2 eV in the optical
absorption spectra and the variation of the slope [ with
the optical gap EJ (Fig. 5-7) are in support of the above
argument . In addition the curve marked 0.95 m’Forr.cm.V“1

(Fig. 5-14) shows that the shoulder is higher than that

In the case of 0.79 mTorr.cm.V—l, which indicates that the
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optimum preparation conditions are approached at about

0.80 mTorr,cm.\/"l

In the lignt of the electrical and optical results, the
optical gap (EO: ec—~cv), the band-tail width (EC—EA) and
the position of the localised states represented by the
peak at Ey above the valence band can be determined
From these parameters together with the shape of the ab-
sorption spectra (IFig. 5-14), the band model suggested by
Spear and his collaborators (Fig. 3-3) can be the appro-
priate model for the Ne-sputtered a-Si prepared in our
laboratory, where the results of electronic and optical
properties can be consistently interpreted. Fig. 3-3 is
redrawn (Fig. 5-18) to show a representation of the energy

levels and the recombination transitions discussed earlier.

The absorption spectra could possibly be used to give
an idea about the density-of-states level in the mobility
gap as pointed out in section 3.6.3.. This method may
still need further justification. Therefore Q values
derived from the photoconductivity measurements, at |ow
thergies, will be considered as representing the lower limits
to «r ., It is, however, emphasised that the absorption
spectra cannot determine the absolute density-of-states
In the mobility €4aP, but can be used as a basis of comparison
for sanples prepared under different conditions. In
addition, they can be compared with the absorption spectra

derived by others (Moddel et al, 1980) for a-Si:H which in
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turn can be compared with direct measurements of the
density of states such as field-effect measurements

(e.g. Madan et al, 1976).

Therefore, for the purpose of comparison of the density
of states of the present material with that of a-51i:H,
the same assumptions of those of Moddel et al (1980) will
be made. Assuming that (v = 104 cm‘1 corresponds to band-
to-band transitions, that the states density at the band

20—1021 cm_3eV‘l, and that the optical

edge is about 10
matrix element is about the same for the localised-to-
band as for the band-to-band transitions, then peaks at
about 1.2 eV in Fig. 5-14, would correspond to a gap density-

of-states of the order of about 1017 cm_Sevﬁl in films

prepared at relatively high Pd/VSb values and TS:SOO °c.




CHAPTER SIX

DOP ING EFFECTS OF GROUP-ITI ELEMENTS IN a-Si

6.1. INTRODUCT ION

We have seen in chapter five that a low-defect-density-material
can be produced by Ne sputtering without hydrogen ar a halogen,
by optimising the preparation conditions. The high resistivity
and the large thermal activation energy of amorphous silicon
are characteristics of a semiconductor that has the possibility
of being doped. As indicated in chapter three, a high doping
efficiency requires a 1ow density-of-states in the gap. To
provide evidence for the 1low density-of-states, p-type doping
effects in a-Si have been investigated. In this chapter, the
doping effects of Al, B and Ga in a-5i are presented. The
results are mainly divided into two parts, one deals with the
doping effects when the preparation conditions are near the
optimum (section 6.2.), while the other deals with the depen-
dence of doping effects on the preparation conditions. The
doping effects were studied in terms of the d.c. dark conduc-
tivity, the optical gap and the Fermi level position as functions
of the dopant concentration in a-Si. The doping efficiencies
of the present technique (sputtering from composite targets
°r a predoped target) are conpared with that for other techniques,
such as doping from the gas phase, ion-implantation doping and

CO-sputtering in Ar or Ar/HZ.
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6.2. THE ELECTRICAL AND OPTICAL PROPERT IES

In the following, the variations of the electrical and opti-
cal properties of a-Si, on doping with group-I111 elements, are
studied. Different combinations of the preparation conditions
were chosen to give a Pd/VSb value near the optimum for rela-
tively low defect—states—density material as described in section
5.2.2.. For all the specimens in this section the substrate

OC. The Pd/VSb value was O.76m'I"orr.cm.V'_1

lemperature, T5=:3OO
for Al-doped and Ga-doped specimens and 0.79 mTorr.cm.Vul for
B-doped specimens. However, in this range of Pd/VSb the pro-
perties of a-Si vary only slowly with P, d and VSb (Fig. 5-5,

range 11) and consequently a direct comparison of the various

dopants is valid.

6.2.1. Al DOPING

The d.c. electrical dark conductivity, ¢, was measured for
samples with gap-cell configurations with Al electrodes, under
vacuum to reduce the surface contamination. The experimental
arrangement for these measurements is described in section 4.4..
Al proved to make good ohmic contacts with Al-doped a-Si in
the range of applied fields up to 104 V.cm . llowever, a
field of only 102 V.cm_l was applied. The dark conductivity
wds measured as a function of temperature, T, in the temperature
fange from about -150 °C to about 140 °C. Fig. 6-1 shows the
pPlots of log0 vs 1000/T for doped a-Si with Al concentration$g
YP to about 12 at.%. The atomic concentration of Al in Si was

€stimated using the methods described in section 4.7 .. The
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plots of Fig. 6--1 indicate that the conductivity is themmlly activated.

A conmon feature of the plots s that themally activated conduction

in the extended states, following eq. (3-4). is dominant even at tenpe-—
ratures far below room tetiperature. For [ilms with Al content of 2.4 at.%
or more the plot is curved ip the low tenperatures range, indicating a
hopping conduction. I{ can be seen from Fig. 6-1 that the slope of the
curves, just above room temperature, decreases with increasing the Al
content in tihe [ilm., This in turn indicates the decrease of theprm]

activation cneray (KXFq) wWith Al concentration in o a-Sj

¢

Ihe optical transmission data of Al-doped Tilms was taken
using a UNICAM SP-800 spectrophotometer, and the absorption
coelficient ® was calculated as described in section 4.5..
Ihe optical gap }io of the films was delermined from the inter
cepl of the extrapolation of the straight part of t(he plot of
(HTHU)% vs the photon energy i with the fw axis. Fig. 6-2
shows these plots for Al-doped a-Si with different Al concent ra—
tions as indicated. [t can be seen that the change in the
nobility gap is small even for high concentrations of Al ,
indicating that Al has not appreciably changed the basic band
structure of the a-6j network, contrary to other reports on

a=-Si:liAl al loys (Thampson and Reinhard, 1980; Xu ef al, 1984).

Ihe dependence of the room-temperaiure conductivity (ORT)’

the thermal activation energy ( AEq) and the optical gap(Eo)
<

Of‘/\l~doped a-51 are listed in Table 6-1 for different Al
Contents.  These values are plotted in Fig. 6-3. This Figure
Qmwsthal,initially. ”RT decreases with increascd Al concentra-—

Lion which corresponds to a slight increase inxﬂgias conpensation

a3l y “ i - . N
takes place and the Fermi level moves towards (he minimum of




1.2

hw (eV)

1
Sanples of the plots of (thw)? against hw for (A) undoped

a=51, (B) 0.7at.% Al, (C) 2.37 at.% Al and (D) 9.33 at.% Al

Fig., 6-2.

In a-Si. All the films were pepared by co-sputtering in Ne

plasm at Pd/ng:O.76 nﬁorr.cm.vhl and TQ:SOO .
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Table 6-1: Summary of various measurements for doped a-Si with a range of
Al at.%. The films were prepared by co-sputtering Al with Si
at high Pd/VSb (0.76 mTorr.cm/V). Opp room-temperature conduc-
tivity: Zan thermal activation energy; EO optical gap.

spectmen AL/ST g ) an )l AE. (eV)  E_ (ev)

No. at.% k1 a ©
1 0 5.6 x 1077 0.67 1.76
2 0.10 4.0 x 1077 0.73 1.73
3 0.25 1.0 x 1077 0.75 1.72
4 0.70 3.2 x 107/ 0.26 1.63
5 1.20 2.2 x 107° 0.18 1.55
6 2.40 2.8 x 1074 0.15 1.48
7 5.20 2.8 x 107° 0.13 1.45
8 7.80 1.3 x 107 0.12 1.37
9 9.30 2.2 x 1071 0.12 1.50
10 12.40 3.9 x 107! 0.11 1.37
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the density of states at the centre of the mobility gap accor-

ding to the Dundee group model (Madan et al,1976). Thereafter,
OﬁT increases monotonically up to about 0.4 Q—l.cm-1 with the
increased Al atomic concentration up to about 12.4 %. The

increase of OﬁT 1s accompanied by a continuous decrease in AEa
to a nearly constant value of 0.] eV. It can be seen from
Fig. 6-3 that O,p changes over about 9 orders of magnitude ,
and AEa changes by about 0.7 eV. For A] concentrations greater
than 4 at.% the change in both Oprp and AEa becomes very slow,
which could be attributed to the limit in the solid solubility
of Al in Si aﬁd to the fact that at these doping levels, the
Fermi level lies within the rapidly rising density-of-states
region of the gap (see Figs. 3-3 and 5-18). The slight change
HlEO\dth1U.atomU:concentra[ion, as shown in Fig. 6—3,1xgether
with the variations in OkT and AEa suggest that the Fermi level

Is not pinned, but rather shifted towards the band edge as the

Al content increases.

As a check on the type of doping, some Al-doped films were
deposited on various combinations of crystalline n- and p-type
Si.  The n-crystalline/Al-doped amorphous junction devices
showed marked roeci ification properties similar to those reported
by Thompson et al (1978). On the other hand, p-crystalline/
Al-doped amorphous devices showed very little rectification
which could be due to slight energy difference in the Fermi
level] bPosition in the two materials. These devices confirm
the P-type doping effect of Al in a-Si. Fig. 6—4 shows the

[-v characteristic curve of a typical n-crystalline/p-amorphous




Fia. G40 12V characteristic curve of a typical n-crystalli ne/p-amorphous

Stojunction dovice.,
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junction device. Also the hot probe thermoelectric technique confirmed

that p-doping had taken place by Al/Si co-sputtering in Ne.

6.2.2. B DOPING

The B-doped films were prepared by sputtering from a compo-
site target of S5Si and B pellet made of B powder as described
in section 4.3. . The electrical and optical measurements for
B-doped films were made using the same method as described in

the case of Al-doped films.

The dark conductivity, g, was measured as a function of tempe-
rature in the range from -100 °C to about 150 OC, for B-doped
films with B/Si area ratio up to about 2.2%. In fact it was
very difficult to determine the B atomic concentration in Si
by x-ray photoemission spectroscopy (XPS), since the B(ls)
photopeak is superimposed on the plasmon peaks of Si(2p), and
B(ls) has a small ionisation cross-section (Scofield , 1976).
Moreover, the sputtering yield of B is not available in the
literature. Therefore the target area ratio was considered
rather than the atomic ratio. It could, however, be estimated
From the XPS spectra that the B/Si atomic ratio is less than
the area ratio. Small sputtering yields for powder targets,
In general, compared to those for solid targets, have been
Feported (Carter and Colligon, 1968). In addition, since the
B atom is lighter than Si atom, it may suffer higher scattering
than does 5i. Accordingly, the B/Si area ratio’could be con-
sidered to'be the upper limit of the B/Si atomic ratio. Fig. 6-5

shows the plots of logog vs 1000/T for B-doped specimens with
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B-doping levels of a-Si. Shown on the curves are B/Si area

ratios. The films were prepared at Pd/VSbZO.79 rn’I‘orr.c:.r'n.\F1

and T_=300 .
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of B% (area ratio). The films were prepared by co-sputtering

B with Si at high PA/V (0.79 nforr.cm/V) and T_ = 300 °C .

Table ©-2: Sunmary of various measurements for doped a-Si with a range

OkT room-tenperature conductivity; sza thermal activation
energy ; EO optical gap.
spefimen  B/SL Opr (Qeem)™ AE_ (ev) 2 (eV)

| 0 2.2 x 1079 0.72 1.80

2 0.02 2.5 x 10710 0.80 1.79

3 0.12 6.3 x 1077 0.65 1.78

7 0.18 3.0 x 1077 0.46 1.74

5 0.36 3.2 x 1070 0.37 1.74

6 0.55 2.8 x 107° 0.31 1.72

7 1.10 2.8 x 1074 0.24 1.68

8 1.76 5.0 x 1074 0.23 1.62

9 2.20 1.3 x 1073 0.19 1.58
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B/Si area ratios up tp 2.2 %. From this figure, the decrease
in slope can be seen as B/Si increases, which means a change
in the thermal activation energy. Furthermore, the thermally
activated conduction is clearly dominant even at temperatures

well below room temperature, especially for lightly doped

films.

The optical gap EO of B-doped films was determined from the

!
plots of (afi@)? vs Tiew as described for the case of Al-doped

[ilms, where w was determined from the transmission spectra.

[P

Fig. 6-6 shows (@hw)? vs iw for a range of B-doped films with
different B concentrations. It can be seen from the figure

that the change in EO as B content in Si is increased is relatively

small.

The values of Opr s AEé_and EO for a range of B contnent are
listed in Table 6-2. The plots of OkT’ AEa and Eo as functions
of B/Si area ratio are shown in Fig. 6-7. Initially, with

the addition of a very small amount of B to Si (~0.02 % ) |,
the conductivity decreases by at least an order of magnitude
while the thermal activation energy increases to about 0.8 eV.
This js expected where the compensalion of the Intrinsic n-type
Material takes pPlace and the Fermi level moves towards the
Centre of the gap (see Fig. 3-3). Upon increasing the B content
the conductivity increases rapidly by over 7 orders of magnit-
ude accompanied by a shift of the Fermi level to within less
than 0.7 eV from the valence band. The total shift of the
Fermi level within the mobility gap is about 0.7 eV. The increase

”‘Conductivity and the decrease in the thermal activation energy,




~

N -41.2 2;

x x —

o

. 5 RT 7 o
x Ly
do.g
- Wy

-9

i \\\D\\\ —40-4
D\ AEE
| i °
D g

-11 | l | l | l | ’ | I | ’ 0

0 0.4 0-8 1.2 1.6 2.0 2.4
B %
Fig. 6-7.

The optice ap I ‘ i '
e optical gap LO, the thermal actlivation energy A]Ea and
the room-tenperature conductivity Oy as functions of the
B o ] . o . 1
/51 area ratio. The points marked (x) are the room-temperature
conductivity of B-doped a-Si prepared by Co-sputtering in Ar

(Suzuki et al, 1980).




together with the negligible change in the optical gap, indicate that

substitutional doping has taken place. The dip in 0., vs B/Si% and

RT
the corresponding peak in zﬂEa vs B/Si% are further evidence of the

p-type doping effect of B in Si as expected.

Included in Fig. 6-7 is Opr for B-doped a-Si prepared by Ar sputtering
(Suzuki et al, 1980), for the purpose of conparison. It can be seen
that ORT for Ne sputtering is about 2 orders of magnitude higher than

that for Ar sputtering. This is indicative of a better quality a-Si

preparved by Ne-sput tering than by Ar sputtering as discussed in section 5.3.

Furthermore, sputtering from a B-predoped Si-target with an estimated
1 at.% B, under the same conditions as for sputtering from a composite
target, gave a large change in the conductivity and the thermal activa-
tion energy. Fig. 6-8 shows logovs 1000/T for B-doped film prepared
from a predoped Si target, at Pd/VSb: 0.80 mrorr.cm.vml, and TS:3OO .
A conductivity of 1073 SQ—I.cm_l, at room temperature, is comparable with

that in the case of Co-sputtering B with Si.

6.2.3. Ga DOPING

Since the Ga has a low melting point, it was very difficult to control
the required Ga/Si area ratio during sputtering. Accordingly it was dif-
ficult to achieve a pre-determined Ga/Si atomic ratio in the film and
reproducibility was alnost inpossible. Therefore, only two specimens of
Ca—doped Si are presented here, to show the possibility of p-type doping
with Ga. A small Ga ingot was rubbed against the centre of the Si target.
During the deposition procdure the Ga melted and formed a small ball
P1a“ging on the surface of the target. From the intensity ratio of Ga(3d)
and Si (2s) Photopeaks in the photoemission spectra, the Gé atomnic percent

In Si vas estimated using eq. (4-3).
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Fig. 6-9 shows the plots of logg vs 1000/T for two Ga-doped
films; one contains 0.8 at.% Ga and the other 2.2 at.% in Si
as indicated. The two plots are compared with that for the
undoped a-5Si, marked 0. It can be seen from the figure, that
the conductivity increases by 6-7 orders of magnitude wupon
increasing the Ga content up to 2.2 at9. This is accompanied
by a change in ‘AEa of about 0.7 eV. The optical absorption
measurements (not shown here) again showed little variation in
the optical gap upon Incorporating Ga into the Sj. This indi-
cates that the variations in ¢ and AEa with Ga content are
due to a doping effect. The hot-probe thermoelectric measure—
ments indicated p-type doping, as expected for doping with

group-111 elements.

6.3. DEPENDENCE OF ELECTRICAL AND OPTICAL

PROPERTIES ON PREPARAT ION CONDITIONS

In section 5.1., it has been shown that different conbinations
of the gas pressure, P, the target-substrate distance, d and

the self-bias voltage, vsb’ giving the same product (Pd/V . )

sb
resulted in films with substantially the same electronic and optical
properties. Such a result made 1t more convenient to compare
the properties of films prepared at different individual
conditions, where the preparation conditions are dealt with
9% two parameters, (Pd/VSb) and T _, instead of four parameters.
The effects of these conditions on the properties of undoped
Were reported in chapter 5. In the following sections
the dependence of doping efficiency of Al or B on H%UV )and

TS will be Presented in terms of the electrical conductivity,

o
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the thermal activation energy and the optical gap.

6.3.1. DEPENDENCE OF THE ELECTRICAL AND OPTICAL PROPERTIES ON Pd/VSb

To see the effect of Pd/VSb on the temperaure dependence of the
dark conductivity, films prepared at three different values
of pd/vsb were chosen, to represent three regions of Pd/Vg
as in the case of undoped a-Si, discussed earlier (Fig. 5-5).
Fig. 6-10 shows the plots of logo vs 1000/T for Al-doped a-Si,
with 5.2 at.% Al, for films prepared at a Pd/VSb of (1) 0.33,
(2) 0.76 and (3) 0.95 mTorr.cm.V—lrespectively and a substrate

temperature of about 300 ©

C. This atomic concentration of Al
was chosen as an intermediate value, well above the concentration
at which the "dip" in the conductivity occurs (Fig. 6-3).

Fig. 6-10 indicates that the conductivity increases, and the
thermal activation energy, around room temperature, decreases
as the Pd/VSb value is increased up to about 0.80 mTorr.anV—y
This is accompanied by a small increase in the optical gap

(not shown here). Curve 3 of Fig. 6-10 represents a film prepared
at a (Pd/VSb) value higher than 0.80 mTorr.cm.le, where the
conductivity is reduced and the thermal activation energy is
increased. This is consistent with the variations in UkF’AEa
and EO with Pd/vsb, for undoped a-Si as discussed in section

5.2.2. (Fig. 5-5).

Similary variations of ¢, AEa and E_ with Pd/Vsb were found
for B-doped a-51, prepared both by co-sputtering B with Si and
by SPUttering from a B-predoped target. Fig. 6-11 shows the

Plots of logo vs 1000/T for three B-doped films prepared

g
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by co-sputtering at three different values of Pd/VSb as indi-
cated, and TS:SOO OC. The concentration of B in the films was

1.76 area%, well above the concentration at which the "dip"

in the plots of OﬁT vs B area% occurs (Fig. 647). The variations

in conductivity with Pd/VSb, in the case of B doping by sput-

tering from a predoped target are also shown. They are

qualitatively consistent with the variations in conductivity

of specimens doped by co-sputtering with B (Fig. 6-11).

The temperature dependence of d.c. dark conductivity was

measured for Al-doped a-Si films with a range of Al concen-

trations up to about 12 at.%. The films were prepared at a

low Pd/VSb value (0.33 mTorr.cm.V_l) and TS:3OO °c. The plots

of logog vs 1000/T for these films are shown in Fig. 6-12

It can be seen from this figure that the thermal activation

energy of the dark conductivity, AEa, around room temperature,

increases initially upon increasing the Al content up to about

l at.%. When the Al content exceeds 1 at.%, AEa decreases

with increasing Al at.%. It is worth noticing that in these

plots, the temperature at which the slope changes, i.e. the

conduction mechani sm changes into phonon-assisted hopping, is

higher (han the corresponding temperature in the case of

Al-doped films prepared by co-sputtering at higher values of
Pd/VSb (Fig. 6-1).

Also, the optical gap EO was determined from the plots of

1
((l'h(x))z Vs Hfiw shown 1in Fig. 6-13. At low Al concentrations

there g NOo appreciable change in EO, while, as it can be seen
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from Fig. 6-13, the film containing 12.4 at.% Al exhibit‘s a
considerable reduction in EO down to about 1.2 eV. The slope
of the curve marked 12.4 at.% Al is lower than for films\with
lower Al content. However, the optical gap of low Pd/%b films
is generally lower than for higher Pd/VSb films which is con-
sistent with the dependence of EO on Pd/VSb in the case of

undoped a-Si (section 5.2.2.).

For a better comparison with films prepared athigherPd/VSb
values, the room-temperature conductivity, the thermal activa-
tion energy and the optical gap for films listed in Table 6-3,
were plotted as functions of Al at.% and shown in Fig 6-14

In this figure a qualitatively similar behaviour of 0, and

RT
AEa with Al at.% to that in the case of high Pd/VSb (0.76
nﬁorr.cm.v_l)(Fig. 6-3) can be seen. The main features of
Fig. 6~14 different from those of Fig. 6-3 are the following;

(i) The "dip" in the conductivity and the peak in AEacmcur
at the Al concentration of about 1 at.% instead of less than
0.25 at.% in the case of high Pd/VSb (Fig. 6-3).

(ii) Above 1 at.% Al, the addition of Al up to about 10 at.%
Increases the conductivity monotonically by about 5 orders of
Mgnitude accompani ed by a reduction of L\Ea to about 0.2 eV.
This i compared to about 9 orders of magnitude, accompanied
by the reduction of lﬁEa down to about 0.1 eV, in the case of
high PA/V  (Fig. 6-3).

(iii) Ag the Al content exceeds 10 at.% (Fig.‘6-12), Oy
Xhibits 4 rapid increase accompanied by a considerable dec-

'®ase in the Optical gap (about 0.45 eV). On the other hand




Table 6-3: Summary of various measurement s for doped a-Si with a range

of Al at.%. The films were prepared by Co-sputtering Al
with Si at low PA/V_  (0.33 nforr.cm/V) and T, = 300 C.
a?T room-temperature conduct ivity; AEa thermal activation

f
energy; EO optical gap.

sp;jmel’l 2% /7?1 Opp (€2 ccm) ! AEa (eV) E (eV)
. 1.6 x 107/ 0.58 1.65
) 0.70 3.2 x 1072 0.70 1.59
3 1.20 1.8 x 1078 0.52 1.59
L 2.40 5.0 x 1070 0.31 1.52
5 5.20 2.8 x 107 0.31 1.48
6 9.30 6.3 x 1072 0.21 1.40
7 12.40 1.0 x 1074 0.26 1.20
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we have seen that the optical gap changed Qery little in the
case of high Pd/VSb (Fig. 6-3). The rapid increase in the
conductivity for high Al concentrations, which is accompanied

by a decrease in the optical gap, could be due to a modifica-

tion in the band structure of the a-Si at this range of Al

content, when co-sputtered at ]ow Pd/VSb values.

[t should be emphasised that Al-doped films prepared at
high Pd/VSb (0.76 mTorr.cm.Vhl) have conductivities about 4

orders of magnitude higher than films prepared at 1ow Pd/VS
by.

b
(0.33 mTorr.cm.V_

6.3.2. DEPENDENCE OF THE ELECTRICAL AND OPTICAL PROPERTIES ON TS

The doping effects of Al and B were studied for films prepared
at substrate temperatures in the range from 150 °C to 460 C.
The Pd/VSb value for all the films was about 0.76 - 0.79
mTorr.cm.Vhl. The temperature dependence of dark conductivity
for Al-doped films prepared at three different substrate
temperatures is shown in Fig. 6-15. The Al content 1in the
films was 5.2 at.% and found to be independent of substrate
lemperature. It can be seen from this [igure that at low
lemperature (150 °C) the conductivity 1s low and the thermal
activation energy is relatively high (0.29 eV) as indicated
on the figure. As the substrate temperature increases the
COnductivity increases and reaches its maximum value at a

o o
Moderat e Substrate temperature (T_,=300

C) wheré Aﬁa decra-
€S to g Minimum value of 0.13 eV. Thereafter the conductivity

decreases with increasing T_ up to 460 © C. The wvariations
S
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in conductivity and thermal activation energy with F are

consistent with that in the case of undoped a- Sl(sectim15.2.3.L

The variation in the optical gap with TS (not shown here) was

found to be consistent with the variations in O and AE

3

where & maximum optical gap (1.45 eV) was obunned~at1g=3OOOC.

The B-doped a-Si prepared by COo-sputtering B with Si or by
sputtering from a B-predoped target, showed a qualitatively

similar behaviour to that of Al-doped a-Si, regarding the

variations in the electrical and optical properties with
substrate temperature. Fig. 6-16 shows the plots ;fia Vs
1000/T for co-sputtered B/Si films at different substrate
temperatures, with B content of 1.76 area% in a-Si. As in
the case of Al-doped films, the B-doped films prepared at
TS=300 °C exhibit the highest conductivity and lowest slope

( AEa), while below and above this temperature the conduc-

tivity of the films decreases accompanied by the increase of

the thermal activation energy. Similar variations of the
Conductivity with TS were observed for the films prepared by

Sputtering a B-predoped target, as can be seen from Fig.6-16.

In general, it can be scen that the effects of substrate

temperatyure on the electrical and optical properties of p-type

doped films are similar to the effects of the substrate tem-

Perature in the case of undoped a-Si (section 5.2.3.). These

effects could be due to the control of the density of defect-

States by the substrate temperature as suggested in section

5'2'3-, which in turn, would affect the doping efficiency.
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6.4. DISCUSSION

In section 6.2. the results demonstrated a change in the

room-temperature Conductivity, over about 9 orders of magnit -

ude upon doping with Al up to about 12 at.%, and over 7-8

orders of magnitude upon doping with B up to about 2.2 area%.

This change 1s comparable with the best results reported for

doping of hydrogenated a-Si from the gas phase (Spear and

LeComber, 1975). In fact, the maximum conductivity reported

for our Al-doped films, at about 10 at.% Al, is about one to

two orders of magnitude higher than for Hmegaspha&adopng. A
direct comparison with other work requires information about
the number of acceptor impurities actually incorporated into
the material. This requires a knowledge of the density of
states around the Fermi level, N(EFJ » SO that by the use of eq.
(3-1) the acceptor concentration ng may be calculated. The conductivity

at low temperatures was used for this purpose. To meet the

conditions for using eq. (3-1), lightly doped films were used.
-1/4

Fig. 6-17 shows logog vs T for Al- and B-doped films with
0.7 at.% A1l and 0.12 area% B respectively. According to
eq. (3-8 ), using the slope of the logd vs T4 curves
N(ﬁﬁ Was estimated to be of the order of 1017—1018cm~3.ev_{
dssuming a wavefunction decay length, a—l, of a few atomic
*Pacings (about 10 R) (e.g. Shimizu et al, 1980). From X-ray
phOtoemission Spectroscopy measurements it could be considered
that the B/Si atomic ratio is less than the B/Si area ratio
Therefore, the B/Si area ratio is considered as the upper

Limi ¢ for the atomic concentration of B in a-Si. Thus, in the

llght of these Considerations, and the evaluation of the dOplng
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efficiency, f, from eq. (3-2), it has been estimated that
about 1 in 800 Al atoms acts'as acceptor centre which is less

than that for Al doping by ion implantation (Miller et al, 1977).

On the other hand, it was found that about 1 in 150 B atoms
contributes to doping, in the case of sputtering from a com-
posite target. This is slightly higher than the doping effi-
ciency of 1/200 for B ion-implantation (Miiller et al, 1977).
However, sputtering from a predoped target (about 1 at.% B)

showed that the doping efficiency of this method (about 1/75)

is higher than that for doping by sputtering from a composite
target. This could be due to the uniform distribution of B

atoms among Si atoms in the case of predoped target.

At low doping levels, both the room-temperature conductivity

Opr and the thermal activation energy AEa changes rapidly

RT
upon increasing the dopant concentration (see Figs. 6-3 and
6-7). This is attributed to the fact that in this range of

doping, the Fermi level moves towards the bottom of the density-

of-states distribution (Fig. 3-3). On the other hand, at high
Al concentration the slow increase in oprp together with slow
decrease in AEa are consistent with the shift of GF to the

high density-of-states near the tail states region.

The Photoconductivity measurements made by several investi-
$ators (e.g. Zanzucchi et al, 1977; Tsai and Fritzsche, 1979;
Andersgp et al, 1980) have demonstrated that undesirable states
iTe introdyced intovthe mobility gap of a-Si:H when the material

'$ doped with pho r boron, and these states increase as L
pPhosphorous o )
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the amount of doping material increases. Furthermore, it has
been suggested that these states are generally associated
with defects in the a-5i network (Anderson et al, 1980). Such
states would lower the doping efficiency especially at higher
doping levels. In addition, these states would affect the
optical absorption transitions and hence would slightly lower
the measured optical gap as demonstrated by the highly doped

specimens (Figs. 6-3 and 6-7).

Fig. 6-18 shows the Tpp VS the atomic concentration for
different dopants incorporated by different techniques. In
addition, Fig. 6-19 shows the thermal activation energy, AEa,
as a function of the atomic concentration of the same dopant s
as in Fig. 6~-18. The alomic concentration of the dopant elements
in our films was determined by the methods described in

section 4.7.. From Fig. 6-18 we see that 0, of our Al-doped

RT
films is two orders of magnitude higher than the maximum
conductivity obtained by boron doping from the gas phase
ﬁuﬁhermore, Fig. 6-19 shows that AEa of Al-doped a-5i prepared
by Co-sputtering in Ne is lower than that reported for boron-
doped a-Si :H (LeComber et al, 1980). This suggests that at nigh doping
fovcls, less defect—-states are created in Lhe co-spuitering case
Using Ne gas when compared with the case of boron doping from
the gas pPhase. Also Figs. 6-18 and 6-19 show that ion-implan-
tation doping of Al is less efficient than that of B, while
the Al doping by co-sputtering is more efficient than that
of Al dOping by ién implantation. Taking into account that

1arge Clusters of Al atoms (or molecules) are expected to be

L
LS
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b b I8: l\‘uom»-(umpvrx‘iluu‘ conductivity as a lTunction of Al concentration
for Co-sputtering in Ne conpared with doping by (a) ion inplantation
of boron BI’ (b) gas phase doping of boron BG’ (c) ion inplantation
of Al in glow-discharge a-5i:H, M’l (LeComber et al, 1980} and
(d) co-sputtering Al in Ar/H, mixture , Al (Thompson and Reinhard,
1980).  The curve Bce repesents B-doping by co-sputtering in Ne.
The point (x) r'opr‘c-zs;é?nl s B-doping by sputtering from a predoped

target .
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sputtered (Wehner and Anderson, 1970), which would not con-
tribute to doping, we would then expect the B Co-sputtering
to be more efficient than the ion implantation of B. The
efficiency of such boron doping would then bea.chmerappnmch
to the gas-phase doping efficiency. In Figs. 6-18 and 6-19,
respectively URT and zﬁEa of the boron doping by co-sputtering
B with 51 are shown. 1t can be seen that the efficiency of
boron doping by co-sputtering in Ne is slightly higher than
that of boron doping by ion implantation. Also, it can be seen
that the efficiency of boron doping by Co-sputtering in Ne ismore
comparable with that of boron doping from the gas phase, than

is Al doping by co-sputtering in Ne.

It can be seen clearly from Figs. 6-18 and 6-19 that our
Al-doping efficiency is higher than that for co-sputtering Al
with Si in Ar/H2 gas mixture (Thompson and Reinhard, 1980)
This could be attributed to lower defect-density in the

mobility gap in the case of co-sputtering in Ne.

It is worth mentioning that B doping by co-sputtering in
Ne, might give higher efficiencies than those reported here,
I a pure clean B could be obtained. The fact that B pellets
made of powder were used for doping, makes the presence of
°Xygen, in the resulted films, inevitable and hence reduces
the Conductivity . The oxygen content in the B -doped
films (by Co-sputtering) was estimated from the XPS spectra
to be abouyt 2 at.%.‘ However, sputtering from B-predoped

ta : . . .
'8et, which is assumed to be free from contamination ,
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showed that a better doping efficiency can be obtained, as

inicated by the point (x) in Fig. 6-18.

Although only results for two films with different Ga content
are presented here, the possibility of substitutional p-type
doping with Ga using the present technique is demonstrated
by the changes in Conductivity and thermal activation energy
with Ga content. It is estimated that the Ga has a doping

efficiency almost equal to that of Al.

The small change in the optical gap demonstrated by the
addition of group-111 elements, together with the control of
conductivity over a wide range, in conjunction with the shift
in the Fermi level over about 0.7 eV, suggest that the basic
band structure of the a-Si network has not been changed with
the addition of group-I11 elements, provided that sputtering
takes place at relatively high Pd/VSb as shown earlier. The
photoemission spectra show that the relative intensity and
the shape of the plasmon peaks do not change when the dopant
material is added (see Fig. 6-20), which supports the view
that the band structure of a-Si has been retained. The above
discussion leads to the conclusion that it is unlikely that
the observed phenomena result from a modification of thea-Si
band Structure as suggested by other authors (Ovshinsky, 1977;
ThOmPSOH and Reinhard,1980; Xu et al.1984) but rather the results indi-
mtethatsubsthHional;y%ype doping has taken place by Al/Si ,
B/Si or Ga/si co-sputtering or sputtering from a predoped

target’ In Ne gas, under the conditions of relatively high
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Pd/V values and TS:SOO °C. This conclusion is consistent
with that drawn earlier (chapter 5) that a-5i with low defect-
states-density can be produced by sputtering in Ne gas at
relatively high Pd/vsb and T =300 °c. Further evidence for
the low defect-density can be drawn from the plots of logo
vs 1000/T (Figs. 6-1, 6-5 and 6-8), where the conduction in

the extended states dominates at temperatures well below

room temperature, even for high doping concentrations.

[t has been established that the optical and electrical
properties of amorphous semiconductors are primarily controlled
by the density-of-states distribution in the mobility gap
This density-of-states in turn controls the doping efficiency.
It has been demonstrated, in chapter 5, that the electrical
and optical properties of the undoped a-Si varied over a wide
range by varying the preparation conditions. The results given
in section 6.3. show that the electrical and optical proper-
ties of p-type doped a-Si are controlled to some extent by
the preparation conditions such as Pd/VSb. The higher con-
ductivity of Al- or B-doped a-Si, prepared at relatively high
Pd/vsb ls consistent with the low conductivity and the high
LmOloconductivi[y of undoped a-Si prepared in the same range
Ode/Vsb' It is believed that deposition at low Pd/VSb may
Produce a base material which possesses a high density-of-
defect-states in the gap as indicated by the low photoresponse
and high conuctivity. Therefore the low doping'efficiency
at loyw Pd/VSb (see fig, 6-14) is not surprising. The occurrence

°f the hOpping conduction at temperatures around or near
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room temperature 1s another indication that the density-of-

states 1s higher for films prepared by low Pd/VSb.

%

However, by comparing our results with other work, it can
clearly be seen that even at relatively low Pd/vsb (0.33 mTorr.
cm.V~1)’ the doping efficiency of the present technique using
composite targets is better than that of other techniques.

Fig. 6-21 compares the room-temperature conductivity vs Al at.%

for Al-doped films prepared by co-sputtering in Ne gas at

(1) high (0.76 mTorr.cm.V—l) and (2) lmde/Vﬁj(O.SBnﬁorrxmLV_lL
and by co-sputtering (3) in Ar/H2 plasma (Thompson and Reinhard,
1980) and (4) in Ar (Suzuki et al, 1980). It can be seen

from this figure that the conductivity is controlled over
about 9 orders of magnitude in the case of co-sputtering in

Ne at high Pd/VSb (curve 1), compared to 5 orders of magnit-

ude in the case of ]ow Pd/VSb (curve 2), 5 orders of magnit-

ude in the case of Ar/H2 sputtering (curve 3) and 3 orders

of magnitude for sputtering in Ar (curve 4). The occurrence

of the "dip" in the case of low Pd/V  (curve 2), at higher
Al concentration than that in the case of high Pd/V _ (curve 1),
Is attributed to a higher density of states in the material

of curve 2. Accordingly, the "dips" in the curves of Fig. 6-21
°Uggest that a-Si prepared by Ne sputtering in high Pd/V
POssesses a lower density-of-states than that prepared by
*Puttering in Ar or Ar/H2 plasma. This is consistent with
~the conclusion made in chapter 5, in the light of optical ,

ﬂectrical and photoconductive properties of undoped a-5i.
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1g8. 6-21; Log & vs Al at.% for a-Si doped by co-sputtering Al with Si
(1) in Ne at Pd/qu:O.76 mrorr.cm.vwl, (2) in Ne at Pd/V, =
0.33 mrorr.cm.va], (3) in Ar/Hy plasna (Thompson and Reinhard,

1980) and (4) in Ar (Suzuki et al, 1980).
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In addition, comparing the B-doping by sputtering in Ne gas
.t high Pd/vsb’ with that prepared by sputtering in Ar gas
(suzuki et al, 1980), we can see that in the former the doping

efficiency is higher than that for the latter case (see Fig. 6-7).

The effect of substrate temperature on doping efficiency, which
has been considered in section 6.3.2., for group-IIl elements,
seems to be mainly due to the influence of substrate tempera-
ture on the properties of the silicon itself rather than due
to activation of the dopants. This conclusion is supported
by the fact that the optimum properties for doped films pre-
pared at TS=3OO °C, are consistent with those for undoped a-Si

(section 5.2.3.).

However, it is obvious that the doping efficiency in the
case of co-sputtering in Ne gas is still slightly lower than

that of gas phase doping in a glow discharge. Perhaps further

°ptimisation of other parameters, not examined here, should
be considered. Since the electronic and optical properties
of undoped a-51, prepared by the present technique, are

comparable with those of GD and Ar/H2 sputtered a-Si, it is

Most likely thal the problem lies in the method of incorpora-

ting the dopant into the a-Si.

The P-n homo- and heterojunctions and MS junctions made
ol a-si (Fig. 6-22a), a-Si on c-Si (Fig. 6-4) and Metal on

a§Si(Fig- 6-22b) respectively, showed marked rectification

pumertiGS, which imply potential semiconductor applications
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of this material. However, detailed investigation of these

and other possible applications is needed.

Finally, it should be emphasised that the consistency of
the results of substitutional doping discussed in this chapter
confirms that the production of low density-of-states a-Si
by Ne-sputtering without the introduction of hydrogen or a

halogen is feasible.
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CHAPTER SEVEN

ANNEAL ING EFFECTS ON DOPING EFFICIENCY

7.1, INTRODUCT ION

In this chapter the effects of annealing co-sputtered films
on the doping efficiency are studied. The dark conductivity
and the position of the Fermi level are investigated. The
chapter is mainly devoted to studying doped films, although
a few undoped a-S1i films are considered to check whether the

effects are due to annealing of the basic material or activa-

tion of the dopant.

The films described in this chapter, unless otherwise

specified, were prepared at Pd/VSb:O.7O~O.8O mTorr.cm.\f1

°C. These conditions are within the optimum range

and TS:SOO
of the conditions as described in section 5.2.2.. The films
were annealed in an electric furnace at the appropriate tem-

Peratures in a nitrogen atmosphere. The method is described

in more detail in section 4.8..

7.2, RESULTS

7.2.1. ANNEAL ING TIME

The room-temperature conductivity, UﬁT’ of doped a-Si films

W , .
4% measured as a function of annealing time. It has been

found that O, of the doped films increased rapidly as the

RT

ann i : . i when
eallng time was increased up to about 90 minutes,
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O

e annealed at 470 "C. Further annealing caused a

they wer
(low increase in conductivity. However, although the general
irend of conductivity variation with time, for all the dopants
“Westigated, was similar, it seems from the results that the
rate of change of the conductivity is different from one
dopant 10 another. This may be due to different diffusion
coefficients. Fig. 7-1 shows OﬁT as a function of time for
Al-doped films, with Al concentration of about 0.25 at.%

Thetime,ta:O, represents the as-deposited films. The anneal-

ing temperature, T_, was about 470 °C, well above the prepa-

ration temperature ( about 300 °C). 1t can be seen from the
figure that OéT increased from about 10~9 to about IO{kfhmfl
upon annealing for 90 minutes. Any further annealing seems

not to have any significant effect on the conductivity
Therefore the rest of the results, presented in this chapter,

represent annealing for about 90 minutes. Annealing time
g

had a small effect on the conductivity of the undoped a-Si,
prepared under the above conditions. Annealing of undoped
a-5i at 470 °C for 90 minutes only produced a four-fold

reduction in the room~temperature conductivity.

722,20 ANNEAL ING TEMPERATURE

The effect of annealing temperature, Ta’ on the conductivity
Yas studied for Al-doped samples (with 0.25 at.% Al), in the
‘ange of T, from 250 °C to 470 °C. The films were annealed
forabout 90 minutes. Fig. 7-2 shows Opq @s @ function of

the dhnealing temperature for both undoped and Al-doped a-5i

filmS. the conductivity

It is seen from the figure that
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Fig. 7-1: The roon-tenperature conductivity OhT as a function of annealing
time, ta, for doped a-5i with 0.25 at.% Al. The films were

annealed at 470 OC.
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remains the same as in the case of the as-deposited films

’

¢

for temperatures up to about 300 "C. As Ta increases, o.. of

RT

the doped films increases monotonically by 4 orders of magnit-
ude, for Ta increasing up to 470 °C. However, the degree of

dependence of OéT on Ta is reduced as Ta approaches 470 °c .

In addition, the optical gap did not vary with Ta within the

above range. The increase.in 0ot 1s accompanied by a decrease

in thermal activation energy of the dark conductivity, AE_,
a

which inicates the movement of the Fermi level in the mobility

gap -

7.2.3. ANNEALING EFFECTS ON VARIOUS DOPANTS

The results presented in this section represent annealing
of doped a-Si films at 470 °C for about 90 minutes. Fig. 7-3
shows the plots of logo vs 1000/T for a few Al-doped a-Si
films with Al concentrations up to 5.2 at.%. The open circles
represent the as-deposited films while the closed circles are
for the annealed films. It can be seen from this figure that
for films with 1ow Al-concentration, the conductivity increases
by a few orders of magnitude, accompanied by a decreasing

slope (thermal activation energy), with annealing. As the

Al concentration increases, the increase in conductivity 1s
feduced. This can be seen more clearly in Fig. 7-4, whereat

0.25 at .y Al, o increases by about 4 orders of magnitude.

RT
U the other hand, at 5.2 at.% Al, 0, increases only by a
factor of 4. 1n general, as shown in Fig. 7-4, the thermal
It is

act: . .
Ctivation energy, AE_, decreases upon annealing.
a

lnteresting to notice that the conductivity of the undoped
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film (Fig. 7-3) does not suffer a significant change with
annealing . The decrease by only a factor of 4 in the conduc-
tivity of the undoped film indicates that the structure of
the basic material does not change considerably upon annealing.
However, this observation is only for films prepared wunder
the conditions mentioned earlier. Annealing undoped a-Si films,
prepared at Pd/VSb=O.76 mTorr.cm.V~1, showed that conductivity
does slightly decrease with increasing annealing temperature
(Fig. 7-3, curves rvepresenting O at.% Al). This is accompanied by an
increase in tne thermal activation energy. Therefore, it my be conclu-
ded that the increase in conductivity of the doped films by several orders
of magnitude is mainly a result of dopant activation rather
than annealing the structure of Si itself. However, as mention-
ed earlier, the optical measurements indicate that the optical
gap of the doped films does not change upon annealing, within
the above range of temperatures. This may be another indica-
tion that activation of the dopants in the films is the major

reason for the increase in the conductivity.

Fig. 7-5 shows plots of logg vs 1000/T for B-doped a-Si films
fnnealed at 470 °C for 90 minutes. These films were originally
doped by co-spullering techniques as explained in chapter 6.
The boron concentration varied between zero and about 2.2 areak.
It can be seen, from Fig. 7-5 that, in general, the conductivi-
ty of B-doped films increases upon annealing. As in the case
of Al-doped films, Fig. 7-6 shows that as the B content
increaSGS the increése in conductivity, upon annealing, is

feduced, However, this seems to be a general trend for all
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ipe dopants, where annealing is more efficient, in enhancing
the doping efficiency, when the dopant concentration is smaller.
Fig. 7-7 demonstrates the variation in conductivity upon

annealing for two samples of Ga-doped a-Si; as it can be seen,
the results are consistent with those above. For the reasons

outlined in sections 4.3. and 6.2.3. only two samples of Ga-

doped a-51 are presented.

It is worth noticing that activation of the dopants by
annealing (at least in the above temperature range) is more
efficient in the case of Al-doped a-Si films than in B- or
Ga-doped films. A summary of annealing effects on room-tem-
perature conductivity and thermal activation energy, for Al-,

B~ and Ga-doped a-Si films is given Table 7-1.

7.3. DISCUSSION

In general, the annealing results demonstrate an increase
in the conductivity of the doped films, with annealing tem-
Pérature. On the other hand, the undoped films prepared
under conditions near the optimum (section 5.2.2) showed
that annealing at temperatures as high as 47OOC decreases
the conductivity slightly, with no significant change in the
therma 1 activation energy. The above observations indicate
that the enhancement of the conductivity of the doped a-5i
films i mainly due to activating the dopant rather tﬁén to
armealing the structure of the basic material (e.g. reconstruc-

tion of weak bonds and structure relaxation). The optical

gq)independence of annealing temperature is in support of
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Table 7-1: A sumary of the annealing results of doped a-Si with

Dopant

-y

Al

<o C O Gal NN = O O

N =

different dopants. O-RT the room-temperature conductivity,
AN ha the thermal activation energy. The annealing took

place at 470 °c for 90 minutes.

Opp Qe AE_ (eV)

% as-deposited annealed as-deposited annealed
5.6 x 10“9 1.4 x 1077 0.67 0.69
10 4.0 x o 1.0 x 1,0"6 0.73 0.22
.25 1.0 x 1077 1.0 x 1072 0.75 0.15
.70 3.2 x 107/ 3.5 x 1074 0.26 0.14
.20 2.2 x 107° 1.3 x 107° 0.18 0.14
40 2.8 x 1074 8.9 x 1077 0.15 0.11
.20 2.8 x 1072 2.5 x 1071 0.13 0.10
12 6.3 x 1077 1.0 x 107° 0.65 0.42
.18 3.0 x 107/ 4.0 x 1072 0.46 0.33
.55 2.8 x 107° 1.0 x 1077 0.31 0.24
10 2.8 x 1074 3.5 x 1077 0.24 0.17
.20 1.3 x 1073 7.1 x 1073 0.19 0.15
.80 2.2 x 107° 6.3 x 107 0.42 0.26
2.20 7.9 x 107% 7.9 x 1079 0.11 0.10
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the above argument . The dopant activation could be due to
thermal diffusion of Al, B or Ga atoms in the a-5j network ;
thus giving the chance for more dopant atoms to act as
electrical centres, and hence increase the doping efficiency,

instead of , probably, being isolated in a cluster form.

Annealing for a longer time seems to increase the conduc-
tivity of the doped films, since it is expected to give the
dopant atoms more time to diffuse into a larger volume
However for the relatively high dopant concentration, after
a given period of annealing time, the rate of increase in
the conductivity is reduced. This may be attributed to the
limitation of the solid solubility of the dopant in the basic

material .

For low dopant concentration, the change (the increase) in
conductivity is greater than that in the case of high dopant
concentration. This can be seen from Figs. 7-4 and 7-6. The
room-temperature conductivity increases by about 4 orders of
magnitude, for a-Si doped with 0.25 at.% Al (about 2 orders
of magnitude in the case of 0.18 % B), while it changes only
by a facior of 4 for an Al concentration of 5.2 at.% . This
might be further evidence for the limitation of the solid

SOhﬁnlity of the dopants in a-Si.

One more interesting observation is that the increase 1n

Conductivity with annealing, in the case of Al—doping, is

8feater thap that in the case of B- or Ga-oping, for the same
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dopant concentration. This may be attributed to the dif-

fernce in the diffusion coefficients of different dopants in

Lo5i. At 470 OC, the diffusion coefficient of Al in Si

is
about one order of magnitude greater than that of Ga, and

about 2.5 orders of magnitude greater than that of B (Sze

’

1979) .

Finally, the change in conductivity, upon annealing, of
undoped a-Si prepared by sputtering in Ne at relatively high
Pd/V o and T =300 °C (section 5.2.2.), is too smll to account
for any significant change in the density of states. This
result together with the high change in conductivity of doped
a-Si, may be an indirect evidence that a-=Si produced under
the above conditions, exhibits an intrinsically low density-
of-defect-states. The results of annealing the undoped a-Si
are qualitatively similar to those reported for a-Si sputtered
In Ar, with the substrate negatively biased (Suzuki et al ,
1982), in the sense that the conductivity is independent of
annealing temperature, although the latter exhibited higher
dark conductivity.

However, the above discussion does not entirely exclude
the Possibility of structure annealing of a-5i in some cases.
The change in both the conductivity and thermal activation

fhergy, with Ta of films prepared by sputtering in Ne at

y

tow Pd/Vsb (lower than 0.5 mTorr.cm.Vﬁl) is expected, since

the electrical and optical properties of such films indicate

that they possess relatively high density-of-states in the

8ap (see section 5.2.2.)




- 186 -

CHAPTER  EIGHT

CONCLUDING REMARKS

It has been seen that the electrical and optical proper-
ties of undoped and doped a-Si, prepared by r.f. sputtering
in Ne, can be controlled and varied systematically over

a wide range, by variation of the preparation conditions

Various combinations of P, d and VSb vesult in films - with
similar electrical and optical properties, provided - that
they are prepared at the saue substrate termerature. Relatively

high Pd/\/Sb and a moderate substrate temperature may produce

a-51 I'ilms with low density-of-states in the gap, as sugges-
ted. iby the high photoresponse, low conductivity, large energy
gap and thermal activation energy. The thermal activation
energy, the band tail-width, the localised states above the
valence band, the shape of the optical-absorption spectral
distribution and the consistency of interpretation of the
results, suggest that the band model proposed by the Dundee
group for a-Si:il is appropriate for the Ne-sputtered a-5i

bresented in this thesis.

It has been shown (chapter 6) that p-type doping by co-

Putlering with group-Il1 elements is possible, as evidenced

from the control of the conductivity over many orders of

Magnitude and the shift of the [Ferni level. The doping effects
My be another indication that unhydrogenated a-Si with
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rinsiCaHy low density-of-states

y 1s produced by r.f. sput -

ering in Ne. Although the doping efficiency of the Co-sput -

ering technique is comparable with other techniques, such as

on implantation and doping from the gas phase, sputtering

rom a predoped target could further improve the doping effi-

jency. However, annealing results demonstrated that doping

fficiency may be enhanced by post-deposition annealing of

1e doped films as the dopant is activated. It is worth
entioning that co-sputtering at low pd/VSb, high concentration

[ the dopant in a-Si may result in modification of the band

ructure rather than doping in the conventional sense.

Preliminary experiments on p-n and M-S devices, together with
le high photoresponse of undoped a-Si, predict the possibility
~semiconductor and photovoltaic applications of a-Si produced

' the present technique.

It should be emphasised that the scope of this project is
 study the feasibility of the production of intrinsically
W density-of-states a-Si without the addition of hydrogen
@ halogen and the possibility of doping this material.
erefore, in the light of this work, the following sugges-
ons could be made for future work.

(1) 1t s recommended that the density of states shouldbe
udied quantitatively, for example, by field effect technique.
(2) More work is needed to further improve the doping
fiCiency, perhaps, by investigating the negative bias of

" substrate ang magnetron sputtering, or by investigating
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another method of doping, such 45 ion implantatiop

or
possib1Y doping from the gas phase,

(3) Furthermore, we suggest Various deviceg such as

FET, p-n and MS junctions to be investigated ip detail for -

semiconductor and/or photovoltaic applications,

(4) Finally, Detailed experimenta] work is needed to

study the properties of the plasma, to give a better understand-

ing of the sputtering mechanisms that control the properties

of the deposited films.
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DEPENDENCE OF PHOTOCONDUCT IVE PROPERT IES OF
UNHYDROGENATED Ne-SPUTTERED a-Si ON PREPARAT ION
CONDIT IONS

S.A.Abo—Namousx, Y.Zaka and R.W.rane

Physics Department, University of Aston in Birmingham,

Birmingham, B4 7ET, U.X.

ABSTRACT

The photoresponse of undoped a-Si films, prepared by r.f. sputtering
in Ne wdthgqt the addition of hydrogen or a halogen, has been investi-
gdted as a function of the preparation conditions; gas pressure (P),
target-substrate distance (d), self-bias voltage on the target (Vg) and
substrate temperature (Tg). Also, the tenperature dependence of
photoconductivity of these films has been measured as a function of the
preparation conditions. High photoresponse of films produced at rela-
tively high values of (Pd/V¢p) ratio and moderate temperature Tg sug-—
gests a low density-of-states in the mobility gap.

INTRODUCT ION

It has been believed, for a long time, that sputtered or evaporated
amorphous silicon (a-5i) possesses a high density-of-states in the gap,
and consequently could not be doped. On the other hand, hydrogenated
amorphous silicon (a-5i:H), prepared by glow-discharge decomposition of
silanell], or r.f. sputtering in Ar/Hj [21], was found to have a low
density-of-states in the gap.

In recent years, attempts have been made to produce a-51 with a low
density-of-states, without the addition of hydrogen or a halogen, by
sputtering at high Ar pressure [3], or at high Ne pressure [4]. Ar-
sputtered a-Si was found to exhibit low doping efficiency and a poor
photoresponse. On the other hand, Ne-sputtered a-S5i exhibited a higher
doping efficiency [5,6] and high photoresponse [7], which were compara-
ble with the properties of a-5i:H.

However, the electronic and optical properties of a-5i seem to depend
strongly on the preparation conditions. In this communication, the
photoresponse of Ne-sputtered a-Si, without hydrogen or a halogen, is
studied as a function of various preparation conditions, such as the
gas pressure, the target-substrate distance, the self-bias voltage on
the target and the substrate temperature. In addition, the tenperature
dependence of photoconductivity as a function of these conditions is

reported.

* Permanent address: Materials Application Department, Kuwait Institute
for Scientific Research, (UWAIT.
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F1LM PREPARAT ION AND CHARACTER1SAT ION

A radio-frequency diode-type sputtering system, was used to deposit
amorohous silicon films. A single crystal wafer of electronic grade was
used as a target which was water cooled. The substrate holder could be
electrically heated to vary the substrate temperature, Tg, between 150€C
and 500 °C. The substrate temperature was measured with a chromel-alumel
thermocouple, placed on top of the substrate. A field of about 0.01 T
at the centre of the discharge was produced by a Helholtz pair of coils.
The base pressure was of the order of 10~/ Torr, obtained by a conven-
tional vacuum system of oil diffusion pump with a baffle and liquid
nitrogen cooled trap. Corning 7059 glass substrates were ultrasonically
cleaned in a detergent, rinsed in distilled water and then boiled in
1sopropyl alcohol prior to placing in the chamber.

Neon gas (99.999%) was admitted into the chamber via a needle valve,
and the pressure, P, in the chanmber was varied between 40 and 200 niTorr.
The distance, d, between the target and the substrate was varied between
2 and 5.3 cm. The self-bias voltage, Vg, on the target was varied
between 650 and 1100 V, measured using a circuit similar to that des-—:.
cribed by Rock and Smith [8]. It has been found that, at constant Ts,
different combinations of P, d and Vg, within the ranges indicated
above, giving a fixed Pd/Vgh ratio result in films with the same elec-
trical and optical properties. Therefore the preparation conditions are
represented here by two parameters, Pd/Vg, and T,. To study the depen-
dence of the properties of a-Si on substrate temperature, Pd/Vg, was
fixed at about 0.68 mlorr-cm/V, and Ty was varied between 150 ©C and
460 °C.

The film:thickness was measured using a nultiple-beam interferometer
with an estimated uncertainty of * 10%. The deposition rate ranged :from
about 4 A/s to 1 A/s as Pd/Vg, was varied from 0.2 to 1 nTorr-cm/V. In
addition, increasing Tg from 150 @ to 460 °C reduced the deposition
rate from 1.3 A/s to 0.8 A/s. The results of compositional analysis by
x-ray photoemission spectroscopy will be reported elsewhere [9].

MEASUREMENTS AND RESULTS

The results reported here were for films of approximately the same
thickness (about 0.5 pm), therefore no correction for the light penet-
ration was needed for comparison. The dark conductivity and photocon-
ductivity were measured under vacuum using gap-cell configurations with
Al electrodes 1 mm apart. Al electrodes proved to meke good ohmic con-—
tacts with a-5i for electric fields up to about 104 V/cm. However, a
field of 102 V/cm was used for all the measurements reported here. The
films were illuminated by a tungsten lamp and selective filters were
used to give photon energies from 0.8 to 3.5 eV. For the photoresponse
spectral distribution, the photocurrent, ipp, defined as the difference
between the current under illumination and the dark current, was measur—
ed at room temperature, and normalised to 1014 photonS.cm,—é,S—l’ where
at this range of illumination intensity, it was found that the photo-
current was proportional to the light intensity.

The steady-state photocurrent was measured as a function of photon
energy, hw , for a nunmber of undoped a-Si films deposited at about
300 OC with a range of Pd/V, values between 0.21 and 0.95 niTorr.cm/V.
Fig. 1 shows the steady-state photoresponse represented as [iph/eF(l—R)],
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as a function of w in the range of 0.8 £ Hw £ 3.5 eV, for three films
prepared at various Pd/V¢p values and To=300 °«C. F(1-R) is the number of
photons incident on 1 cm3 of the specimen per second, corrected for sur-
face reflection. 1t has been shown [7], that the photoresponse increased
as the Pd/Vg, value increased up to about 0.80 mlorr.cm/V. The effects
of Pd/Vgh values higher than 0.80 nfTorr.cm/V on the photoresponse are
shown in Fig. 1 (curve c). 1t can be seen from the figure that for
Pd/Veh=0.95 nTorr.ecm/V, the photoresponse is reduced.

The photoresponse spectral distribution was also measured as a function
of Tg, for Pd/Vgp=0.68 nTorr.cm/V and is shown in Fig. 2 for three films
with Tg=150 ©C, 300 C and 390 °C. 1t can be seen from this figure that
the highest photoresponse is for films prepared at To=300 °C, while for
temperatures higher or Tower than this tenperature, the photoresponse is
reduced.

In general, the photoresponse curves of Figs. 1 and 2 have common fea-
tures. They show peaks between 1.8 and 2.15 eV, which mey approach, or
even exceed, unity if higher fields were applied. The photoresponse
drops rapidly at energies lower than 0.8 eV and shows a shoulder around
1.2 eV followed by a rapid rise in the photoresponse above about 1.6 eV.
These features are very similar to those reported for a-S5i:H prepared
by glow-discharge decomposition of silane [10,11] or r.f. sputtering in
Ar/Ho mixture [12].

For the temperature dependence of photoconductivity, the films were
1lluminated by a monochromatic light with energy 1.89 eV at a flux
intensity of about 8x1014 photons.cm™2, -1 (Figs. 3 and 4). The photo-
conductivity, 6Ph’ was measured as a function of temperature in the
range from about -30 ©C to about 115 °C, for several films prepared
under various conditions of Pd/Vgh, with Ts=300 °C. The plots of log 6@h
vs 1/T are shown in Fig. 3. Curves a, b and ¢ are for films prepared
at 0.31, 0.76 and»0.95 nlorr.cm/V respectively. The films were excited
by 8x1014 photons.cm™2.s-1. Also, shown in Fig. 3 is the dark conduc-
tivity, &, for the films prepared at Pd/V¢p=0.76 nTorr.cm/V.

All the photoconductivity curves of Fig. 3 show maxima in 6py, at rela-
tively high temperatures, beyond which the photocurrent was difficult to
measure with a reasonable accuracy because 6Ph<(6‘

The log 6p;, vs 1/T data suggest a thermally activated photocurrent with
an activation energy between 0.15 and 0.2 eV. There was no systematic
dependence :of the thermal activation energy of G%h on Pd/VSb, or light
intensity [7].

The log 6py va 1/T plots for films prepared at Pd/Vg¢yp=0.68 nTorr.cm/V
and different substrate temperatures, Tg, are shown in Fig. 4. In this
figure, curves a, b and c represent films prepared at T =150 SC, 300 °c
and 390 °C respectively . The films were illuminated by monochromatic
light of energy 1.89 eV at a flux intensity of 8x10l4 photons.cm=2.s-1 .,
The dark conductivity plot represents a film prepared at 300 ©C. It can
be seen from Fig. 4 that the dependence of 6 on,1/T is similar to the
dependence of Pd/Vg, shown in Fig. 3. Also, the figure shows that the
photoconductivity is improved for Tg=300 °C, while for T¢ higher than
300 °C (curve ¢ , Fig. 4), it is reduced. An interesting observation»is
that the thermal activation energy of 6py always lies in the range bet-
ween 0.15 and 0.2 eV, and does not vary systematically with Tg. This
may suggest that, within the experimental errors expected from this type



- 223 -

of measurement, the possibility of a significant change in the degree of

order of the films with T may be remote in this range of substrate
tenperatures.

DISCUSSION AND CONCLUSIONS

The high photoresponse of films prepared at Pd/V., in the range from - .-
about 0.6 nTorr.cm/V to about 0.8 nTorr.cm/V suggests a low density—of-
states. The shoulder around 1.2 eV has been attributed to an optical
transition from occupied localised states at &, above the valence—band
edge to the conduction-band [12:13]. 1t has been suggested that these
localised states could be defect states. However, the occurrence of
thsj]is shoulder at approximately the same energy in all the films,
suggests that there is a rapid rise in the gap density—of-states at
about 1 eV below the conduction-band edge as demonstrated by the field-
effect measurements of glow-discharge a-Si:H [14]. The change in the
height of the shoulder with preparation conditions (Figs. 1 and 2) indi-
cates that the localised states in the mobility gap can be controlled
by these conditions. The high photosesitivity of the films prepared at
Pd/V¢,=0.80 nTorr.cm/V and T,=300 °C (Fig. 1 curve b) could be a result
of increasing recombination lifetime. It has been thought that for
these preparation conditions, the plasma species are thermalised enough
[3] to result in films with less microvids and defect states as indica-
ted by the corresponding optical and electronic properties [7,15], as
well as from the doping efficiency [5]. On the other hand, when Pd/Vg
exceeds 0.80 mlorr.cm/V and/or T, exceeds 300 °C, the photosensitivity
1s reduced, suggesting a decreasing recombination lifetime. This is
consistent with the dependence of the electrical and optical properties
on Pd/V¢p (= 0.80 mTorr.cm/V) and To (300 °C) [16].

Taking into consideration that the transport of photocarriers takes
place, predominantly, in the extended electron states [17], according
to the relation

the position of the band-tail edge, €p, with respect to Co, (€g—€,) can
be determined from the slopes of log 6ph vs 1/T curves on the low tempe-
rature side. The detailed meaning of different symbols in this equation
can be found elsewhere [18]. From Figs. 3 and 4 and other similar plots
{(not shown here), the band-tail width (GC»EA) seems not to change signi-
ficantly with the parameters Pd//¢, and T4. This could mean that no
significant change in the degree of disorder has occured upon varying
the quantities P, d, Vg, and Tg within the ranges indicated earlier.
Instead, these quantities are more likely to affect the defect-states—: «:
centres through the deposition mechanism, as suggested by the change in
the height of the localised-states peak at 1.2 eV (Figs. 1 and 2). The .
consistency between the dependence of the electronic and optical pro-
perties of a-Si on the deposition rate and on Pd/Vgh has been reported
elsewhere [15]. Furthermore it has been found that at substrate
temperatures higher than 300 °C the electrical and optical properties
deteriorate, increased conductivity is accompanied by a reduction in the
photoconductivity, optical gap and thermal activation energy of the dark
conductivity. Also, the deposition rate was found to decrease with
increasing substrate temperature. NMore detailed work is required to
explain the observea effects of substrate temperature.



- 224 -

The increase in the peak intensity at 1.2 eV in the photoresponse
spectral distribution (Fig. 2) with increasing T, may be interpreted,
according to the Dundde Group model [14] as an indication of increasing
localised defect-states.

From the present results and the electrical and optical results repor-—
ted elsewhere [7,15], it can be concluded that films with a low defect-
state—density are produced by sputtering in Ne gas at moderate combina-
tion of P, d, Vg, and T,. Furthermore, the photoresponse of these films
may suggest potential photovoltaic and semiconductor applications.
However, investigation of other parameters, such as negative bias of the
substrate and, possibly, the use of magnetron sputtering, is worthwhile,
to improve further the properties of a-S5i films.

The authors would like to thank Mr. R.S.Bassi for technical assistance.
REFERENCE%

[1] For example, W.E.Spear and P.G.LeComber, ].Non-Cryst. Solids, 8-10,
727, (1972)
[2] W.Paul, A.].Lewis, G.A.N.Connell and T.D.Moustakas, Solid State
Commun., 20, 969, (1976)
[3] For example, M.Suzuki, A.lakao, T.Mackawa, M.Kumeda and T.Shimizu,
Jap.] .Appl.Phys., 19-20, 85, (1980)
[4] R.W.Fane, ].Phys. D: Appl.Phys., 14, L113, (1981)
[5] For example, R.W.Fane and S.A.Abo-Namous, ].Phys. C: Solid State
Phys., 16, 6121, (1983)
[6] R.W.Fane and Y.Zaka, ].Non-Cryst.Solids, 57, 1, (1983)
(7] S.A.Abo-Namous and R.W.Fane, ].Phys.C: Solid State:Phys., 17, 1775,
(1984)
[8] F.C.Rock and C.W.Smith, ].Vac.Sci.Tech., 12, 943, (1975)
[9] Y.Zaka, S.A.Abo-Namous, D.Crumpton and R.W.Fane, Vacuum "84
Conference, York University, York,U.K. (1-4 August 1984)
[10] R.J.Loveland, W.E.Spear and A.Al-Sharbaty, ].Non-Cryst.Solids, 13,
55, (1973/74)
[11] S.Ray, P.Chaudhuri, A.K.Batabyal and A.K.Barua, Jap.].Appl.Phys.,
22, 23, (1983)
[12] D.A.Anderson, G,Moddel and W.Paul, ].Non-Cryst. Solids, 35/36,
345, (1980)
[13] G.Moddel, D.A.Anderson and W.Paul, Phys. Rev. B, 22, 1918, (1980)
] A.Madan, P.G.LeComber and W.E.Spear, ].NonAZpyst.Solids,Agg, 239,
(1976)
[15] S.A.Abo-Namous, Y.Zaka and R.W.Fane, Physica Status Solidi (a),
79, 477, (1983)
S.A.Abo-Namous (unpublished data)
[17] P.G.LeComber and W.E.Spear, Phys.Rev.Lett., 25, 509, (1970)
W.E.Spear, R.J.Loveland and A.Al-Sharbaty, ].Non-Cryst.Solids,
15, 410, (1974)



.

225 -
A — E I } T T
/O“\%\b
/ ° S0 b
107 / T~ -
5 "
N o/
) Q 00
ig. 1 b I~ © 0%~
\-c //’/ ')/ OO\BU\
5 o/o / °~0
-4 /
10 |~ / —
/0 \o
/ o
70_6_ //ﬂ )
Jlil!llj!li!l!!lillli’l!!lt!|}
0.5 -0 15 20 25 30 35
Photon Energy [eV]
' 1 I s r 1 T
164 o/\c}c B
-~ / \0
Q@ o ° \OO i
N o/ /'QE \o :
T T / /D e % \ob ]
NS o &
\c / ‘/D \m§°MC
Fig. 2 = g o
0 o/ ./Z/ y —
o
bo/ /:/O
. c/’ |
a
.6 ©
A SEEEE NS N RS N N
05 1.0 15 20 25 3.0 35
Photon Energy [eV]
Fig. 1: The photoresponse spectral distribution for films prepared at
T.-300 °C and different Pd/Vep values: (a) 0.31. (b) 0.76 and
() 0.95 mTorr.cm/V.
Fig. 2: The photoresponse spectral distribution for films prepared at

-Pd/\ls =0.68 mlorr.cm/V and different subsirate temperatures, T,:
(a) 150 °C., (b) 300 °C and (c) 390 °C.



10

%x:o ©
70'6—— ¢ % g Jph

E N T -
(] 0.‘0
< °\O oo,
—~ 70‘8__ \ i
tQQ Gesl)o\nee. a’
o — o\ w.’e. 3 —
o\ °
C\
107 5(\ ]
i } 1 l 1 ‘ 1 l 1} I i L
2-7 2-6 30 3-4 3-8 4.2 L6
1000/T  [K7
107¢ T I T T T ! Y [ Y I ] I T
i
5 7
oo !
O S i |
[e] ...0.. ..'...
Fig. 4 . ‘ ool |
= —~ ° e e, ey b
o ° .o... '... ;
S X "e.“. “ee ‘
.QIO’E _. Oo ‘.°0. 3 —
‘QQ oo
‘Q\ oo %
- o — E
% |
6 o !
107 ° 7]
]
____J___J______J, i 1 l 1 1 ! i 1 i t
2.2 2.6 3.0 34 38 4.2 46 1
1000/T (K} |
3: The plots of log Gpp vs 1/T for films prepared at T¢=300 ©C and d1fferent
Pd/Voy values: (a) 0.31, (b) 0.76 and (c) 0.95 nﬁorr cm/V

4: The plots of 1og 6pp, VS 1/T for films prepared at Pd/Vep=0.68 nlorr.an/V
and different Tg; (a) 150 oC, (b) 300 oC and (c) 3290 OE



- 227 -

VACUUM "84" Conference, York, U.K. (1-4 Apfili 1984)

COMPOSITION AND PROPERTIES OF UNHYDROGENATED AMORPHOUS
SILICON PRODUCED BY SPUTTERING IN ARGON OR NEON GAS

Y .Zaka, S.A.Abo—Namoush, D.Crunpton and R.W.Fane

Physics Department, University of Aston in Birmingham,

Birmingham, B4 7ET, U.K.

ABSTRACT

The electrical and optical properties of amorphous silicon produced by
r.f. sputtering in pure argon or neon gas are compared. The effect of
varying the inert gas pressure has been investigated. It is shown that
the density of defect states can be reduced by sputtering in high pres-
sure neon instead of the conventionally used argon. The composition of
the films has been studied by Rutherford backscattering spectroscopy
(RBS) and x-ray photoemission spectroscopy (XPS)

INTRODUCT 10N

Inherent in all methods of producing amorphous silicon (a-5i) films
is the presence of large number of dangling bonds and microvoids. These
defects introduce localised states in the mobility gap between the con-
duction and valence bands, thus hindering the control of electrical
properties by substitutional doping [1]. Hence a large fraction of re-
search has been directed towards reducing the density of defects to a
sufficiently low level to allow efficient doping.

In 1975 Spear et al [2] were the first to dope a-Si produced by the
glow—discharge decomposition of SiH, with phosphorous and boron. Their
method succeeded because the hydrogen present in the plasma attached
itself to the dangling bonds thus reducing the density of states in the
gap. Soon after, a-Si produced by r.f. sputtering in Ar/Hjy plasma was
also doped successfully [3]. The success with doping a-5i:H alloy and
the realisation of its potential device capabilities have diverted a lot
of attention away from the need to investigate the basic parameters af-
fecting film properties and to optimise them to achieve "pure' a-5i films
with a low density-of-defect-states. Instead experimentalists have
saturated the silicon with dangling-bond terminators such as hydrogen or
the halogens to achieve the desired properties. Concentration of these
intentionally incorporated impurities can be as large as 26% [4]. Com-
pensation by hydrogen may remove the gap states, but the interaction of
nearby Si-H units may re-introduce gap states near the conduction band
[5]. The long term stability of these films is questionable since hydro-
gen effuses at 350 OC and there is some evidence that hydrogen effuses
even at room temperature [6].

* Permanent address: Materials application Department, Kuwait Institute
for Scientific Research, KUWAIT
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It is therefore inportant to optimise the preparation conditions to
give pure a-Si films with a low density-of-defect-states. In this paper
we report the effects of varying the sputtering gas and pressure on the
composition and electrical and optical properties of a-Si films produc-
ed by r.f. sputtering in (99.999%) pure argon and neon gases. The films
produced have been characterised by measuring the electrical conductivi
ty over a tenperature range of 200 ®C. The optical gap has been deter-
mined by the transmission measurements in an UV-Vis. spectrophotometer.
Compositional analysis has been carried out by Rutherford backscattering
spectroscopy (RBS) and x-ray photoelectron spectroscopy (XPS). 1In par-
ticular, the amount of rare gas incorporated into the silicon matrix as
a function of gas pressure was investigated. Problems related to the

determination of the density of the films from the RBS spectra are also
discussed.

EXPER IMENTAL DETAILS

Experimental details have been described elsewhere [7]. Briefly, the
apparatus consists of a diffusion punped, r.f. diode sputtering arrange-
ment with a baffle and liquid nitrogen cooled trap. A Helmholtz pair of
coils gives a field of about 0.01 T at the centre of the discharge. The
power input is adjusted to give a r.f. self bias on the target of about
900 eV. The target-substrate distance is set at 3.5 cm and the substra-
te temperature maintained at approximately 200 ©C, measured with a
chromel-alumel thermocouple. Films were deposited simultaneously on
several substrates. Corning 7059 glass was used for electrical and op-
tical measurements, for RBS measurements, carbon, crystalline silicon,
alumina and quartz substrates were used while aluminium substrates were
used for XPS measurements. The rare gases entered the :chamber via a
needle valve which controlled the flow rate to achieve the desired
pressure.

Film thickness, measured by a multiple-beam interferometer, ranged
from about 200 to 1000 nm. Deposition rate varied from about 0.2 nm/s
for high pressure argon films to about 0.4 nm/s for low pressure films,
for neon-sputtered films the deposition rate decreased from about 0.3
to 0.1 nm/s on increasing the sputtering pressure.

ELECTRICAL AND OPTICAL PROPERTIES

The electrical conductivity of the films was measured in the manner
described elsewhere (7). Fig. 1 shows the variation of room-temperature
electrical conductivity, 6RT’ with sputtering pressure for argon and
neon gases. It is seen that by increasing the argon pressure from 0.67
Pa to about 5.3 Pa, oy decreases by more than five orders of magnitude,
any further increase in pressure has little effect on 6E other than
increasing it slightly at the higher pressure. The highest pressure at
which we can operate with argon is limited by the geometry of the sys-
tem and is about 14.6 Pa beyond which the mean free path of the argon
ions becomes comparable to the spacing between the target and the
earthed shield surrounding it. For neon this limitation is not so
severe and sputtering pressures upto 40 Pa can be tolerated. For neon,
an increase in the pressure from 0.67 to 5.3 Pa had a similar effect
but an increase in the pressure to about 20 Pa further decreased the
conductivity by more than three orders of magnitude. Any  further
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Increase in pressure again, as in the case of argon, produced a reversal
in the trend with the conductivity increasing with pressure.

A similar behaviour is cbserved in the variation of thermal activation
energy, AE, and the optical gap, E_, with pressure as illustrated in
Fig. 2. For argon AE increases from 0.14 eV to about 0.6 eV as the
pressure 1s increased from (.67 to 8.6 Pa and any further increase in
pressure has little effect. For neon, AE increases with pressure to a
value of about 0.9 eV at 14.6 Pa, higher pressure results in a slight
decrease in AE. The optical gap was determined from the plots of
(A Hw )2 vshw according to the relation [8]

1
w)? = -
(@fiw)? = B (Fw - E)
where /3 1s a constant, Hied the photon energy and & the absorption co-
efficient. The optical gap, Eg. increases from about 1.4 eV at low
pressure to about 1.7 eV for high-pressure sputtering in argon and 1.8 eV
for the neon case.

COMPOSIT IONAL ANALYSIS

Fig. 3 shows the ratio of argon and neon atoms to silicon atoms in the
films as a function of sputtering pressure. Rutherford backscattering
spectroscopy using 2.8 MeV He ions and XPS using Mg Ka radiation were
used to determine the argon and neon contents of the films respectively.
The ratio of argon to silicon atoms of the films was found to decrease
from about 6.0% at low pressure to less than 0.5 % for high pressure .
The variation of neon in the films with pressure exhibits a similar trend
to that of the argon; however, at any given sputtering pressure the neon
incorporated in the films is approximately twice as much as argon. Ins-—
pection of RBS spectra readily confirmed that the argon was distributed
uniformly throughout the films; however, to verify the uniformity of neon
in the silicon matrix, films had to be etched by argon bombardment and
spectra taken at various depths.

DISCUSSION AND CONCLUSIONS

The results indicate that the density of defect states in a-5i can be
reduced by sputtering at high pressure. For sputtering in pure argon
this is evidenced by a decrease in room-temperature electrical conducti-
vity by more than five orders of magnitude and an increase in the ther-
mal activation energy from 0.14 to 0.6:eV as the argon pressure is in-
creased from the conventionally used value of 0.67 Pa to 8.7 Pa.

Similar results for argon sputtering have been reported by others.
Pawlewicz [9] decreased 6ﬁT from about 102 to about 107 ( §2cm)-1 by
increasing the argon gas pressure from 3.3 to 20 Pa and there 'was cor-
responding increase in the activation energy from 0.2 to 0.3 eV. Van
Dong et al [10] sputtered in a d.c. triode system and obtained, under a
special condition of heating, a-Si films with Gpp - 1079 (L2 cm)~1 and
activation energy of about 0.8 eV. Shimizu et al [11] secreased the
electrical conductivity by more than five orders of magnitude by increa-
sing the product of argon pressure, P, and the target-substrate spacing,
d, from 13 to 130 Pa-cm. The original suggestion by Pawlewicz [9], that
increasing the sputtering pressure reduced the kinetic energy of the
various species bombarding the film thus reducing the number of defects,




seems to be consistent with the above results. However, recently it has
been found that the low conductivity of the high pressure argon-sputter-
ed films could be due in part to post-deposition oxidation because the
films have a porous structure [12]. This is thought to be due to the
fact that although bombardment by high energy species (ions, neutrals,
electrons) in the plasma is detrimental to the film properties, some
bombardment is beneficial in that it helps to remove loosely bound
atoms. Thus a film grown under the condition of high pressure, where
the plasma species have become thermalised before reaching the subs-
trate, tends to have a porous structure.

To investigate this hypothesis, the oxygen content of the films was
extracted from the relevant RBS spectra. The results are summarised in
Fig. 4. From these results it is evident that films produced in argon
sputtering pressures upto 3.5 Pa are essentially oxygen free, while
films produced at higher pressures contain about 20% oxygen.

Our results appear to support the suggestion that as the gas pressure
1s increased the electronic and optical properties of the films improve
due to the reduction in the kinetic energy of the various species in
the plasma which are continuously bombarding the growing film. This
is evident from a decrease in 6pp by four orders of magnitude as the
pressure is increased from 0.67 to 3.5 Pa, while maintaining essential-
ly oxygen free films. The variations of thermal activation energy, op-
tical gap and the argon content with argon pressure have a similar rela
tionship; AE and E_ increase and the argon content decreases sharply
as the pressure is increased from 0.67 to 3.5 Pa. Increasing the pres-
sure beyond 3.5 Pa also removes low energy bombardment of the filmwhich
is beneficial in that it removes loosely bound material from the surface
of the film, thus films produced at high argon pressure tend to be po-
rous and susceptable to post-deposition oxidation as is evident by a
sharp increase in the oxygen content of the films produced at pressure
higher than 3.5 Pa. The decrease in as the pressure is increased
beyond 3.5 Pa is less sharp, levelling off at pressures of about 8.6 Pa
snf is probably due to the oxygenation of the films. Similarly E and
E, increase and the argon content decreases slightly as pressure is
increased beyond 3.5 Pa and eventually levels off at about 8.6 Pa.

Another quantity which can be used to support the above argument is
the measurement of the density of the films. This could in theory be
readily obtained from the RBS spectra and the thickness of the film,
measured independently by other means, employing the relation [13],

Ae - [e]ﬂiﬁ ¢

where Z&G. is the energy difference between the energy of the ions
scattered from the front surface of the target and the ions scattered
from the back surface of the target, [8] is the stopping cross—section,
Ng is Avogadro's number, A is the atomic weight of element and £ and
t are the density and thickness of the film respectively. Since [©]

is tabulated [14] the density can be obtained by measuring A€ and the
thickness of the film. We attempted to measure the density by deposi-
ting the films on carbon substrates since the carbon edge lies well
below the silicon peak, but measurement of A€ and the shape of the
peak indicated that carbon and silicon had diffused into each other,
resulting in the broadening of A€, and hence an over-estimation of the



density. To voercome this problem, quartz and alumina substrates were
employed and although no sign of diffusion seemed apparent, there was a
large error in determining A€ due to the overlap of the silicon and
the substrate peaks. Thus, so far we have been unable to measure the
density of the films but further work to overcome the problem indicated
above and to investigate alternative methods is in progress.

It can be seen by inspection of Figs. 1-3 that the variations in pro-
perties of neon-sputtered films follow the same general trend as for
argon case. However, in this case the region of rapid changes in pro-
perties with increase in pressure extends upto 12 Pa. An increase in
pressure from 0.67 to 12 Pa results in a decrease in GﬁT by more than
six orders of magnitude to less than 1079 (L cm)-1, acconmpanied by an
increase in AE and Ej by 0.6 eV and 0.4 eV respectively. The neon
concentration in these films decreases to about 1.0 at.% at 12 Pa and
levels off at about 0.5 at.% at higher pressures.

The pressure region 0.67 to 12 Pa for neon corresponds to the region
0.67 to 3.5 Pa for argon, in that the improvement in film properties is
believed to result from the thermalisation of plasma species. However
it is:apparent from the results that improvement of film quality is
greater for neon-sputtered films. Further increase in pressure leads to
contamination by oxygen, although figures for oxygen contnent have only
been obtained for argon-sputtered films.

Detailed examination of the sputtering plasma is required to determine
the factors which result in an improvement in film quality when using
neon as opposed to argon sputtering. Thermalisation as mentioned above,
1s important but this may be achieved in either case by using the appro-

‘priate pressure. Other factors may be important. The higher ionisation
potential for neon means that there is less likelihood of doubly charged
ions which would result in greater damage to the film. For a given
energy the smaller stopping distance for argon ions results in a larger
energy dissipation per unit length and consequently more damage to the
growing film. Small atomic size could also be important in causing less
structural deformation. There is a higher probability for clusters of
atoms to be sputtered with argon [15] which could result in film inhomo-
geneity and also lead to lower doping efficiency as compared to the case
of neon sputtering [16,17].

Finally, the effect of magnetic field needs to be assessed and, althou-
gh this feature is again common to both gases used in our system, the
effectiveness of this constraint will be different in the two cases.
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