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Abstract

ITO–SiOx–nSi semiconductor–insulator–semiconductor (SIS) structures have been produced with a simple spraying technique. It is
shown that the structures obtained in such a way may be considered as an induced p–n diode, in which the polycrystalline tin–doped
indium oxide (ITO) layer spray deposited on the preliminary treated silicon surface leads to an inversion p-layer at the interface. Solar
cells with an active area of 1–4 cm2 have been fabricated based on ITO–SiOx–nSi structures and studied. Under AM0 illumination con-
ditions, the efficiency is nearly 11%, whereas it exceeds 12% for AM1.5 illumination conditions. The theoretical analysis provided in this
work shows a good agreement with experimental results and allows for predicting the efficiency of the cells depending on the silicon elec-
tro-physical properties.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

For several years a new class of photovoltaic devices,
namely the semiconductor–insulator–semiconductor (SIS)
solar cells, has emerged [1–5]. The top layer of these diodes
is fabricated with a compound indium–tin oxide (ITO).
The ITO film can also operate as a metal in structures
metal–insulator–semiconductor (MIS), since this is a trans-
parent wide bandgap semiconductor. From the fabrication
point of view, such SIS structure is probably the simplest
one, because a minimum of fabrication steps are required,
and it is compatible with any semiconductor. This is partic-
ularly important when polycrystalline semiconductors are
used, since it avoids the problem of diffusion of impurities
along the grain boundaries during the fabrication. These
features make SIS solar cells very promising for large scale
terrestrial applications.
0022-3093/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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The basic purpose of this article is to present results
obtained experimentally for ITO–SiOx–nSi solar cells, to
compare the properties of these cells with other published
results, and to discuss the possible features of these struc-
tures based on the provided theoretical analysis.
2. Fabrication, measurements, and modeling of the solar cells

The spray pyrolysis technique was employed for the
deposition of the thin ITO films on the surface of a
10 X cm n-type silicon substrate that previously was chem-
ically treated. The precursor alcoholic solution contains
metallic salts of indium and tin in the form of InCl3 and
SnCl4, respectively. Various doping concentrations of tin
were obtained by varying the atomic percentage of SnCl4
in the precursor solution. The Sn/In ratio in the solution
near 5 at.%, and a substrate temperature of 480 �C were
found to be the optimal for obtaining a film with the min-
imal surface resistance and maximal transparency (�85%)
in the ultraviolet-near infrared spectral range. The metallic
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Fig. 1. Energy-band diagram of the ITO–SiOx–nSi surface-barrier struc-
ture in equilibrium.

Fig. 2. Two possible models shown in coordinates of the resistivity of the
substrate vs. the barrier height.
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salt solution decomposes pyrolitically to oxide films when
sprayed onto the hot substrate.

The 80 nm thick films with a sheet resistance of 30 X/h
were deposited on both type of substrates, silicon to form
solar cells and sapphire to control the transparency of the
films. Additional details regarding the deposition of the
films can be found in [6]. The structure of the spray depos-
ited ITO film is polycrystalline with a columnar orientation
of grains in the (10 0) direction. The ITO films have the
properties of a wide-gap (an optical energy gap Eopt

g ¼
3:7 eV) degenerated n-type semiconductor with a carrier
concentration of about 1021 cm�3, and thus with the Fermi
level (Ef) lying inside the conduction band (Ec) giving place
to the Burstein–Moss effect (DEBM � 0.6 eV).

Before the deposition of the ITO film, the silicon wafer
was cleaned by an HF dip. Deposition of the ITO film on
the cleaned silicon surface leads to the formation of a Scho-
ttky contact with a high value of the dark current that lim-
its the cell efficiency. In order to increase the efficiency, the
surface potential needs to be increased too. This is possible
if at the n-type silicon surface an insulator layer with a neg-
ative charge exist. Of course, this insulator needs to be very
thin to allow the exchange of carriers between the silicon
and the indium oxide film. For this purpose, an ultra thin
(�15–17 Å thick) SiOx layer was grown on the Si surface
by immersing the wafer in a hot hydrogen peroxide solu-
tion during 10 min. Due to the joint action of the HO�2 neg-
ative charged ions incorporated in the SiOx film [7] and a
significant difference in work functions between the spray
deposited ITO film and the silicon substrate, a potential
barrier /b � 0.9 V occurs at Si–SiOx interface; this was
determined experimentally from I–V and C–V measure-
ments. The question is what physical model describes such
structure with a so high potential barrier? Two models
could be possible: a Schottky barrier structure and an
inversion p–n junction. These models are very different
from the point of view of the minority carrier concentra-
tion ps(x = 0) near the silicon surface. The first model
requires that ps(x = 0)� Nd, where Nd is the donor con-
centration in the silicon substrate. In contrast, the second
model is valid for either ps P Nd or in strong inversion con-
ditions of the silicon surface. For this case, the energy-band
diagram of the structure in equilibrium is that shown in
Fig. 1. The condition of strong inversion [8] requires that

qus P 2ðEF � EiÞ; ð1Þ

with

EF � Ei ¼ kT lnðNd=niÞ; ð2Þ

and us is the surface potential at the Si/SiOx interface, q is
elementary charge, k is the Boltzmann constant, T is the
temperature, ni is the intrinsic carrier concentration and
Nd is the donor concentration in the silicon substrate.

On the other hand,

qus ¼ qub � ðEC � EFÞ; ð3Þ
EC � EF ¼ kT lnðNC=N dÞ; ð4Þ
where NC is the effective density of states in the conduction
band.

Combining Eqs. (1)–(4), it is possible to obtain the con-
dition for the barrier height at the Si/SiOx interface for a
strong inversion of the conductivity type

ub P kT=q lnðNdN C=n2
i Þ: ð5Þ

For Schottky barrier structures, ub needs to be significantly
lower than kT=q lnðNdN C=n2

i Þ. This situation is shown in
Fig. 2, where the two possible models are shown in coordi-
nates of a resistivity of the substrate vs. the barrier height.
The two shaded areas are related to the two possible mod-
els using the well known theory. For instance, if the barrier
height is 0.7 V, a horizontal line with this barrier height
takes two intercepts: one with the border of the area that
is related to a Schottky barrier model, and the other one
with the border of the area that is valid for the p–n inver-
sion model. One can see, for a substrate resistivity from
10�1 to 10 X cm, the structure with this value of the barrier
operates as a Schottky barrier. However, above 104 X cm it
could be considered as a n inversion p+–n structure. With
the potential height of 0.9 V achieved in this work (for
10 X cm silicon substrates treated with the hydrogen perox-
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ide solution by 10 min), the structures may be considered
uniquely as a symmetrical p–n (ps = Nd) or as an asymmet-
rical p+–n junctions (ps P 10Nd) for a range of substrate
resistivity from 0.3 to 104 X cm. We will use this fact for
the theoretical analysis of our structure.

When the intermediate SiOx layer is sufficiently ‘trans-
parent’ for the carriers, the tunneling current through this
layer provides an Ohmic contact between the ITO film
and the surface-induced p+-Si layer.

A Cr/Ni film was deposited at the bottom of the silicon
substrate, where previously an n++ layer was fabricated by
diffusion of phosphorus from an organic film deposited
using the spin-off technique. A Cr/Cu/Ni film, in the form
of grid, was deposited on the ITO surface as a collector
contact. After the fabrication, the parameters of the solar
cells with an area of 1–4 cm2 were measured under AM0
(136 mW/cm2) illumination.

3. Experimental results

In an earlier report [9] we showed experimental evi-
dences that ITO–SiOx–nSi structures, fabricated on silicon
substrates with a resistivity above 1 X cm and presenting a
0.8–0.9 eV potential barrier at the silicon interface, should
be considered as a minority carrier device (like p/n junc-
tions), with diffusion limited dark current when the oxide
layer is sufficiently thin that tunneling does not limit the
dark current. The validity of our conclusions is in agree-
ment with other published works [10,11], in which SIS
(or MIS) solar cells with an inversion layer have been
investigated.

Fig. 3 shows the experimentally obtained dependence of
the short-circuit current density (Jsc) on the open-circuit
voltage (Voc) for the solar cell with an area of 1 cm2, which
was fabricated by the technique described above. The Jsc–
Fig. 3. Dependence of the short-circuit current density (Jsc) on the open-
circuit voltage (Voc).
Voc dependence gives us similar information to that from
the dark J–V characteristics, but allows for eliminating
the influence of the serial resistance at a higher current.
The light intensity was the variable parameter for such
measurement, and each value of Jsc and Voc was obtained
at some fixed light intensity. An inspection of the charac-
teristics shows that two operating regions can be identified:
one at a low voltage with slope c > 2, and one at a higher
voltage with slope c � 1. The characteristics at low voltage
can be explained due to carriers’ recombination in defect
centers in the depletion region as well as due to a leakage
through surface channels. The influence of the depletion
region recombination current on the conversion efficiency
of a Si p–n junction working under normal illumination
(AM0 or AM1.5) is usually negligible. The same applies
to other defect currents. For solar cell applications, the sec-
ond region of the I–V characteristics at higher voltage cor-
responding to the diffusion current is important. The
extrapolation of this part of the I–V characteristic to zero
voltage (�10�11 A/cm2 for Fig. 3) gives the saturation dark
current density and determines the open-circuit voltage of
the solar cell.

Fig. 4 presents the I–V characteristics of the solar cells
obtained under AM0 illumination. The solar cells were fab-
ricated with different treatment times in a hot solution of
H2O2. One can see that the duration of this treatment influ-
ences drastically the I–V characteristics under illumination.
Without treatment, the solar cell is based on the Schottky
barrier structure, in which the band-bending at the silicon
surface is not enough for obtaining a carrier inversion of
the silicon substrate. For 10 min of treatment in H2O2,
the band-bending at the silicon interface is so high that
an inversion p+-layer is formed and the structure now oper-
ates as a standard p+–n junction. Subsequent continuation
of the treatment in a hot hydrogen peroxide solution leads
to a decreasing conversion efficiency of the solar cells, this
is due to the formation of a thicker SiOx layer that intro-
duces an additional series resistance and reduces suffi-
ciently the fill factor of the solar cell.
Fig. 4. I–V curves obtained experimentally for the ITO–SiO2–nSi cells
under illumination and for different treatment times in the hot H2O2

(minutes): a, 0; b, 2.5; c, 5; d, 10.
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We also used a tungsten lamp with a water filter as the
light source in order to measure the characteristics of the
solar cells in conditions similar to the atmospheric mass 2
(AM2, 75 mW/cm2). A small fan prevented the cell from
heating.

The best conversion efficiency obtained for the solar
cells with 10 min treatment in the hydrogen peroxide solu-
tion is 12.2%. Due to the vicinity of this spectral distribu-
tion to the irradiation from the Sun at atmospheric mass
2 and 1.5, one can expect nearly the same efficiency of
the ITO–SiOx–nSi solar cells under AM1.5 illumination
conditions. Results obtained experimentally are compared
with theoretical calculations in the next part of the article.
Fig. 5. Spectral reflectance R(k) from the ITO/Si solar cell and respon-
sivity S(k) of the cells as a function of calculated the diffusion length Lp.
4. Theoretical efficiency of ITO–SiOx–nSi solar cells

Besides comparing the experimental with theoretical
results, in this part of the manuscript we predict the
ITO–SiOx–nSi solar cells properties as a function of the sil-
icon substrate parameters (resistivity and diffusion length
of minority carriers). For all the calculations, the thickness
of the silicon substrate, thickness and sheet resistance of
the ITO film were taken as d = 500 lm, t = 80 nm and
30 X/h, respectively. We considered the case when the dif-
fusion length of minority carriers is shorter than the thick-
ness of the silicon substrate and assumed that the carrier
recombination rate on the back contact of the silicon sub-
strate is infinite.

In order to calculate the theoretical parameters of the
solar cells we assumed also that the equation for the J–V

characteristic of these cells is [8]

ln
J þ J sc

J 0

� V � JRs

J 0Rsh

þ 1

� �
¼ q

ckT
ðV � JRsÞ; ð6Þ

where J is the current density, J0 the saturation dark cur-
rent density, Jsc is the short-circuit current density, V is
output voltage of the solar cell, Rs and Rsh are the series
and shunt resistances (X cm2) of the solar cell, and c is
the ‘ideality’ factor of the cell. In our calculations, c = 1
according to the experimental results shown in Fig. 3.

The calculation of the integral density for the photocur-
rent, based on the spectral distribution of the incident solar
radiation, and the parameters of silicon (absorption coeffi-
cient a(k), diffusion length of minority carriers Lp, and
thickness of the silicon substrate d) is based on the next
equation [12]

J sc ¼ q
Z k2

k1

ð1� RÞkF k
aLp

a2L2
p � 1

e�aW

 !(

� aLp �
cosh d

Lp

� �
� e�ad

sinh d
Lp

� �
0
@

1
Ai

þ 1� RÞkF kð1� e�aW Þ
 )

dk; ð7Þ
where q is the electron charge, W is the depletion width in
the silicon substrate and R(k) is the spectral reflectance
from the ITO/Si interface [13]

RðkÞ¼ ðg
2
1þh2

1Þe2a1 þðg2
2þh2

2Þe�2a1 þAcosð2c1ÞþBsinð2c1Þ
e2a1 þðg2

1þh2
1Þðg2

2þh2
2Þe�2a1 þC cosð2c1ÞþDsinð2c1Þ

;

ð8Þ

g1 ¼
1� n2 � k2

ð1þ nÞ2 þ k2
g2 ¼

n2 � n2
1 þ k2 � k2

1

ðnþ n1Þ2 þ ðk þ k1Þ2
;

h1 ¼
2k

ð1þ nÞ2 þ k2
h2 ¼

2ðnk1 � n1kÞ
ðnþ n1Þ2 þ ðk þ k1Þ2

;

a1 ¼
2pkt
k

c1 ¼
2pnt

k
;

A ¼ 2ðg1g2 þ h1h2Þ B ¼ ðg1h2 � g2h1Þ;
C ¼ 2ðg1g2 � h1h2Þ D ¼ ðg1h2 þ g2h1Þ;

where n, n1 and k, k1 are the refractive index and the extinc-
tion coefficient of the ITO film and Si at a given wavelength
k, respectively, t is the thickness of the ITO film.

The spectral distribution Fk of the solar radiation related
the AM0 (136 mW/cm2) and AM1.5 (100 mW/cm2) condi-
tions have been used in the calculations according to the
2000 ASTME-490-00 and ASTM G-173-03 standards,
respectively. The optical constants of the ITO film and Si
were used from Filmetrics Inc. [14].

The calculated spectral reflectance R(k) of the ITO/Si
and the responsivity S(k) of the solar cells as a function
of the diffusion length Lp are shown in Fig. 5. The higher
photo response in the near infra-red spectral region is a
consequence of a higher value of Lp.

One can also see the perfect anti-reflecting properties of
the conducting ITO film deposited on the silicon surface.

Fig. 6 shows the dependence of the short-circuit current
density Jsc calculated according to Eq. (7) under AM0 and
AM1.5 conditions.

The values of the open-circuit voltage under AM0 and
AM1 conditions were calculated according to the equation



Fig. 6. Dependence of the short-circuit current density Jsc calculated
according to Eq. (7) under both AM0 and AM1.5 conditions.
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V oc ¼
ckT

q
ln

J sc

J 0

þ 1

� �
; ð9Þ
where the density of the saturation dark current J0 is calcu-
lated from the equation

J 0 ¼ qn2
i

Dp

NdLp

coth
d
Lp

: ð10Þ
Here ni and Nd are the intrinsic and donor carrier concen-
trations in the silicon substrate, respectively, and Dp is the
diffusion coefficient for holes. From Eq. (10) the value of J0

decreases with the resistivity q of the silicon substrate. The
calculated dependence for the open-circuit voltage on the
value of the resistivity of the Si substrate is shown in Fig. 7.

In order to calculate the I–V characteristics of the solar
cells under illumination we need to take into account the
series and shunt resistances of the cells. As a first approxi-
mation for simplifying (6) we assumed that Rsh =1. Then,
a series resistor Rs for a square cell with a side l can be cal-
culated as [15]
Fig. 7. Calculated dependence of the open-circuit voltage on the resistivity
q of the Si substrate.
Rs ¼ qSi

dSi

A
þ bþ a

l
RITO

s dITO

8l
þ RMCl

2a

� �
; ð11Þ

where qSi, RITO
s , RMC are the resistivity of the silicon sub-

strate, and the sheet resistances of the ITO film and the
metallic contact, respectively; dSi and A are the thickness
and area of the silicon substrate; a is the width of a multiple
strip line metallic contact, and b is the distance between
neighboring contacts. The calculated series resistance for
the cell with an area of 1 cm2, l = 1 cm, qSi = 10 X cm,
RITO

s ¼ 30 X=�, RMC = 0.017 X/h, dSi = 0.05 cm, dITO =
80 nm, a = 0.01 cm, and b = 0.25 cm is 0.96 X. An
additional series resistance is introduced by the thin inter-
mediate SiOx layer. The value of this resistance was
determined by investigating the I–V characteristics of a me-
tal–insulator–heavy doped silicon structure. These charac-
teristics, for structures with an insulator obtained for the
sample with 10 min treatment of the substrate immersed
in hot H2O2 are ohmic, and the additional resistance was
found to be 0.84 X. Thus, the total series resistance of the
cell with an area of 1 cm2 is 1.8 X. Fig. 8 shows the exper-
imental I–V characteristics of the solar cell with an area of
1 cm2 fabricated on 10 X cm silicon (dots and dashed lines)
under AM0 illumination conditions. In the same figure, the
calculated characteristic obtained with Eq. (6) is also
shown. At the first step, this characteristic was calculated
with Jsc = 40 mA/cm2, Rs = 1.8 X, and Rsh =1. Then,
in order to obtain a best fitting with the experimental re-
sults, the calculated characteristic was corrected using
Rsh = 300 X. One can see an excellent coincidence between
the experimental and calculated characteristics and the
parameters of the cell (fill factor F.F. and conversion effi-
ciency g). In Fig. 8 the calculated characteristic under the
AM1.5 illumination conditions is also shown. At these con-
ditions, the value of F.F. and g are very close to the exper-
imental parameters obtained under the AM2 illumination
Fig. 8. Experimentally obtained I–V characteristics of the solar cell with
an area of 1 cm2 fabricated on 10 X cm silicon (dots and dashed line)
under AM0 illuminated conditions. The calculated characteristic under
AM1.5 illumination conditions is also shown.



Fig. 9. Calculated parameters of the ITO–SiOx–nSi solar cells for different
resistivity of the silicon substrate, and under AM1.5 illumination
conditions. The diffusion length increases in the direction shown by the
arrow, and has values of 100, 200, 300, and 400 lm; Rs is a series resistance
of the solar cell.
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conditions that are 0.69% and 12.2%, respectively. The cal-
culations show that the conversion efficiency of the ITO–
SiOx–nSi solar cells can be improved by using silicon with
a lower resistivity. Under the AM1.5 conditions, the calcu-
lated dependences of the series resistance, fill factor, and
efficiency on the resistivity of the silicon substrate are
shown in Fig. 9. Solar cells fabricated on the silicon sub-
strate with a resistivity of 1 X cm and a diffusion length
of Lp = 200 lm may possess an efficiency of 14%. A further
reduction of the resistivity of the silicon substrate for the
experimental potential barrier at the ITO/Si interface
(0.9 eV) is not possible to achieve for structures with a p–
n inversion layer or minority carrier devices. Such struc-
tures are majority carrier devices, and theirs properties
are described by the theory of Schottky barriers. In such
cases, one can expect a lower efficiency as that reported
in [5], and which was due to a higher saturation current.
This is a limitation of ITO–SiOx–nSi solar cells in compar-
ison with standard p+–n cells, in which a higher efficiency
may be obtained by using the substrate with a lower resis-
tivity (down to 0.1 X cm). Nevertheless, in contrast to the
technique used in this work, the fabrication processes to
obtain such solar cells are more laborious and expensive.

5. Conclusions

ITO–SiOx–nSi solar cells have been produced using the
spraying technique. The transparent and conductive tin-
doped indium oxide films were made using a very simple,
cheap, and fast method. The cells obtained in such a way
may be considered as structures with an inversion p+–n
junction in contrast to the Schottky barrier structures
reported in [5]. Under the AM0 and AM2 illumination
conditions, the efficiency is 10.8% and 12.2%, respectively.
Our results presented an improved efficiency in compari-
son to those published in [1–4], where the reported con-
version efficiency was 10–11%. Our calculations based
on a p+–n model show an excellent coincidence between
the theoretical and the experimental results. It was shown
that using 1 X cm silicon substrates is a promising alterna-
tive for obtaining solar cells with a 14% efficiency under
AM1.5 illumination conditions. This result is in good
agreement with the theoretical calculation of the efficiency
for semiconductor–insulator–semiconductor solar cells
reported in [10,11]. Using substrates with a lower resistiv-
ity leads to the reduction of the conversion efficiency due
to the formation of Schottky barriers presenting a higher
dark saturation current than that presented by p+–n
structures.

Experimental solar modules based on this ITO–SiOx–
nSi cells, with an input power of 0.5–2 W, tested under
the AM1.5 illumination conditions, and presenting a con-
version efficiency near 11%, will be described in detail in
a separate publication.

Thus, solar cells based on semiconductor–insulator–
semiconductor structures are promising for solar energy
conversion due to their excellent figures of merit and their
relatively low cost.
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