Journal Pre-proof

Recognition of metallic and semiconductor single-
wall carbon nanotubes using the photoelectric
method

A.V. Kozinetz, S.V. Litvinenko, B.B. Sus, A.lL
Manilov, A.S. Topchylo, A. Rozhin, V.A.

Skryshevsky

PII: S0924-4247(21)00573-2
DOI: https://doi.org/10.1016/j.sna.2021.113108
Reference: SNA113108

To appear in:  Sensors and Actuators: A. Physical

Received date: 16 February 2021
Revised date: 27 August 2021
Accepted date: 9 September 2021

Please cite this article as: A.V. Kozinetz, S.V. Litvinenko, B.B. Sus, A.L
Manilov, A.S. Topchylo, A. Rozhin and V.A. Skryshevsky, Recognition of
metallic and semiconductor single-wall carbon nanotubes using the photoelectric
method, Sensors and Actuators: A. Physical, (2021)
doti:https://doi.org/10.1016/5.sna.2021.113108

This 1s a PDF file of an article that has undergone enhancements after acceptance,
such as the addition of a cover page and metadata, and formatting for readability,
but it is not yet the definitive version of record. This version will undergo
additional copyediting, typesetting and review before it is published in its final
form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2021 Published by Elsevier.


https://doi.org/10.1016/j.sna.2021.113108
https://doi.org/10.1016/j.sna.2021.113108

Recognition of metallic and
semiconductor single-wall carbon

nanotubes using the photoelectric method

A.V. Kozinetz1" S.V.Litvinenkol2 B. B. Sus?, A.I. Manilov!, A.S.Topchylo!, A.Rozhin3 V.A. Skryshevsky2
1 Institute of High Technologies, Taras Shevchenko National University of Kyiv
2 Corporation Science Park Taras Shevchenko University
3 Aston University

*Correspondent author alk22k@gmail.com

Abstract—an innovative application of deep barrier silicon structures for
sensory devices with photoelectrical transformation has been suggested. The
principal possibility of the photovoltaic transducer implementation for identification
of metallic and semiconductor single-wall carbon nanotubes covered with surfactant
in water solution was analyzed in detail. The obtained results are qualitatively
explained by local electrostatic influence on the parameters of recombination
centers at the silicon surface. This influence can be associated with the dipole
moment of molecules absorbed at the surface of the nanotube from surfactant
sodium dodecylbenzene sulfonate (SDBS). Moreover, the spatial configuration of
charged fragments near the defects at the silicon surface can occur. Another
possible reason for carbon nanotubes identification is due to the different
polarizability of metallic and semiconductor nanotubes. These results are explained
in the frame of Stevenson-Keyes's theory. The reported effect can be further applied
as the basis for the control and selection of carbon nanotubes with different

conductivity types.
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1. INTRODUCTION

The single-wall carbon nanotubes (SWNT) form a one-dimensional class of
carbon nanomaterials. They can be represented as graphene sheets “rolled up” to
form hole tubes which wall is only one atom thin [[1],[2],[3]]. The typical diameter of
nanotubes 1s 0,5-4 nm whereas the length can be 10~1000 times greater. The
(SWNT) is considered a very promising modern material due to its extraordinaire
physical and mechanical properties. Potentially its can be used in various
biomedical applications (drug delivery, bioimaging, DNA sensors), in
microelectronic (transistors for computing, conductive transparent composites,
light-emission panel), for hydrogen storage and composite material [[4],[5],[6],[7]]. It
is known that by the means of functionalization, the SWNT tends to interact with
certain chemical compounds or biological objects. The covalent, noncovalent, or
external decoration with inorganic nanomaterial can be regarded as a modification
of the surface reactivity of carbon nanotubes. The optical properties and
conductivity type significantly depend on the direction of the “rolling up” of
hexagonal graphene lattice. The latter, in turn, determines their diameter and

allows the classification of SWNT symmetry by chirality indices [8, 9].



Several principal methods can be implemented for the synthesis of nanotubes,
such as the thermal plasma method, chemical vapor deposition, or liquid
electrostatic method [10]. Unfortunately, the SWNTs dispersed in water tend to
agglomerate due to strong van der Waals interactions. To achieve the solubility of
hydrophobic nanotubes in water, a special surfactant should be added. The molecule
of the surfactant realizes non-covalent functionalization due to n-n stacking
interaction with the graphitic surface of the nanotube. The resulting substations
are a mixture of tubes of different chirality, some of which are metallic and
semiconducting types. It should be noted that it is acceptable to select certain types
of tubes for functional applications [11,12]. That is why a certain post-synthesis
procedure of tube solving, separation, and purification is required. The fact that
nanotubes of semiconductor types are more hydrophobic is frequently used in
different separation methods. So, separation of SWNTs with different conductivity
types can be implemented using density-gradient centrifugation, dielectrophoresis,
selective interaction with surfactants, or selective covalent functionalization
[[13],[14],[15]]. All these procedures can be successfully implemented for the
development of new material and their application, including the tubes of a certain
type in a polymer matrix. The metallic and semiconducting tubes demonstrate
different chemical reactivity. The field-effect transistors were created by deposition
of individual tubes grown from patterned islands on SiO2/Si substrate. The
conductivity of the semiconductor tube channel is very sensitive to electrical gating.
It can be changed by orders of magnitude under gate voltages and exposure in HNz
and NO:g atmospheres. On the contrary, metallic types are less sensitive to chemical
adsorption because charge transfer does not affect the carrier density near the Fermi
level [2].

Given that obtaining the selected fraction with a certain type of conductivity is
an important technological purpose, some additional control methods should be
applied [16, 17]. Currently, this control can be implemented by applying different
optical (photoluminescence measurement, Raman spectroscopy) or electro physical
techniques. The sensory structure based on a deep silicon barrier was recommended
for the detection of different substances containing the molecular structures with
their own or induced dipole moment [[18],[19],[20]]. The operation principle of

sensory structure is based on the photocurrent dependence on the effective surface



recombination at the silicon surface. To investigate the peculiarities of the
absorption process at the silicon surface it is necessary to measure the photocurrent
through the barrier structure. It was shown that this type of photovoltaic
transformation is very sensitive to the local electric field near the effective surface.
In the present work, the possibility developing the physical base for recognition of
the SWNT type has been discussed in detail. It is considered that such an approach
can be useful to develop simple additional instruments for controlling the type of
tube conductivity. At the same time, functionalized nanotubes can be hazardous due
to their toxicity and ability to pass through the biological barriers in cells
[[21],[22],[23]]. Therefore, it is important to develop new methods for detecting such
substances. The problems of the physical properties of silicon interface should be
also considered since they determine the solid state electronic progress. That is why
investigation of SWNT interaction with silicon surface is another objective of the

presented research.

2. EXPERIMENT

In our studies, deep silicon barrier structures were used to study the
peculiarities of SWNT adsorption. In such a way the transducer with photoelectrical
conversion principle was realized with metal-silicon contact. Silicon wafers (100)
with p-type conductivity and specific resistance of 40-50 Q*cm (carrier
concentration consist 1015 cm3) were chosen.

It was determined that the photocurrent of deep silicon barrier structure
depends on surface recombination significantly when light with high absorption
coefficient is used [21] (in other words the area where light is absorbed and the
space charge region should be spatially separated). The simplified expression for

photocurrent collected from p-base of deep barrier structure is
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where D is an electron diffusion ratio, a(d)~105 cm! (1/ a(A)~ 0.1um), S — surface

recombination rate, d - the thickness of p-S1 wafer. In our experiments d = 300 pm, [/
- the electron diffusion length is about 150 pm. To obtain 2D photocurrent

distribution, the surface of the silicon substrate was scanned by a laser beam



with A = 532 nm wavelength. The light spot was moved on the sample surface,
addressing discrete spots to form a 512 x 512 elements matrix. The deflection of the
laser beam was achieved with the system of acoustic-optical crystals. With the
implementation of a metal cuvette (volume of the cuvette is 0.1 mL) a solution
contact with the surface can be achieved, Fig.1. As wafer thickness is much more
than 1/a()) value, the incident light is absorbed near the upper surface, distant from
the space charge region. So, the principal conditions for sensory structure are
fulfilled in our experiments. No additional treatment was applied to the effective
surface covered by a film of native oxide SiOx. The proposed experimental system
can be implemented for the analysis and comparison of the photocurrent 2D
distributions of through the barrier junction during the illumination of the surface
with the analyte.

The single-wall carbon nanotubes were manufactured by South West Nano
Technologies (SWeNT®). Two types of SWNT produced by Co-Mo CAT catalytic
technologies [24] were investigated in detail: 1) the first - SG 65, enriched in
chirality (6, 5), was characterized by semiconductor conductivity (the semiconductor
tubes content is nearly 90%), average diameter 0.7 nm; 2) the second - CG 200, was
characterized metal conductivity (metallic tube content up to 80%), average

diameter 0.7-1.4 nm.
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Fig. 1. Schematic image of the sensory structure and cuvettes with an analyte

Both investigated solutions contain 1.2 mg of high purity SWNT and 12 mg of
surfactant sodium dodecylbenzene sulfonate (SDBS). The SDBS stabilizes

nanotubes in a wide range of diameters. The ultrasonic sonication was used to



disperse bundles of carbon nanotubes; the resulting suspension was further
centrifuged on a Beckman Coulter Optima Max-XP (MLS 50) for 2 hours. The
procedure provides the adsorption of surfactant on the surface of SWNT and
supports the formation of time-stable transparent colloidal solutions. The water
solutions with the same concentrations of nanotubes and surfactants were
prepared. The absorption spectra in the visible and near infra-red range were
measured using a Lambda 1050 UV/VIS/NIR spectrometer. The emission spectra at
various excitation wavelengths were recorded using a Horiba NanoLog excitation-
emission fluorometer equipped with an InGaAs array detector to generate

photoluminescence (PL) maps.

The size distributions and zeta potential of carbon nanotubes are studied with
the Malvern Zetasizer device. The characteristic size of carbon nanotubes is
estimated to be nearly 100 nm for both solutions. The measured values of zeta
potential of SG 65 and CG 200 are respectively - 40 mV and -39 mV. The negative
values of zeta potential are typical for carbon nanoparticles in the organic solvent
[25]. The obtained values of zeta potential indicate the relative stability of carbon

nanotubes in the solvent at ambient temperature without coagulation tendency.

3.RESULTS AND DISCUSSION

3.1 Simplified model of photoelectrical sensor
Initially, the model of sensory structure based on a deep silicon barrier should
be considered. Several steps are necessary to make (1) accessible for practical
implementation. It is appropriate to analyze the possible functional dependencies
of S on the pre surface band bending Y. This analysis can be done in the frame of
Stevenson-Keyes theory taking into account the single simple recombination level
in the bandgap, Fig.2. In such a case the surface recombination velocity S is [26]:

CanNt(p0+n0) D) (2)

s ()=1 (n,(Y.)+n)+c,(p.(Y.)+ p)

where no and p, are equilibrium carrier concentrations in the volume;
ni=niexp(E:«/kT), and pi=niexp(-E:i/kT) are the carrier concentrations when Fermi
level at the surface is equal to the energy of recombination level E: at the surface
counted from the middle of band gap; ca= onv, cp= on=0pv are the capture cross-

sections, v is the electron (hole) thermal velocity; n; is intrinsic concentration, NV is



the concentration of recombination centers, where the dependence between surface
and volume concentrations can be expressed as: ns=noexp(Ys/kT) and
ps=poexp(-Ys/kT). The parameter ep at the diagram in Fig.2 characterizes the
doping level in volume of wafer. It is easy to show that ep = kTIn(po/ni). The
equilibrium hole concentration in the volume of wafer was set at po =10'® cm3, so

the ep value equals to 0.3 eV.

For better representation of possible physical conditions associated with the
analyte adsorption, the series of the S(Ys) dependencies were determined according
to (2). The changes of the microscopic recombination centers parameters, i.e. value
of Eii, cn and cp, were analyzed. The calculations results are presented in Fig. 3, 4. It

1s well known, that typical S(Ys) dependence is presented by bell-shaped curve.
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Fig. 2 The energy diagram of pre surface region in p-Si wafer (the energy of simple single

recombination level is marked as navy-blue stripe). The L is width of space charge region.

The maximum of the dependence corresponds to equation
Cnlls= CpDs (3).

In general, the equation (3) can be evaluated from the dS/dY=0 extremum

condition. The maximum recombination velocity is

Smax~0. 5(CnCp)1/2Nt((po+no)/ni))/(]+Ch((Eti/kT)-ln(Cp/Cn)1/2) (4),



where the corresponding band bending is - Ysmax= RT In(cp/cn)l’?(po/ni)).

The recombination rate increases when Fermi level gets close to the middle of
the band gap. As for the decrease of recombination rate related to ranges Ys < Y smax
and Ys>Ysmax, the effect can be explained by the absence of carrier of a certain sign
in pre surface region when the silicon surface is driven from the flat band through
depletion into inversion condition. The Fig. 3 illustrates the case of equal capture
cross-section cn=cp=c (“neutral recombination center”’). As can be seen from these
dependencies, the closer the energy of recombination level E: is to the middle of
band gap, the less wide the bell-shaped curves become. This feature is related to the

1mpact of the exponential factor exp(E:/kT) in (2). Actually, we can express

S ()= Mot N(potm)  (5).
) ns(Ys)+n1 + ps(Ys)+ pl nS(YS)+ ps(Ys)+nieE%T

It easy to see, that while surface band bending provides the ns(Ys), ps(Ys) < ni exp
(E:i/kT) conditions, the “plateau” near the maximum of S(Ys) is observed. In other
words, a higher value of the E: allows keeping the conditions in a wider range of Ys
and the wider “plateau” is observed. For the curves in Fig. 3, the parameter of
energy level Ey is varied from 1027 = 0,25 eV to 2kT = 0.05 eV. As can be seen, the
peak of the recombination velocity Smax for curves 1-5 corresponds to the same value
of band bending Yo smax=ep =kTIn(po/ni)=9KT~0.3 eV. In the frame of suggested
model, doping level and conductivity type completely define the band bending
corresponding to maximal recombination. The Yosmax should provide the condition of
equal concentrations near surface, i.e. ns=ps=ni (ps should be less than volume
concentration po, while ns should be greater than n. for p-type silicon wafer). It can

be also noted that increase of E: involves decrease of maximal recombination as

Smax~1/(1+ch(Ew/kT)), Fig.3 (insertion).
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Fig. 3 The calculated surface recombination velocity versus surface band bending for different values
of energy level Esx: 10RT( 1), 8KT (2), 6KT (3), 3kT(4), 2kT (5). Insertion: the calculated maximal
recombination rate versus energy level. Doping level of p-Si wafer is 1015 cm-3. The dependence of

maximal recombination rate on energy level E; is presented in insertion.

So, when the condition of A./kT >1 is continued, the simplified expression takes
place Smax~ exp(-Eu/kT). Instead of a simple single recombination level, the
continuous systems of donor and acceptor recombination levels can occur at the
interface. The numerical simulation reveals that the “deformation” of the bell-
shaped curves is quite possible in this case for high injection levels [27]. However,
the main conclusion is as follow: when close concentrations of carriers are generated
near surface - the recombination velocity gets its maximal value; if the lack of

carriers of certain sign takes place-recombination velocity decrease.



Fig.4. The calculated surface recombination velocity versus surface band bending for the different

ratios of cross- sections: cp=cn (a), ¢p=10-3 ¢x (b), ¢p=103 ¢x (¢), for all cases E;=3kT=0.075 eV.

The other case is when cross-sections become different from each other cn + ¢p,
(shown in Fig.4). It is supposed that surface contact with polar molecules provides
the condition when neutral centers exhibit donor- or acceptor-like properties. The
energy value E;=3kT=0.075 eV is maintained for all curves. When, for example,
cp=103cs, as 1is appropriate for “donor-like center”, the maximum of S(Ys)
corresponds to lower band bending Y (1) (curve b) because the condition (4) requires
higher value of ps. When ¢»,=103cs, as it can be appropriate for “acceptor-like center”,
higher band bending Y@ (curve c) is needed to get the holes concentration
providing a maximum of recombination. The dependences b) and c¢) are in some
sense symmetrical relative to the axis Y=Y, smax (curve a) which corresponds to
cn=cp. The deviation of Y1), from this axis is equal to +0.5kTIn(cp/crn)). As can be
seen, higher differences between ¢y and c» should correspond to higher /Y1), - Yo
smax/ value. In absolute units, the deviation is nearly 4k7=0.1 eB for the case
discussed above. So, it can be seen that shifting of the curve is sensitive to the
change of the cross-sections ratio. Therefore, we can suppose that the change
of surface recombination may be related to band bending via different functional
dependences. Namely, if recombination centers parameters (cross-sections, energy)
rest unchanged, one of the “bell-shaped” curves shown in Fig. 3 describes the
functional dependence. If carrier cross-sections or energy of recombination level are

influenced by the local electric field, the “transfer” between two curves takes place



(stripes in Fig.3, 4). Considering some analogy with well-known sensory structures
based on field-effect transistor (FET), we suppose that local electrical fields change
primarily the surface band-bending. In some cases, this process may be
accompanied by changes of each recombination parameter. Such a scenario is
implemented, for example, if the system of levels (discrete or continuous) exists at
the interface. The value of recombination rate changes when “Fermi level at the
surface” passes through the energy of certain recombination level, i.e. when Y;= ep -
FEs , Fig. 2. It means that increasing Ys leads to the fact that several levels (Eu(?,
E;i®,.) influence the peculiarities of the recombination process. Consequently,
several sets of parameters ( Eu, N, cn, ¢p) should be considered in the sensor model.
If energy bands between such levels is sufficiently high (>k7'), several maximums
of recombination velocity S(Y.) are expected to observe. The suggested approach
allows us to obtain the dependences of photocurrent on surface parameters for deep

barrier structures, section 3.3.
3.2 Experimental results and characterization of SWNT water solutions

The 2D distribution of photocurrent was experimentally measured for three
cases: 1) the silicon surface contacting with ambient air, 2) the silicon surface
contacting with the solution of SWNT of semiconductor type - SG 65, 3) the silicon
surface contacting with the solution of SWNT of metallic type - CG 200. The
obtained results were treated statistically treated. The possible error is determined
by standard set-up allowing photocurrent measurement. It consists of several per
cent. Each of the three series includes at least ten measurements of 2D distribution.
The silicon surface was cleaned with distilled water after each contact with the
analyte. The good reproducibility of experimental results was observed. The
averaged results are presented in Fig. 5. As can be observed from Fig. 5 a) the non-
uniform distribution of photocurrent Iyx (x, y) is obtained for silicon surface without
analyte. This fact is naturally attributed to different initial band bending Y, and
different recombination rate in each illuminated points (x, y) of the surface. The
distributions of normalized photocurrent for SG 65 and CG 200 are presented in
Fig.5 b) and Fig.5 ¢). The normalization to the value for photocurrent in ambient air
was applied. The increase of photocurrent is observed for the two analytes, but this
increase is significantly more pronounced for SG 65 solution (the ratio 1,,5¢%5 (x, y) /

Don(x, y) 1s 2.5-3.5), than for CG 200 (the ratio I,»c8200(x, y) / Ln(x, y) is 1.5-1.7. All



these effects can be explained by the decrease of surface recombination at the

silicon surface, registered through the photocurrent measurement.
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Fig. 5 The 2D distribution of photocurrent for silicon surface contacting with ambient air (a),
solution of SWNT of semiconductor type (b), solution of SWNT of metallic type CG 200 (c). The

normalization to the values of photocurrent in ambient air was applied for distributions (b) and (c),

In other words, the suggested sensory structure can be used for the
identification of the carbon nanotubes type in water solution. To confirm the

suitability of these conclusions, both solutions were additionally analyzed by



conventional optical methods. The spectral distribution of absorbance versus
wavelength was obtained, Fig.6. It is well known, that absorbance of semiconductor
tubes corresponds to optical transitions between Van Hove singularities of valence
and conducting bands. Optical absorption measurements give characteristic peaks
of individual chiralites superimposed on the plasmon background. As can be seen
the absorption spectra for the solution with SG 65 is characterized by peaks near
A1= 1000 nm (Siz) and A2 = 550 nm (S22), Fig.6 a). These peaks clearly show the
presence of semiconductor nanotubes (6, 5) in the solution [8]. The spectra for CG
200 does not show the peculiarities with the exception of peak near A1= 750 nm
(M1:) which can be attributed to the metal fractions, Fig.6 b). Additionally, standard
PL measurements were applied in a wide range of excitation energy (300-800nm).
The typical results are presented in Fig.7. As can be concluded from analysis of PL
maps, the maximum of photoluminescence A; = 980 nm is observed for the SG 65
solution. This maximum corresponds to “band gap” energy for semiconductor
nanotubes with chirality indices (6, 5) [28]. On the other hand, the spectral
dependences reveal a more complex character with three emission intensity peaks
for SG 65 and CG 200. Really, the peaks A;= 980 nm, A2 = 1050, and A3= 1150 nm
are observed in PL maps of solutions, Fig. 7 a), b). Ideally, the photoluminescence
should not be observed for the pure metallic fraction at all [1,2]. The weak residual
luminescence is explained by the presence of a fraction of semiconductor tubes in
the CG 200 solution in such a case. As can be seen its intensity is five times less
than the values observed for the SG 65 solution. The typical Raman spectra
presented by manufacturer in free access have been also considered and analyzed.
The degree of G mode splitting between modes G* (associated with atomic
vibrations along the tube axis) and G- (vibrations normal to the tube axis) should be
significantly more pronounced for product enriched in semiconductor tubes than for
product enriched in metallic tubes [9]. The degree of splitting in our case is ~ 10 for
SG 65 whereas this splitting is ~ 2 for CG 200 that confirm properties of these
products. In general, the optical approaches appear convincing for the
characterization of the carbon nanotubes type. These approaches are widely used
for both express and detailed (with individual chirality determination and Kataura
plot) analyze. Nevertheless, new express and simple methods should be investigated

as well. Hypothetically, the obtained data will complete the data of conventional



approaches. So, the development of transducer allowing the control of SWNT
conductivity remains important. As it was discussed above, the deep barrier
structure utilizes the effect of recombination centers recharging at the silicon
interface. Such an approach provides the possibility to detect some molecules with
the own or induced dipole moment. It should be noted that the photoelectric
transformation principle is used in well-known light-addressable potentiometric
sensors (LAPS). The deep barrier structure also implements the photoelectric
transformation principle but its application has some advantages (no necessity of
using the rear illumination, no main and reference electrodes, no external bias,

possibility of light addressing and surface modification).
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Fig.6. The absorbance spectra of the solution with SWNT of semiconductor type SG 65 (a), of metallic type CG
200 (b).

As physical transformation mechanism is different from conventional field-effect
transducers, the obtained information will contain some unique and specific treats
of investigated substance. This circumstance enhances the capability to recognize

analytes with similar chemical structures using “electronic nose” system.
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Fig. 7. The result of photoluminescence measurements for two SWNT solutions: semiconductor type
SG 65 (a), of metallic type CG 200 (b).

3.3 Physical analysis and verification of the sensor model

Let us analyze in detail the physical peculiarities of the results represented in
Fig. 5 b) ¢). To explain these experimental results some structural and chemical
aspects should be taken into account [11, 12]. The sensor surface contacts with
analytes like SWNT/(SDBS)/water. The molecule of SDBS anionic surfactant
consists of two parts: hydrophilic polar head group (sodium sulfonate) and a non-

polar hydrophobic tail (benzene ring and dodecane), Fig.8.

hydrofobic

CH3(CHz)10 CH:

hydrophilic

Fig. 8 The chemical structure of SBDS molecules.



The spatial configuration of molecular structures with pronounced dipole moments
should influence the recombination process at the sensor surface. The principal
Interaction with the tube surface is implemented via hydrophobic tails. It is
considered that both benzene ring (due to n-n steaking) and dodecane tails (due to
“rigidity” of CH?2 chain) provide high dispersive ability [[29],[30],[31]]. Conversely,
hydrophilic groups protrude into the water "protecting" the hydrophobic surface of
the carbon tube. The polarizability and static dielectric constant of the metallic tube
1s much larger than the semiconductor one. As adsorption of surfactant at the tube
surface is controlled by electrostatic interactions (van der Waals forces, dipole-
dipole interactions), two hypotheses can be put forward 1) the spatial distributions
of absorbed SDBS fragment is different for metallic and semiconductor tube; 2) the
adsorbed fragments, wrapping carbon tubes, induce the different electric
fields. Some interesting details concerning the spatial distribution of adsorbed
surfactants were obtained with all-atom molecular dynamics simulations in [29].
Taking into account the physical adsorption of surfactant molecules, the variety
was analysed of energetically favourable configurations. When coverage is low, the
surfactant molecules tend to orient parallel to the tube axis. The surfactant tails
and most benzene rings are close to the nanotube surfaces, while most of the head
groups are slightly protruded into water. The Na+ions accumulate near sulfonate
groups, maintaining the hydration water. As the surface coverage increases, the
surfactant head groups protrude toward the aqueous phase, pulling the benzene
rings, away from the surface. It was predicted that surfactant molecules tend to
form self-assembled disordered aggregates or micelle on the tube surface in some
cases. The morphology of such aggregates depends on the conductivity type,
coverage and tube diameter. Thus, electrostatic influence on recombination

parameters of silicon surface is appearing to be different for SG 65 and CG 200.

The strict calculation of recombination velocity, for a certain semiconductor
surface, requires the understanding of the energy dependence of interface state
density and capture cross-sections. The parameters of the interface (SiO2/Si or some
other) depend on the individual surface treatment and thus have to be determined
experimentally. Let us make the assumption that contact with each solutions
affects only the band bending near surface, whereas cross-sections, values of energy

concentration of recombination centers remain unchanged, this case is shown in



Fig.3. The proposed model allows us to perform the calculation of the photocurrent
iph versus band surface band bending Ys, according to the expressions (1) and (5). It
was established [27] that levels close to the mid gap (from the range E; £ 0.2 eV)
usually determine the recombination process at the interface SiO2Si for the
thermally oxidized surface. So we can choose such value of energy for calculation of
photocurrent through deep silicon structure in model approach. The values of
recombination parameters used 1in calculation where 0,=0p=1017cm? and

E#i=2kT=0.05eV.
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Fig. 9 The calculated photocurrent values versus pre surface band bending for, N; =10% cm-2, Smax =

5000 cm/s (1) , N; =100 cm-2, Smax = 10000 cm/s (2), N; =101 ecm-2, Smax = 100000 cm/s (3).

The maximums of recombination velocity where evaluated from expression (4)
as Smax~0onINiv(posni)/(1+ch((E:i/kT)). The N: concentration was varied in its typical
range from 109 cm2 to 10! cm 2, curves 1-3 respectively. The dependences of ipa(Ys)
obtained for different concentration of the recombination centers at the working
interface are presented in Fig.9. It can be seen that a minimum of photocurrent is

achieved for the band bending that corresponds to the maximum of surface



recombination velocity, Fig.3. The proposed model qualitatively explains the
difference between 2D photocurrent distributions. As the local electric field near the
silicon surface is different for SG65 and CG 200, the initial band-bending can be
changed differently. The latter involves the different value of photocurrent and
allows recognition of metallic and semiconductor tubes. It is supposed, for more
certainty, that initial band bending corresponds to a minimum of photocurrent
(maximum of recombination), i.e. Yo max = 9kT. The red and the blue arrows in Fig.9
(curve 3) indicate the possible shifts of initial band bending due to the electrostatic
factor. As can be seen, the increase of band bending from 9kT to 13kT leads to
0.15/0.05~3 ratio of photocurrents for semiconductor type whereas the increase of
band bending from 9kT to 11kT leads to 0.12/0.05~2 ratio of photocurrents for
metallic type. As can be concluded, the average ratios I,nc8200/1pn, 115885/ 11
obtained from the experiment are close to the values calculated in the modeling

approach for N; ~10!! cm-2,

To summarize, we can state that adsorption of the surfactant at the surface
of metallic and semiconductor nanotube can modify their electrical properties in a
specific way. The deep barrier sensory structure is shown to be sufficiently sensitive
to recognize the local electric field associated with such molecular structures. That
1s why the proposed transducer can be regarded as a promising base for the
development of a new non-destructive and technically simple method of SWNTSs
type control. The pros are: 1) express and high sensitive method, only small volume
1s needed (the optical methods [[1],[2],[28],[33]] require sufficiently complex and
expensive set-up whereas the investigation of transport properties of SWNT-based
FET structures at different temperature requires additional technological steps
[9,16]); 2) simple and compact realization of sensory structure, instead of scanning
laser beam the LED matrix can be used; 3) obtained data will complete the
conventional methods requiring complex expensive set-up. The possible con is high
requirement to surface and silicon interface stability. Some additional
investigations are needed to clarify the interaction of an SWNT solution with the
silicon surface. Our calculation shows that a higher concentration of centers allows
obtaining a higher change of photocurrent ip» due to electrostatic influence on
surface band-bending, Fig.9. It can be noticed, on the other hand, that if the

concentration is too high (/V: >10!2 cm2) a specific “fixation” of the Ef Fermi level



near the silicon surface is possible. This aspect evidently limits the efficiency of the
recombination sensor. The thin passivation film is believed to allow avoiding the
fixation of Fermi [32]. The adsorption efficiency of sensory structure can be also

increased in such a way but the issue requires further examination.

4, CONCLUSONS

It was revealed that the silicon sensory structure based on the deep barrier is
appropriate for the recognition of water solutions of metallic and
semiconductor SWNT covered with surfactant (SDBS). The proposed sensory
structure, different from the conventional light addressable potentiometric sensor,
implements a new photovoltaic conversion principle. The photocurrent collected
from the deep silicon barrier depends significantly on surface recombination when
light with high absorption coefficient is used. The photocurrent analytical
dependence on surface band bending has been evaluated for the first time. The
recognition of SWNT is attributed to specific electrostatic influence (defined by
locally induced dipole moment) on the parameter of recombination centers at silicon
interface and surface band bending. The experimental results can be qualitatively
explained in the frame of Stevenson-Keyes theory taking into account the dielectric
properties of metallic and semiconductor tubes. The different wvalues of
polarizability involve peculiarities of adsorption and distribution of surfactant
molecules at the tube surface. Based on the reported results, a
new SWNT conductivity control method can be developed. This method allows
completing the data received from the photoluminescence and optical absorption

measurement.
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Highlighs

e The model of sensory structure based on a deep silicon barrier
(recombinational transducer) has been developed.

e The recombinational transducers are appropriate for the
recognition of metallic and semiconductor single-wall carbon
nanotubes.

e The adsorption of surfactant molecules at the tube surface of
metallic and semiconductor single-wall nanotubes modifies their
dielectric properties.

¢ The dependences of photocurrent on pre-surface band bending

are calculated for sensory structure based on deep silicon barrier.





