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In this paper, the effect of the distribution profile of the doping acceptor impurity concentration
in the base region of the CdS/por-Si/p-Si heterostructure on the efficiency of solar energy conversion
parameters has been studied. It was established that the solar energy conversion efficiency depended
on the degree of a doping acceptor impurity depletion of the near-surface p-Si layer in the por-Si/p-Si
heterojunction. The distribution profile of the impurity concentration in this space is formed during
the growth of a porous silicon layer. This profile is controlled through changing the technological
parameters of the process of a porous film growing: the current density and the duration time of the
electrochemical etching. A gain in the conversion efficiency of solar energy was explained by an in-
crease in the penetration depth of the electric field into the base region due to formation of a certain
type of the impurity concentration distribution profile. In the final, this profile promotes the rapid
carry-away of charge carriers generated by the light from the base region. This carry-away occurs
before the carrier recombination moment involving traps.
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B/IMAHUE NETUPYIOLLLENA MPUMECHU
HA D®PEKTUBHOCTb MPEOBPA3OBAHUA COJTHEYHOM
SHEPITMU TETEPOCTPYKTYPOM CdS/por-Si/p-Si

B.B. Tperynoe

PsizaHCKUIA rocyAapcTBEHHBIN yHMBepcuTeT UMeHn C.A. EceHunHa,
r. PsazaHb, Poccuiickas depepaumst

B pabore wuccnenyercs BiausiHME Npoduist pacrpeneseHus: KOHUEHTPALUMU Jierupyrouei
akKIIeTITOPHOU TpuMecH B 0a3oBoil obmactu rerepocTpykTypbl CdS/por-Si/p-Si Ha mapameTpsl,
xXapakTtepusymoliine 3(QdeKTUBHOCTh TPeoOpa3oBaHUsI COJHEUYHON BSHEPTUU. YCTaHOBJEHO, YTO
yKazaHHas 3(D(hEeKTUBHOCTh 3aBUCUT OT CTeTICHW OOSTHEHUS JeTUPYIOIei aKIeNITOPHO TPUMeChio
MIPUIIOBEPXHOCTHOTO CJI0S ABIPOYHOTO KpeMHUs (p-Si), BXOASIIETO B CTPYKTYpPY TeTeporiepexoaa por-
Si/p-Si. [Ipodunb pacnpenesieHWs] KOHLIEHTPALIMU IPUMECH B TaHHOM 061acT (popMUPYETCS B X0/
pocCTa c10s1 MOPUCTOrO KpeMHUsI. YpaBlieHUe XxapakTepoM Mpoduisi pacnpeaeieHust OCYIeCTBISIETCs
yepe3 u3MEeHEeHME TEXHOJOTUYECKUX TapaMeTPOB MPOLIecca pOCTa TOPUCTOM MIEHKU: TUIOTHOCTBIO TOKA
W JUIMTEIbHOCTbBIO 2JIEKTPOXUMUUYECKOTO TpaBieHus. [ToBbiieHne 3¢hGeKTUBHOCTU MpeoOpa3oBaHUs
COJIHEUHOU DHEPTrUU OOBSICHSIETCS YBEJIMUECHUEM TJIYOMHBI MPOHUKHOBEHUS 3JIEKTPUIECKOTO OIS
BHYTPb 0a30BOIi 00JacTH 3a cYeT (POPMUPOBAHMS OIIPEAEeICHHOrO BUIa MPOQUs pacIpenesieHus
KOHIIEHTpaluy npuMecu. B KoHedyHOM uTOre BUI NMPOMUsS CIIOCOOCTBYET OBICTPOMY BBIHOCY U3
0a30Boii 00JIacTMU HOCUTeNeil 3apsiia, TeHEPUPYEMBIX CBETOM; BBIHOC IMPOMCXOAUT IO MOMEHTA
pPEKOMOMHAIIMM HOCUTEJICH TTPU YYaCTHUU JIOBYIIIEK.
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Introduction

Currently quite a lot of interest is being shown
in the study of the solar photovoltaic converter
based on the CdS/por-Si/p-Si heterostructure
[1, 2]. The CdS film plays the role of an optical
window and significantly expands the spectral
sensitivity region of the photovoltaic converter
[3, 4]. The por-Si layer is a buffer that reduces
the mechanical stresses arising between the
silicon substrate and the CdS film due to the
difference in the lattice constants (about 7 %)
[4, 5]. In addition, the por-Si film reduces the
reflectivity of the front surface of the CdS/
por-Si/p-Si photovoltaic converter [4]. An
important advantage of the CdS/por-Si/p-Si
heterostructure is the absence of the need to
form a p — n junction by diffusion in p-Si. This
will reduce the complexity of the manufacturing
process of the photovoltaic cells and its cost,
which is important in mass production. Thus
the CdS/por-Si/p-Si heterostructure is relevant
for use in solar energy.

In this regard the urgent task is to develop
solutions aimed at increasing the efficiency of
the CdS/por-Si/p-Si heterostructure as a solar
energy converter.

One way to solve this problem is to increase
the collection efficiency of charge -carriers
generated by light in the absorbing region of the
photovoltaic converter. It is well known that the
separation of photogenerated charge -carriers
occurs under the influence of an electric field
concentrated in the space charge region (SCR)
of the photovoltaic converter barrier layer (in
our case, a heterojunction). Due to the strong
electric field the carriers are removed from the
SCR before they have time to recombine through
the participation of traps [6]. Thus, to increase
the efficiency of carrier separation, it is advisable
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to create conditions for expanding the region
located inside the absorbing layer in which the
strongest electric field is concentrated. For this
purpose, it is desirable to set up a concentration
gradient of the dopant in the surface region of
the absorbing layer of the photovoltaic converter
[6, 7]. According to Ref. [6] these methods lead
to an increase in the efficiency of solar energy
conversion due to an increase in open circuit
voltage and short circuit current.

The experimental samples studied in this work
are similar to the CdS/por-Si/p-Si heterostructure
investigated in Ref. [8] where it was shown the
largest contribution to the photocurrent to make
by charge carriers absorbed in p-Si. In addition,
the SCR of the studied heterostructure was almost
completely concentrated in the surface region of the
p-Si heterojunction of the por-Si/p-Si. Thus, the
base region of the CdS/por-Si/p-Si heterostructure
is located in the near-surface p-Si layer close to the
por-Si/p-Si heterojunction. The charge carriers
generated by light are separated by the electric field
of the por-Si/p-Si heterojunction |[8].

The high-frequency capacitance — voltage
(C — V) characteristics of por-Si/p-Si structures
were studied, and in this case the por-Si film was
formed by anodic electrochemical etching at
various values of the etching duration 7 and the
anode current density J, [9, 10]. It was found that
with an increase in J, and 7, in silicon, a depleted
dopant region was formed near the por-Si/Si
heterojunction.

In this paper, the influence of the distribution
profile of the acceptor dopant concentration
on the solar energy conversion efficiency for
the absorbing p-Si layer of the CdS/por-Si/p-Si
heterostructure has been investigated.

In order to control this distribution profile, a
por-Si film of the samples under investigation was
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Table
Information on the experimental samples
NO. Jet’ tet.’ oc’ sc? FE . n’ ]vt’
mA/cm? min mV mA/cm? arb.unit. % cm™3
1 10 12 365 12.1 0.6 34 4.2:10%
2 18 10 487 16.5 0.7 5.7 9.7-101
3 30 7 475 14.2 0.7 4.6 2.0-10"
4 45 5 270 9.6 0.6 1.6 2.3-10%

Symbols:J, isthe anode current density, 7 is the etching duration,

U, is the open circuit voltage, J_is the short-circuit current density,

FF is the filling factor of the current-voltage characteristic, n is the efficiency,

N, is the concentration of traps.

formed at different values of the etching duration
¢ and the anode current density J, .

The technology of manufacturing
experimental samples

Forthe preparation of experimental CdS/por-
Si/p-Si samples the p-type single-crystal silicon
wafers with a specific resistance of 1 Ohm-cm
doped with boron and a surface orientation
of (100) were used. The concentration of the
doping acceptor impurity in the silicon wafers
was 1.5:10'° cm~3. The por-Si film was made by
the technique of anodic electrochemical etching
in the galvanostatic mode. An electrolyte
consisting of HF and C,H,OH in a ratio of
1:1 was used. Several samples were made with
different values of J/ and 7, (see Table). The time
¢, values for the samples were chosen so that
the por-Si film thickness at different J, values
was approximately the same. After the por-Si
film was grown, the surface of the samples was
etched in an aqueous HF solution (10 %) for 10
min. The por-Si film thickness for all samples
was 2.2 £ 0.3 uym.

A CdS film was formed on the surface of a
por-Si layer by the method of chemical bath
deposition (from aqueous solutions). A CdCl,
solution with a concentration of 0.44 M was
used as a source of cadmium ions. An N,H,CS
(thiourea) solution with a concentration of 0.22 M
was used as a source of sulfur ions. A concentrated
aqueous NH,OH (ammonia) solution was used as
a complexing agent. At first, an ammonia solution
was added to the CdCl, one until the precipitate

completely dissolved, then the same volume of
an aqueous thiourea solution was added to the
resulting solution. The temperature of the solution
was brought to 90° C, substrates with a por-Si film
were immersed in it, and a CdS film was grown
for 20 min. The CdS layer on the back side of p-Si
was completely etched with a 30% HCI solution.
Samples were washed with distilled water and
dried in the oven. For all samples, the CdS film
thickness was 1.8 £ 0.2 um.

For electrical measurements, ohmic contacts
were formed on opposite surfaces of the sample to
the p-Si substrate and the CdS film by soldering
indium.

The used investigation technique

In order to study the distribution profile
of the dopant concentration in the base
region of the structure given above, the C — V'
characteristics were measured at a frequency
of 1 MHz at a reverse bias. The reverse bias
corresponds to the application of a positive
value of the constant bias voltage U to the
contact on the CdS surface and negative U to
the contact on the p-Si. The measurements of
the samples were carried out using an E7-20
digital immitance meter (MNIPI, Belarus) at a
temperature of 300 K. It is known that the high-
frequency C — V characteristic C(U) measured
at reverse bias reflects the dependence of the
capacitance barrier component on the applied
voltage and allows one to determine the
impurity concentration in the base region of
the studied semiconductor structure:
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N, =2 _[dC(U)‘j’ 0

qee,S’ du

where ¢ is the electron charge, ¢ is the dielectric
constant of the semiconductor material of
the base region of the studied heterostructure
(silicon), g is the vacuum dielectric constant, §
is the sample area [7].

The value of the x coordinate is calculated by
the formula [7]:

_egyS
cw)y

2

The combined use of formulas (1) and (2)
allows us to calculate the distribution profile
of the concentration of the dopant N,(x) in the
base region of the investigated semiconductor
structure.

The calculation of the distribution profile
of the electric field in the SCR of the studied
samples was carried out as follows [7]:

E(x) =N, () (x- ).

€)

where W is the width of the SCR.

The main characteristics of solar photovoltaic
converters with heterojunctions are significantly
affected by surface states, and also traps with
energy levels located in the bulk of the base
region [6]. In order to obtain information about
traps, we studied the C — V hysteresis measured
at a frequency of 1 MHz in the region of reverse
biases.

Despite the fact that at high frequencies the
charge in traps with deep energy levels does
not have time to follow the measuring signal,
it affects the value of W and the value of the
high-frequency capacitance [11]. To evaluate
the influence of traps, one can compare the
C — V characteristic, measured with the forward
bias of a constant bias voltage from 0 to a certain
limiting value U (C, (U)), and measured with
a reverse scan from U to 0 (C (U)). In the
absence of traps, the C (U) and Cam(U) curves
should coincide completely In the presence of
traps a hysteresis phenomenon is observed —
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the C (U), and C, (U) curves differ [12]. Thus,
by analyzing the width of the hysteresis band
formed by the C, (U) and C, (U) curves, we can
obtain information about traps in the SCR.

The value of the barrier capacitance is
determined by the ratio of the charge increment
in the SCR to the magnitude of the voltage
change [7]:

_do
dU’
Hence, the charge Q concentrated in the

SCR, when the constant bias voltage changes
from U, to U, can be expressed as follows:

“4)

0= fc(U dU (5)

On the other hand, the charge Q is determined

by the volume concentrations of the dopant N,
and of the traps NV, as well as the SCR thickness W
Q=q(N,+N,)Ws. (6)

Given the hysteresis of the C — V curves and

using Egs. (5) and (6), for the concentration of
traps we can write the following expression:

thSH C,, (U)du, ()

where U is the limiting value of the constant bias
voltage to which the constant bias voltage U is
scanned.

To evaluate the efficiency of solar energy
conversion by CdS/por-Si/p-Si samples, we
measured the open circuit voltage U, short-circuit
current density J_, filling factor of the current —
voltage characteristic FF and efficiency n under
illumination under AM1.5.

Experimental results

Capacitance — voltage characteristics of the
samples under study, measured in the region of
reverse biases, are shown in Fig. 1 in the form
of the dependence (C/S)~? = A(U). For sample
No. 1, the graph in Fig. 1 is close to a straight
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Fig. 1. Capacitance — voltage characteristics of samples No. 1 (o), No. 2 (0), No. 3 (o), No. 4 (A),
measured at a frequency of 1 MHz with reverse bias; .S is the sample area

N,, 10" cm®
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1.0

0.5

0 0.2
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Fig. 2. Distribution profiles of the concentration of acceptor impurities in the
base region of samples No. 1 (o), No. 2 (¢), No. 3 (o), No. 4 (A)

line. For samples No. 2 — No. 4, the dependence
(C/8)~2=f(U) noticeably deviates from the linear
one, which indicates the presence of an impurity
concentration gradient in the base region (see
Fig. 1).

The profiles of the distribution dopant
concentration N,(x) in the surface layer of the
base region of the samples under study, calculated
by Egs. (1) and (2), are shown in Fig. 2. For
sample No.I, the N, value varies slightly with
the x coordinate and is close to the acceptor
impurity concentration (1.5-10' cm™?) in silicon
wafers used as a substrate for the manufacture
of the samples. For sample No. 2, the value N,
increases linearly with increasing x to a value
close to 1.5-10' cm~. Samples No. 3 and No. 4

are characterized by a more complex dependence
N,(x). Thus, for samples No. 2 — No. 4 an
acceptor impurity is depleted in the surface layer
of the base region directly adjacent to the por-Si/
p-Si heterojunction. With an increase in x the
value of N, tends to a value close to 1.5-10'° cm .

The electric field distribution profile E(x)
for the studied samples calculated by Eq. (3) is
presented in Fig. 3. Sample No. 1 exhibits a linear
dependence E(x) with a sharp heterojunction. The
maximum value of E for samples No. 1 — No. 3
practically coincides. The region width bounded
by the dependence E(x) is maximum value for
sample No. 2.

In order to estimate the traps concentration
N, the C — V characteristics of the samples were
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Fig. 3. The distribution profiles of the electric field in the base region
of samples No. 1 (o), No. 2 (¢), No. 3 (o), No. 4 (A)
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Fig. 4. Capacitance — voltage characteristics of sample No. 2 for a forward sweep
of a constant bias voltage (solid line) and reverse (dashed line)

measured at direct C, (U) and reverse C, (U) scans
of a constant bias voltage Uin the range 0 — 4 V. For
all the samples studied the behavior of the C, (V)
and C (U) is almost identical. The curves C, (U)
and C (V) for sample No. 2 are shown in Fig. 4.
The C, (U) and C, (U) curves noticeably differ in
the range of U values from 0 to 2 V; for U> 2 V this
difference practically disappears (see Fig. 4). This
behavior of the curves in Fig. 4 can be explained by
a more noticeable effect on the barrier capacitance
of traps localized at the por-Si/p-Si heterojunction
(surface states) as compared to traps located in the
bulk of the base region of the samples.
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The values of U , J_, FF and n, characterizing
the efficiency of solar energy conversion of the
studied samples, are presented in Table. The
highest efficiency of solar energy conversion is
characterized by sample No. 2; sample No. 3 is
close to it; sample No. 4 has the lowest conversion
efficiency compared to samples No. 1 — No. 3 (see
Table).

Discussion of the experimental results

The efficiency of a solar photovoltaic converter
with a heterojunction is significantly affected by
surface states and traps located in the volume of
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Fig. 5. The band diagram of the CdS/por-Si/p-Si heterostructure at U= 0V (a)
and for some value of reverse bias U (b); see explanations in the text

the absorbing region [6]. However, it is impossible
to draw an unambiguous conclusion about
the effect of the concentration N, on the solar
energy conversion efficiency of experimental
samples from the Table. So, sample No. 4
has significantly lower values of U , J , and n
compared to sample No. 3. Moreover, for these
samples the value of N, changes slightly. Sample
No. 2, characterized by the highest conversion
efficiency n, has an N, value close to samples
No. 3 and No. 4. At the same time sample No. 1
which occupies an intermediate place between
samples No. 3 and No. 4 in terms of conversion
efficiency n, is characterized by the lowest N
value of all the samples studied. Moreover, the N,
value of sample No. 1, is significantly less than for
the remaining samples. Thus, the value of N, does
not have a decisive influence on the parameters
characterizing the conversion efficiency of the
studied samples.

An analysis of the hysteresis for the C — V
characteristics (see Fig. 4) shows that the
capacitance decreases upon reverse sweep U. In
Ref. [11] the decrease in the SCR capacitance
was explained by the emptying of the traps of
minority charge carriers. This situation can be
illustrated by zone diagrams in Fig. 5.

The SCR of a width W is almost completely
concentrated in the surface p-Silayer near the por-
Si/p-Si heterojunction. At this heterojunction,
surface states characterized by energy levels of
E_are localized, and traps with energy levels of
E can also be contained in the bulk of the p-Si
base region (see Fig. 5). It was shown [8], that the
current flow mechanisms in the studied CdS/por-
Si/p-Si heterostructure are determined by the

traps with activation energies occupying a wide
range of values. For the purpose of simplification,
only one volumetric energy level E, is shown in
Fig. 5. At U=0V (see Fig. 5,a), the band bending
in the p-Si region is determined by the value of
the diffusion potential V. In this case the energy
levels of the E and E_ traps located within the
SCR of the por-Si/p-Si heterojunction are filled
with charge carriers if they are below the Fermi
level E£_and emptied if they are above E_.

In the reverse bias (see Fig. 5,b), the band
bending in the SCR increases by the value of
the applied voltage U, the energy levels of the
traps below E_ are filling with carriers. Upon
subsequent change in the scanning direction U
to 0 V the bending of the zones decreases, and
a transition to the conditions shown in Fig. 5.a
takes place. This is accompanied by the depletion
of the energy levels of the E, and E_ traps.
Moreover, the dominant contribution to the
relaxation process is made by the energy levels of
minority carrier traps in the p-Si layer.

The most probable cause of the observed
differences in the efficiency parameters of the
studied samples (see Table) may be the difference
in the character of the dependence E(x) in
the SCR of the base region of the por-Si/p-Si
heterojunction (see Fig. 3). In turn, the form
of the dependence E(x) is determined by the
distribution dopant concentration profile N,(x)
(see Fig. 2). Referring to Figs. 2 and 3, depletion
of the p-Si surface region by an acceptor impurity
for samples No. 2 and No. 3 leads to a noticeable
extension of the E(x) curves towards an increase
in x as compared to that of sample No. 1, for
which the N, value weakly depends on x within
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the SCR. Moreover, the efficiencies of samples
No. 2 and 3 are significantly higher as compared
to that of sample No. 1. The near-surface layer of
the p-Si region of sample No. 4 is more depleted
in acceptor impurity than those of samples No. 1
— No. 3 (see Fig. 2). As a result, the electric field
inside the SCR is noticeably lower for sample
No. 4 than those for the remaining samples
(see Fig. 3). Sample No. 4 exhibits the lowest
conversion efficiency of solar energy as compared
to those for the rest of the studied samples.

Thus, an increase in the conversion efficiency
of solar energy of the studied samples can be
explained by an increase in the penetration depth
of a strong electric field into the base region.
The charge carriers generated by the light inside
this region are carried away by the electric field
before they have time to recombine through the
participation of traps. Thus, the depletion of the
doping impurity in the near-surface p-Si layer
which is in the immediate vicinity of the por-Si/
p-Si heterojunction, is an aid to the expansion
of the region in which the strongest electric field
is concentrated. At the same time an increase in
the depletion of the base region with an alloying
impurity observed for sample No. 4 leads to a
decrease in the electric field strength (see Fig. 3)
and a decrease in the efficiency of solar energy
conversion (see Table).

The depletion of the p-Si surface region occurs
during the formation of a por-Si film. One of the
causes of depletion may be the partial etching
of impurity atoms from the surface of silicon
crystallites during the formation of a porous layer
[13]. Another cause of the depletion may be a
partial compensation of the main dopant by defects,
including those having deep energy levels localized
on the surface of silicon crystallites [9, 13].

Numerous studies have shown that por-Si
films formed on single-crystal silicon substrates
are complexly structured [14 — 16]. The por-Si
film is formed by silicon crystallites separated by
pores. The average crystallite diameter increases

as it moves from the outer surface of the por-Si
film to the single-crystal substrate [16]. Thus, a
clearly defined boundary between the porous film
and the single crystal substrate may be absent.
As a result, the por-Si/p-Si heterojunctions of
the samples studied in this work can be located
inside the largest silicon crystallites in the lower
region of the por-Si film. The states localized on
the crystallite surface can contribute to partial
compensation of the acceptor dopant in the
surface layer of the base region of the samples
under study.

Summary

The relationship between the distribution profile
of the dopant acceptor impurity in the base region
of the CdS/por-Si/p-Si heterostructure and the
solar energy conversion efficiency parameters has
been established. It was shown that the conversion
efficiency depends on the degree of depletion of
the p-Si surface layer doping with an acceptor
impurity located in the immediate vicinity of the
por-Si/p-Si heterojunction. The formation of
this depletion region occurs as a result of a por-Si
film growing. By changing the main parameters
of the por-Si growth process (¢, and J ) one can
control the impurity distribution profile and
the efficiency of solar energy conversion. Thus,
in order to increase its efficiency, one of the
directions of optimizing the technology of the
solar photovoltaic converter based on the CdS/
por-Si/p-Si heterostructure is the selection of 7,
and J, parameters for por-Si film growing. An
important advantage is a forming of the depleted
region not requiring a separate technological
operation. The concentration distribution profile
is formed in the process of growing the por-Si layer.
In production conditions this will reduce the cost
of manufacturing a photovoltaic converter.

The obtained data can be useful in the
development of solar photovoltaic converters and
optical sensors based on the CdS/por-Si/p-Si
heterostructure.
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