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This work is focused on the results of the development of solar photovoltaic heterostructures which con-
sist of a combination of amorphous silicon carbide (used as emitter), doped crystalline silicon substrate
and deposited thin transparent conductive oxide layer. Two types of transparent conductive oxide lay-
ers: indium tin oxide and indium zinc oxide were prepared for the investigation. The advantages and
benefits of the conductive oxides applied on prepared solar cell structures are described in this paper.
The main contribution of the work is the assessment of the impact of a sputtering current applied at
transparent conductive oxide deposition on the resulting photovoltaic properties. It was found that
all electrical (charge carrier mobility, electrical conductivity, photovoltaic parameters) as well as op-
tical (transmittance) parameters are strongly dependent on the sputtering setup. The analyses were
performed on both, prepared photovoltaic heterostructures and transparent conductive oxide layers de-
posited on the glass using DC and AC measurement and optical techniques. The sputtering conditions
were optimized to get the best photovoltaic behaviour.
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1. Introduction

Energy plays a key role in today’s society. It is
increasingly accepted that renewable energy should
have an important place in the energy sector in fu-
ture. Photovoltaics (PV) plays a considerable role
in the renewable energy mix. Many photovoltaic
materials and structures are currently already com-
mercially available in PV modules [1]. The theoret-
ical efficiency of homojunction solar cells according
to the Shockley–Queisser calculation give a maxi-
mum value of 33.7% at 1.34 eV semiconductor, 38%
for two junction structures (GaInP/GaAs/Ge) and
46% for multijunction structure under concentrated
light. Practically/commercially available solar cells
are gradually approaching these values. In the case
of the actually developed solar cells, the efficiency
obtained in laboratory conditions is, e.g., 13.5% for
organic, 21.6% for perovskite, 12.7% for a-Si/nc-
Si (tandem cell), 26.7% for crystalline silicon and
29.1% for a GaAs solar cell. The highest labora-
tory efficiency of 39.2% was achieved on the six-
junction monolithic structure. The efficiency of the
commercially available cells and modules is lower.

The highest efficiency for a commercially available
solar module is up to date 22.70% [2]. It is possible
to increase these values, e.g., by multijunction ap-
proaches or other technological steps (such as, for
example, reducing an absorption loss) [3].

A constant increase of the PV conversion effi-
ciency of various material structures, while price
and energy consumption during the production pro-
cess should remain stable, is a constant challenge for
researchers from the academic and industry sectors.
One of acceptable solutions is the solar heterojunc-
tion photovoltaic technology (SHJ).

The SHJ technology combines several advantages
such as a simple and low temperature preparation
technology, e.g., in the case of deposition processes
of amorphous silicon (a-Si:H) and its modification
(also doped silicon carbide a-SiC:H) which allows
the preparation of large-area structures. The tech-
nology is environmentally friendly and economi-
cally attractive. Finally, the cells are character-
ized with a higher value of open circuit voltage
(above 700 mV) [4] and a considerably lower tem-
perature coefficient than that of conventional silicon
solar cells.
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The SHJ concept is based on the combination of
conventional photovoltaic material (crystalline sili-
con used as a substrate) while the junction is cre-
ated by the deposition of p or n (depending on
the substrate type) doped amorphous silicon or sil-
icon carbide used as an emitter. Intrinsic a-Si:H
layer is incorporated as a passivation layer. The
back side is usually back surface field (BSF) ad-
justed but not used in our experiment. An equally
important element of this structure is a passivat-
ing contact; in our study it is a thin conduct-
ing oxide film which also performs a function of
a charge carrier collector from the entire solar
cell area [5].

The potential of this technology can be clearly
illustrated with the progress over the last 10 years.
The fill factor was increased from 80% to 85% and
the efficiency from 23% to 26.7% [6, 7]. Despite
these promising outcomes, a number of other chal-
lenges remain for applied research including the
development of configuration of a structure, e.g.,
two-side contacted SHJ solar cells, optimization
of preparation of thin conducting charge collec-
tion layer, preparation of homogeneous amorphous
layer, improvement of the interface between crys-
talline silicon and the amorphous layer, reduction
of series resistance value, etc.

The role of a transparent conductive layer in the
SHJ technology is twofold. In the case of a front
junction (monofacial configuration), it serves as
an effective collector of generated charges which
results in higher short circuit current, lower value
of series resistance, and higher quantum efficiency.
At the same time, its function is also of an antire-
flective and passivation layer for amorphous silicon.
Such a layer should also meet other requirements,
e.g., the adequate refractive index and thickness.
The availability of the low temperature deposition
method (less than 200◦C) is important to avoid the
damage of the amorphous structure [8]. All these re-
quirements including a suitable energy gap (> 3 eV)
and transparency for visible light are fulfilled by
transparent conducting oxide.

TCO are metal oxides. Indium tin oxide (ITO)
is very commonly used. ITO can be tuned to in-
crease its conductivity and improve solar cell per-
formance [9]. Indium tin oxide, fluorine doped tin
oxide (FTO), indium zinc oxide (IZO), Al-doped
zinc oxide (AZO) and indium cadmium oxide are
currently being researched and applied in thin-
film photovoltaics. The mentioned transparent ox-
ides are referred to either as doped oxides or al-
loys [10, 11]. Structures in the form of a polycrys-
talline or amorphous thin film used as a window
layer can be prepared by various techniques, in-
cluding RF or DC magnetron sputtering, chemical
vapour deposition or pulsed laser deposition [12].
Commercial and academic research in this area is
currently focused on further optimization of depo-
sition techniques resulting in better electrical and
optical properties of prepared layers.

The technology optimization can be illustrated
in the process of layer preparation using RF depo-
sition, where the optimal sputtering deposition pa-
rameters, such as the concentration of the gasses
and power of the reactor, are being researched.
Appropriate setting of the deposition parameters re-
sults in a higher short circuit current and fill factor
of the obtained solar heterostructure.

The core of the present work is focused on the
presentation of research results of the preparation
of thin layers of conductive metal oxides and based
on former experimental expertise already presented
in [13]. The results of an optimization of the ITO
and IZO deposition process for SHJ cells are shown
here using electrical and optical techniques.

2. Experimental setup

The photovoltaic samples were heterostructures
of p-type monocrystalline (100) silicon and a-SiC:H
emitter prepared by PECVD. The photovoltaic be-
haviour of “raw” structures was presented in [13].
Further improvement was achieved by adding the
TCO layer. This layer, as mentioned in the intro-
duction, plays a role in an efficient collection com-
ponent of photogenerated carriers which was subse-
quently reflected in the increase of efficiency of thus
modified solar heterojunction structure.

IZO and ITO layers were prepared by RF
(13.56 MHz) magnetron sputtering with varied
sputtering power of 100, 140 and 180 W on SHJ
solar cells and also on glass substrate. The top
grid finger electrode of Al (200 nm thick) as
an ohmic contact was formed using a lift off tech-
nique. The bottom side of samples was fully cov-
ered by Al ohmic contact. More details about the
sample preparation were included in our previous
work [13]. The targets with composition of In2O3-
SnO2 (In2O3/SnO2 90/10 wt%) and with com-
position of In2O3-ZnO (In2O3/ZnO 90/10 wt%)
were used for the preparation of ITO and IZO,
respectively.

The solar cell sample structures were prepared on
1×1 cm2 substrates (Fig. 1). SHJ samples were in-
dicated in the following way: ITO-B, ITO-C and

Fig. 1. Scheme and picture of SHJ sample with
front TCO.
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ITO-D for SHJ with ITO (IZO) layers prepared
by sputtering powers 100, 140, and 180 W, respec-
tively. The ITO-A sample was without any passi-
vating layer. In order to characterize the prepared
samples, optical and electrical measurements were
performed. The transmittance was measured by
Specord 2100. Electrical characterization was by
the Van der Pauw and Hall method at room tem-
perature using Ecopia HMS-5300. The DC current–
voltage measurement was under AM1.5 spectrum
using Keithley 2612 and AC impedance measure-
ments were at frequencies from 100 Hz to 1 MHz
using Agilent LCR 4284A.

3. Experimental results

3.1. Optical characterization
and electrical resistivity

TCO layers deposited on glass underwent the Hall
and optical measurements and analyses. The anal-
ysed spectra of IZO and ITO do not show any signif-
icant difference. The transmittance of both materi-
als in the region below 400 nm is low which is related
to the band gap of about 3.8 eV. The transmittance
of the measured samples is over 80% in the interval
from 450 to 1000 nm, indicating the maximum be-
tween 400 and 500 nm. The sample produced with
the sputtering power Psput = 100 W shows the high-
est value of transmittance. With the increased Psput

the overall transmittance decreases but toward the
infrared wavelengths the transmittance is increas-
ing again. Certainly, high transparency in visible
light spectra is important to get high light gener-
ated current of solar cells with those materials on
their top (Fig. 2).

The Van der Pauw and Hall measurements were
carried out on samples prepared on glass to study
electrical properties of TCO layers. Comparing ITO
and IZO layers, lower variation of resistivity with
Psput is observed for IZO layers. In the case of ITO,
low Psput provides layers with low resistivity which
increases with the increase of Psput. The increase

Fig. 2. Optical transmittance of ITO layers pre-
pared with varied sputtering power Psput.

Fig. 3. Single diode model of solar cell.

of resistivity can be related to the decrease of mo-
bility of carriers in the ITO sample. In general,
the decrease of mobility is caused by the ionized
impurities scattering mechanism which is the main
scattering factor for structures with carrier concen-
tration c > 2 × 1020 cm−3. In the case of IZO,
high c is observed only for the layer prepared with
Psput = 100 mA which results in the lowest mo-
bility of 36 cm2/(V s) for this sample. From the
application point of view, the Psput has a negligi-
ble influence on electrical properties of IZO. In the
case of ITO, however, Psput < 140 W is required to
obtain good electrical properties of the layer [13].

3.2. DC characterization

A generally accepted model, shown in Fig. 3, of
a solar cell, which properly represents its electrical
behaviour, consists of a current source (light gener-
ated current IP ), a parallel diode, shunt resistance,
and series resistance [14]. According to a superpo-
sition principle, the total current in the circuit is
a sum of the current at dark and the current under
illumination.

The output current I is in accordance with the
Shockley diode equation

I = Ip −
V +IRs

Rp
− I0

(
exp

(
V + IRs

nA

)
− 1

)
,

(1)
where I and V are the terminal current and voltage,
Ip is the generated photocurrent, I0 is the junction
reverse current, n is the diode ideality factor and
A is the so-called thermal voltage kBT/q. Here kB
is the Boltzmann constant, T is the temperature
and q is the elementary charge. Five parameters
which characterize the treated solar cell IRp, I0, n,
Rs, and Rp are of main interest. Their values are
obtainable from the measured current–voltage char-
acteristic either in the dark or under illumination.

Currents I0 and Ip are obtainable, e.g., using the
Lambert W -function, short circuit current Isc, open
circuit voltage Voc and the procedure described
in [15]. I0 and Ip obey (2) and (3), respectively

I0 =
Isc + IscRs

Rp
− Voc
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I0
(
exp
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− exp
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Ip =
Voc

Rp
+ I0

(
exp

(
Voc

nA

)
− 1

)
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TABLE I

Basic parameters acquired from the I–V
characteristic.

Specimen
IRp

[10−2 A]
I0

[10−6 A]
n

Rs

[Ω]
Rp

[103 Ω]
ITO-A 1.71 64.6 6.30 3.68 0.54

ITO-B 3.03 0.39 1.77 1.76 1.38

ITO-C 2.85 0.43 1.80 0.91 0.83

ITO-D 2.67 1.74 2.13 1.50 6.93

IZO-D 2.89 3.08 2.12 5.18 35.1

Fig. 4. I–V characteristics of ITO specimens.
Points are measured values, lines are calculated
values.

Fig. 5. Power characteristics of ITO specimens.
Points are measured values, lines are calculated
values.

The remaining three parameters n, Rs and Rp also
result from (2) and (3). We used the Nelder–Mead
type simplex search method and the least squares
method as an optimization process. Finally, the
generated power P = V I which is going through
maximum Pmax and is equal to zero at Isc and Voc

points. The value of fill factor FF = Pmax/VocIsc.
The obtained results at 300 K are shown in Tables I
and II and in Figs. 4 and 5.

TABLE II

Output parameters of the measured specimens.

Specimen
Voc

[V]
Is

[10−2 A]
Pmax

[10−3 W]
FF

ITO-A 0.52 1.67 3.51 0.40

ITO-B 0.51 3.02 9.65 0.62

ITO-C 0.51 2.85 9.62 0.66

ITO-D 0.52 2.66 8.78 0.62

IZO-D 0.49 2.89 6.69 0.46

Better electrical and optical properties of ITO
layers as well as contact properties with a-SiC:H
suggest the ITO layer as a better choice for prepared
SHJ. The best ITO sample provides efficiency up
to 10% while, of course as expected, the worst be-
haviour is shown by the ITO-A sample being with-
out passivation.

3.3. AC characterization

Impedance spectroscopy, in our case, was used as
a complementary technique to DC analyses in order
to obtain a more complex view on electrical trans-
port processes in the structure. The effect of the
reactor power during the deposition of the TCO
layer can be easily recognized looking at the ob-
tained impedance spectra. The subsequently calcu-
lated dynamic parameters such as series and paral-
lel resistances, the constant phase element (CPE)
coefficient, optical and Hall measurements and the
resulting photovoltaic properties obtained from DC
analyses give accurate feedback to optimize technol-
ogy (in our case, the reactor power).

In order to evaluate the obtained impedance data,
a numerical simulation was used to find the best fit
and suitable AC equivalent circuit for the prepared
structures.

The components of the AC circuit in Fig. 6 have
a direct relationship to the electrical transport pro-
cesses in the prepared heterostructure and are re-
lated to the used technology. Resistance R1, which
in the measured impedance diagram (Figs. 7 and 8)
is represented by the distance of the semicircle from
the origin of the coordinate system, is series resis-
tance of the heterostructure.

Series resistance should be as low as possible.
The parallel combination of R2 and C1 is linked to
the space charge region of the p–n heterojunction.
The combination of resistance R3 (recombination
resistance) and constant phase element (CPE) P1

should be associated with traps and defects in the
structure [16–18]. The parameter P1, obtained us-
ing numerical simulations, means in our case the
component of the AC equivalent circuit of solar cell
heterojunction structure.

Electrical impedance of CPE can be expressed as
ZP1

= Y −1
0 (iω)−m. (4)

The measured impedance spectra for selected for-
ward, reverse and zero bias for two samples, ITO-A
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Fig. 6. Proposed AC equivalent circuit.

Fig. 7. AC impedance plots measured in the dark
for prepared ITO-A, ITO-C solar heterostructures.

and ITO-C, are shown in Fig. 7. The advantage
of impedance spectroscopy is that one can immedi-
ately recognize some aspect of the behaviour with-
out any detailed numerical analyses.

The differences between the selected samples, and
hence the effect of reactor power, are already visi-
ble on the measured data diagrams at different bi-
ases (Fig. 7). The diameter of the impedance semi-
circle is larger for the ITO-C sample, which was
based on DC analyses (efficiency, FF and series re-
sistance), evaluated as the best one. The diameter
of the semicircle represents the shunt resistance of
the structure which is infinite in an ideal case. The
measured data for higher bias in the forward direc-
tion give information about the existence of struc-
tural defects (amorphous layer) and interface qual-
ity. The existence of two circles is obvious for the
ITO-A sample at forward bias. For better illustra-
tion, we present in Fig. 8 impedance diagrams for
all samples and selected DC biases. When compar-
ing them, one can assume that surface states of the
un-passivated ITO-A sample result in an additional
relaxation process.

Fig. 8. AC impedance plots at forward (a) and re-
verse (b) DC bias measured in the dark for prepared
solar heterostructures, where the sputtering power
in the reactor was a parameter.

The positive influence of the passivation layer on
the top surface is clearly recognizable from the di-
agrams in Fig. 8a. The series resistance (distance
from the origin of the coordinate system) is lower
when the surface was passivated by ITO (IZO). The
application of the ITO layer had an impact on the
reduction of series resistance as well as the reduc-
tion of the structural defects due to the passivation
of unsaturated bonds on the surface. The measured
impedance spectra under reverse bias (Fig. 8b) show
that the change in the sputtering power results
in a significant change of the value of the par-
allel/shunt resistance (diameter of the impedance
semicircle) of prepared heterostructures.

For a more detailed assessment, fitted values of
circuit elements of AC equivalent circuit for selected
DC biases measured under dark conditions at 300 K
are listed in Table III.

We can conclude the following outcomes:

• The voltage-dependent capacity C1 obtained
close to 0 V and toward reverse biases repre-
sents the capacity of the space charge region.
The more convenient technology is reflected
in the higher value of the transition capacity
at low positive and reverse biases.

• Impedance measurements confirm the results
obtained by DC analyses and show that the
ITO-A sample has the largest series resistance
(without antireflective ITO layer) 8.25 Ω at
0 V DC bias and 5.61 Ω at −0.5 V DC bias.
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TABLE IIIBasic parameters obtained from fitted measured impedance data.

Sample DC bias [V] C1 [F] R1 [Ω] R2 [Ω] R3 [Ω] P1 [F sm−1] m

ITO-A 0 9.54 × 10−9 8.25 126.67 3824.8 1.00 × 10−8 0.97

−0.5 1.86 × 10−8 5.61 24.6 88.343 1.05 × 10−6 0.81

ITO-B 0 1.65 × 10−8 0.66 1534.3 2284 9.24 × 10−10 1

-0.5 2.86 × 10−8 0.98 40.9 8.1749 2.38 × 10−6 0.86

ITO-C 0 1.67 × 10−8 0.4 1496.5 3691.5 1.52 × 10−9 1

−0.5 2.86 × 10−8 0.76 50.3 10.733 1.55 × 10−6 0.88

ITO-D 0 1.48 × 10−8 0.33 1751 1069 1.51 × 10−9 1

−0.5 2.84 × 10−8 0.92 47.4 19.266 1.47 × 10−6 0.83

• Parallel/shunt resistance R2 which reflects the
quality of technology and represents various
types of structural disorders, such as disloca-
tions, vacancies and conductive leads, varies
from 126.67 Ω for the ITO-A sample (without
ITO layer) to 1751 Ω for ITO-D. A higher
shunt resistance value means a better design
and technology of that solar cell structure.

• Although the shunt resistance of the ITO-
D sample is the highest (Fig. 7b), the value
of series resistance is more critical and thus
the best PV parameters were obtained on the
ITO-C sample.

• Another useful feedback parameter for the
technology assessment is exponent m of CPE
impedance (4) which represents the charac-
ter of the distribution of relaxation times —
a pure capacitor when m = 1. The decrease of
m can be explained by the production of addi-
tional structural defects such as traps, broken
chemical bonds, and the related recombina-
tion centres. They are shunting the mentioned
capacitor. The lowest values ofm, in our case,
were calculated for the sample where the TCO
layer was not applied.

Spectra and data obtained from AC analyses of the
sample with IZO layer are not presented here since
DC parameters (and finally AC measurements and
analyses) showed the use of the IZO layer in such
deposition conditions adjustment not to be benefi-
cial for the improvement of photovoltaic properties.

4. Conclusion

The experimental results were obtained on SHJ
photovoltaic cell structures where there was a het-
erojunction between crystalline silicon and amor-
phous silicon carbide and the structures were pas-
sivated using the ITO/IZO layer. The optimiza-
tion of preparation of those TCO layers was mainly
of interest. We have shown that the deposition of
TCO, in our case ITO and IZO, need to be tuned
to get optimal required optical and electrical prop-
erties of consecutive produced solar cell samples.

The deposition process was at sputtering power be-
tween 100 and 180 W. While the IZO layer should
to be deposited at 140 W to get optimal prop-
erties, the ITO layer has shown better behaviour
when the layer was deposited at lower power 100 W.
The efficiency of the best prepared SHJ solar cell
sample was 9.7%.

Optimization of TCO layers results in the in-
crease of the efficiency from 3.5% for the reference
sample without TCO to 6.7% and 9.7%, for IZO and
ITO layers, respectively (represented by the sample
with the best obtained values). A further increase
of the efficiency can be achieved by: (i) applying
the concept of a back surface field or (ii) applying a-
Si:H(p) at the bottom of the silicon substrate to de-
crease a back surface recombination, (iii) inserting
an a-Si:H(i) layer at the a-SiC:H/c-Si interface to
decrease recombination at this interface, (iv) opti-
mizing the front contact geometry to decrease shad-
ing effects and increase light trapping in the struc-
ture, (v) using a c-Si substrate with lower resistance
and higher carrier lifetime texturisation on a c-Si
substrate and by decreasing a-SiC:H thickness.
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