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Abstract

Photovoltaic technology offers a sustainable solution for the
growing energy needs of the world, while reducing
environmental impact. Transparent Conductive Oxides
(TCOs), which are essential in photovoltaic technology,
offer high light transmittance and effective charge carrier
extraction. This research focuses on the impact of oxygen
(O2) flow rates in the deposition of indium tin oxide (ITO)
films on n-type crystalline silicon (c-Si) substrates by DC
magnetron sputtering. The structural, optical, and electrical
properties were analyzed. Based on the results, the optimal
O, ratio was determined and used in the fabrication of SHJ
solar cells, achieving an efficiency of 18.6%.

Keywords: Silicon heterojunction (SHJ) solar cell, DC
magnetron sputtering, Transparent conductive oxides
(TCOs), Indium tin oxide (ITO)

1 Introduction

One of the most significant consequences of
globalization is the ease of access to products and
information. This ease of access has the effect of increasing
energy consumption, thereby necessitating an increase in
energy demand. As a solution to this energy demand, there
has been a notable increase in interest in clean, sustainable,
and renewable resources, rather than fossil fuels, compared
to previous periods. Particularly, photovoltaic technologies
have emerged as effective tools in combating climate change
[1-3]. Among various photovoltaic technologies, c-Si-based
solar cells stand out due to their advantages such as high
energy conversion efficiency, long operational lifespan,
cost-effectiveness, and scalability [4,5]. TCOs, are
commonly used in solar cells due to their high light
transparency, good charge carrier extraction, and overall
high performance. The use of TCOs also contributes
significantly to better energy conversion efficiency. TCOs
are versatile and can be used in a variety of applications such
as flexible electronics, flat panel displays, light-emitting
diodes (LEDs), fuel cells, dielectric transistors and
smartphones [6,7]. ITO is one of the most commonly used
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Fotovoltaik teknolojisi, diinyanin artan enerji ihtiyaglara
siirduriilebilir bir ¢6ziim sunarken c¢evresel etkiyi de
azaltmaktadir. Fotovoltaik teknolojide onemli olan seffaf
iletken oksitler (TCO'lar), yiiksek 151k gecirgenligi ve etkili
yik tasiyict ekstraksiyonu sunar. Bu arasgtirma, DC
magnetron puskiirtme ile n-tipi kristal silisyum (c-Si) alt
tabakalar tizerine indiyum kalay oksit (ITO) filmlerin
biriktirilmesinde oksijen (O2) akis hizlarinin etkisine
odaklanmaktadir. Yapisal, optik ve elektriksel ozellikler
analiz edilmistir. Elde edilen sonuglara dayanarak, optimum
O, orani belirlenmis ve SHJ giines pillerinin iiretiminde
kullanilarak %18,6'lik bir verimlilik elde edilmistir.

Anahtar kelimeler: Silisyum heteroeklem (SHJ) giines
hiicresi, DC magnetron puskiirtme, Seffaf iletken oksitler
(TCO'lar), Indiyum kalay oksit (ITO)

TCOs due to its high electrical conductivity. Indium (I11)
oxide (In,03) and tin (1V) oxide (SnO2) are combined to form
ITO, which is frequently used in a variety of applications,
including photovoltaics, as a result of its significant electrical
and optical properties [8]. ITO works as an n-type
semiconductor material, exhibiting a direct band gap of 3.5
to 4.3 eV [9], a property that enables the fabrication of high-
performance materials with superior structural, optical and
electrical characteristics [10].

The recent advances in optimizing ITO films are of
crucial importance not only for SHJ solar cells but also for
thin-film technologies. These advances significantly
enhance optical transparency and electrical conductivity,
which are vital for the maximization of light absorption and
charge collection efficiency. The improvements in ITO films
contribute to higher overall performance and stability,
making them indispensable for the advancement of both SHJ
and thin-film solar cell technologies. The studies
demonstrate the value of a comprehensive approach to
optimizing 1TO films, which requires a detailed
understanding of the various properties and fabrication
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techniques involved. Some of these studies have resulted in
notable advancements, as detailed in Table 1.

Table 1. Optical and electrical effects of ITO films in
different studies

Gas d T Rs Eg Ref
Variables (nm) (%) (Q/Sq) (eV) )
48— 93— 999  326-
0o/, + Ar 94 99.6 760.2 366 LMl
69— 270 —
O,/Ar oo - o [12]
80— 85.1— 4871—  344-
OdlAr 160 89.4 6099 354 13
917 -80 — 49 - 350
A0, 191.8 90 332 3g6 14
252 — 87— 25—
OdlAr 1109 92 >400x10° [15]
Working 120 - 85— 100 - 3.84 - [16]
Pressure 170 90 10300 3.99

d (nm): Thickness T: Transmission Rs. Sheet resistance Eg: Band gap

Besides the studies listed in Table 1, this study explored
the impact of varying oxygen flow rates during ITO
deposition on the performance of silicon heterojunction
(SHJ) solar cells. The oxygen flow rates investigated were 0,
1, 1.5, 2, 25, and 3 sccm. The resulting ITO films were
evaluated for their effects on the power conversion
efficiencies (PCE) of the SHJ solar cells produced.

2 Materials and methods

2.1 Thin film deposition

ITO films were deposited onto 1.1 mm thick and 2.5 x
2.5 cm? sized glass substrates using an DC magnetron
sputtering system. The sputtering target used was high-purity
ITO (99.999%, 5N) [17,18]. The thickness of deposited ITO
films was approximately 100 nm. Before introducing the
glass substrates into the physical vapor deposition (PVD)
chamber, a standard substrate-cleaning procedure was
conducted. The process took place at a pressure of 2x107?
mbar, 200°C temperature and 2050 W power. To observe
effect of the O, flow rates to cell efficiency, 0 to 3 sccm (0,
1,15, 2, 2.5, 3) gas flow rate values were used.

2.2 Characterization

Structural properties of 1TO films produced at different
02 ratios were analyzed using X-ray diffraction (Pan
analytics-XRD J.J with CuKa radiation (A=0.15406 nm)).
The optical properties of ITO films were analyzed using the
J. A. Woollam V-Vase Spectroscopic Ellipsometer. In
addition, the non-contact layer resistance (EddyCus® TF lab
4040 Hybrid) system was used in electrical measurements of
ITO films. The performance of solar cells was analyzed in a
clean room at 24°C using the Sinton SunsVoc WCT-120
device on AM-1.5.

2.3 Fabrication of SHJ solar cells

SHJ solar cells were fabricated onto 5x5 cm?, random
pyramid textured 180 um thick and (100) oriented c-Si
wafers. The c-Si surface was prepared for substrate
deposition by removing the oxide layer with an HF solution.
The surface was then rinsed with deionized water and dried
with nitrogen gas. To passivation of the dangling bonds on

the surface of ¢-Si, 10 nm intrinsic hydrogenated amorphous
silicon ((i) a-Si:H) was deposited on both sides of the wafers
using the plasma-enhanced chemical vapor deposition
(PECVD). The passivation process involved only a
combination of Hydrogen (Hz) and Silane (SiH4) gases. After
passivation, on the front surface, 10 nm thick p-type a-Si:H
layer was deposited using SiHs, Hz, and Trimethyl boron
(TMB) gases. Similarly, a 10 nm thick n-type a-Si:H layer
was deposited on the back surface using SiH4, H,, and
Phosphine (PH3) gases. In addition, all cells are deposited
with 40 nm of ITO and 220 nm of silver (Ag) on the back
surface. In this study, a 100 nm-thick layer of ITO was
deposited on front surface (on the p-type a-Si:H layer). Front
metallization was achieved using Ag paste via screen-
printing. A schematic representation of the SHJ solar cells
that was fabricated is shown in Figure 1.

Ag Ag

M IT0: 0,1, 1.5,2, 2.5and 3 sccm O,
a-Si:H (p)
a-Si:H (i)

n-type c-Si

a-Si:H (i)
Ag

Figure 1. A schematic representation of ITO films
deposited on SHJ solar cell

3 Results and discussion

3.1 Structural properties

The structural characteristics of the ITO films were
investigated using XRD within a scanning range of 10° to
80° and the XRD patterns were illustrated in Figure 2a. The
results indicate that all ITO films exhibited a polycrystalline
morphology. The diffraction peaks corresponding to planes
(211), (222), (400), (440), and (622) indicate the cubic
bixbyite crystal structure. When the amount of oxygen was
gradually increased, a decrease in the diffraction peaks
corresponding to lattice planes (222), (400), (440), and (622)
was observed. There were no detectable diffraction peaks for
Sn, SnO or SnOy, indicating that Sn atoms are incorporated
into the In,O3 structure. Various crystal structure parameters
corresponding to the highest peak, the (222) plane, were
calculated for all ITO films deposited at different O, ratios
and given in Figure 2b and Figure 3. The determination of
the crystallite size (D) was performed using the Debye-
Scherrer equation Equation (1), which provides a
guantitative assessment of this property [19]. The crystallite
measurements of the ITO films are presented in Table 2. As
shown in Figure 2b an increase in crystallite size corresponds
to a decrease in FWHM values. This finding supports that
larger crystallite sizes lead to better crystal structures.

D= kA
~ Bcosh

)
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The crystallite size tended to decrease with increasing O
content. ITO films deposited without O, exhibited the largest
measured crystallite size at 29 nm, while films deposited
with 3 sccm O displayed the smallest size, measuring 15 nm.
Specifically, ITO samples deposited using O ratios of 0, 1,
and 1.5 sccm displayed an enhanced tendency for
crystallization, as indicated by larger crystallite sizes. This
observation reiterated the well-established notion that lower
oxygen ratios generally create conditions conducive to the
development of better-defined and more extensive
crystalline domains within films.
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Figure 2. XRD patterns (a) and crystallite size variation
versus FWHM (rad) (b) of ITO films deposited on glass
substrate at 0, 1, 1.5, 2, 2.5 and 3 sccm O flow rates

Table 2. Parameters used in the calculation of crystallite size

(D)

0, B (rad) 0 D
(sccm) x 107 (degres) cosd (nm)
0 5.0 15.1825 0.9651 29
1 54 15.1624 0.9652 26
1.5 6.0 15.1305 0.9653 24
2 7.7 15.0885 0.9655 18
2.5 8.1 15.0108 0.9659 17
3 9.2 14.8560 0.9656 15

Lattice constant (a) for cubic ITO was determined using
Equation (2) [20]. The dislocation density (3) and
microstrain (g) were determined by Equation (3) and (4)
[21,22]. Eq. 5 was used to calculate the number of crystallites
per unit area (N).

1 (RP+E*+1?)

T @ @
1

. Bc:t@ @
t

N = F (5)

where t is the film thickness. Important structural
characteristics represented by the parameters a, 9, €, and N
associated with ITO films obtained from varying O, ratios
have been calculated. Figure 3 visually illustrates these
parameters, while their numerical representations are given
in Table 3. An increase in §, &, and N values was observed
with increasing O content. This observation confirms that
ITO films deposited at O ratios of 0, 1, and 1.5 sccm exhibit
better crystal structure and size compared to those deposited
at 2, 2.5, and 3 sccm O; ratios. The ITO film deposited at 3
sccm Oz exhibited the highest 6, €, and N values, while lower
values were observed in films deposited at 2.5, 2, 1.5, and 1
sccm O, respectively. In contrast, the ITO film obtained at
0 sccm O, showed the lowest values among these structural
parameters. The increase in dislocation density with higher
O, content suggests the presence of more crystallographic
defects in the films. Such an increase underscores the
existence of higher structural irregularities in the crystal
lattice [23]. It was seen that the lattice constant values varied
in the range of 10.2-10.4 A according to O, ratios and the
lattice constant increased with increasing O, content.

--m-- Lattice Constant (a)(A)
--*-- Dislocation Density (8) (lines/nm?) (x10%)
--0-- Microstrain (g) (x10°)
Number of Crystallites per Unit Area (N) (hm?) (x10?)
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Figure 3. Various structural parameters calculated from
XRD data of ITO films deposited at 0, 1, 1.5, 2, 2.5and 3
sccm O; flow rates
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Table 3. Various structural values of ITO films deposited at
0,1, 1.5, 2, 2.5 and 3 sccm O, flow rates calculated from
XRD data

02 LC @) MS (6) DD @) — NCA(N)
(sccm) (A) (x10%) (ImES/r_]P ) (nm_z)
(x10%) (x10?)

0 10.2 1.2 1.2 04
1 10.2 1.3 15 0.6
15 10.2 14 1.7 0.7
2 10.3 1.9 3.1 1.7
25 10.3 2.0 35 2.0
3 10.4 2.2 4.4 3.0

LC: Lattice Constant MS: Microstrain DD: Dislocation Density NCA:
Number of Crystallites per Unit Area

3.2 Optical properties

The transmittance spectra of ITO films at various O, flow
rates are presented in Figure 4a. The evaluation of
transmittance spectra of ITO films reveals a characteristic
trend towards increasing transparency in the visible spectral
range (400-800 nm). Further analysis reveals that an increase
in the O ratio corresponds to an increase in the average
transmittance value, but this trend deviates when an O; ratio
of 3 sccm is reached, after which a decrease in transmittance
is recorded. transmittance value, but this trend deviates when
an O; ratio of 3 sccm is reached, after which a decrease in
transmittance is recorded. The peak of the average
transmittance is seen in the ITO film deposited at an O, rate
of 2.5 sccm, recording a transmittance of 80.3%, while the
lowest value is captured by the ITO film deposited without
0O,, with a transmittance value of 61.0%. The ITO film
deposited at O, ratios of 2.5 and 3 sccm has the highest
transmittance in the near-ultraviolet (UV) spectral region.
Remarkably, the increase in O, content leads to an increase
in transmittance both in the near-UV region and at extended
wavelengths. This finding underscores the variations in
transmittance trends that can be realized with small
adjustments in O flow rates.
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Figure 4. Transmittance spectra (a), (ahv)? vs photon
energy (hv) plot (b) and FOM & Rsh results of ITO films
deposited at 0, 1, 1.5, 2, 2.5 and 3 sccm O flow rates (c)

The investigation of the optical bandgaps (Eg) of ITO
films deposited with different O, flow rates has been
systematically performed through the analysis of optical
transmittance data. The calculation of Eg requires the
inclusion of key parameters such as the absorption
coefficient (o) and the energy of the photon (hv) [24]. In
order to determine the ITO film Eg values, the correlation
between (ahv)? and hv is refer to Figure 4b. The Eg values
are consistently 3.92 eV across all ITO films under varying
O, flow rates (Table 4). This tendency emphasizes the
consistency in band gap characteristics throughout the range
of ITO films. The uniformity of the bandgap values indicates
the strength and consistency of ITO films' material
properties. The examined O, ratios did not significantly
affect the bandgap properties.

Table 4. Transmittance and band gap values of ITO films
deposited at 0, 1, 1.5, 2, 2.5 and 3 sccm O flow rates

Average Transmittance

02 . Eg
T e
0 61.0 3.92 61.5
1 74.9 3.92 76.9
15 78.3 3.92 79.9
2 78.6 3.92 79.7
25 80.3 3.92 81.3
3 80.2 3.92 81.8
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3.3 Electrical properties

To calculation of the figure of merit (FOM) value of the
ITO films, the transmittance values at the 550 nm
wavelength are measured (Table 4). The FOM value is
calculated via the equation ¢rc = T*%/Rgn, which takes into
account both the transmittance and sheet resistance
properties of the ITO films at the specific wavelength of 550
nm [25]. Figure 4c represents the calculated ¢rc values
alongside the corresponding sheet resistance (Rsn) values of
ITO films generated under variable O, flow rates. The ¢rc
values increase as the O, flow rates increase from 0 sccm to
1.5 sccm. However, the grc values level-off beyond the 1.5
sccm, as values in this range closely approximate each other.
The film deposited at an O ratio of 2.5 sccm has the highest
FOM value (2.3x10°° Ohm) among all ITO films. As the O
flow rate increases from 0 to 1.5 sccm, the sheet resistance
value decreases, indicative of an enhanced electrical
property. In contrast, this trend leads to a continuous increase
in sheet resistance values above the 1.5 sccm threshold,
indicating a decrease in electrical property. The film
deposited with 0 sccm O flow, exhibited the highest sheet
resistance of 66 Ohm/sq. On the other hand, the film
deposited with an O ratio of 1.5 sccm displayed the lowest
sheet resistance value of 49 Ohm/sq.

The effects of different O, flow rates in the deposition of
ITO films on the efficiency of SHJ solar cells were also
investigated. The important solar cell parameters evaluated
are open circuit voltage (Voc), short circuit current (lsc),
current density (Jsc), voltage at maximum power point
(Vwe), current at maximum power point (Jmpe), fill factor
(FF), and conversion efficiency (n). Figure 5 shows the solar
cell parameters obtained from the SHJ solar cell, while Table
5 gives their corresponding values. It has been observed that
the best PV performance is achieved with the average O
ratio (2-2.5 sccm) and can be attributed to the reduction of
parasitic resistive losses [26-28]. The efficiency of SHJ solar
cells shows an initial rise as the O, content increases from 0
to 2.5 sccm. However, when the O, content reaches 3 sccm,
a simultaneous drop in efficiency occurs, reversing the trend
seen previously. In particular, the relatively low efficiencies
observed in SHJ solar cells fabricated using ITO films with
O, flow rates of 0 and 1 sccm can be attributed to their low
optical properties and high sheet resistance. In the case of
SHJ solar cells fabricated from ITO films with O, flow rates
of 1.5 and 2 sccm, the efficiency levels are relatively low,
mainly due to their low optical properties, despite the notable
low sheet resistance. For SHJ solar cells fabricated with ITO
films characterized by a 3 sccm O, flow rate, the higher sheet
resistance suppresses the optical properties and results in

lower efficiency compared to SHJ solar cells fabricated with
ITO films with a 2.5 sccm O, flow rate. The result is
summarized by the highest efficiency value of 18.6%
obtained from SHJ solar cells fabricated using a 2.5 sccm O3
ratio of ITO. Figure 6 presents the current density-voltage (J-
V) plot of SHJ solar cells fabricated in this study.
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Figure 5. Parameters affecting the SHJ solar cell of ITO
films deposited at different O2 ratios (0, 1, 1.5, 2, 2.5 and
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Figure 6. J-V plot of SHJ solar cell deposited at 2.5 sccm
O, (a) SHJ solar cell deposited in 5x5 cm? area (b)

Table 5. SHJ solar cell parameters values of ITO films deposited with different O, ratios (0, 1, 1.5, 2, 2.5, and 3 sccm)

Cell Voc Isc Jsc Vmp Jmp FF Efficiency
(5x5cm?) ) (A/cm?) (Alem?) %) (A/cm?) (%) ()
0,:0 sccm 0.628 0.875 0.035 0.529 0.033 78.7 17.3 %
0,:1 sccm 0.645 0.875 0.035 0.540 0.032 77.2 17.4 %

0;,:1.5 sccm 0.639 0.875 0.035 0.536 0.033 78.6 17.6 %
0,:2 sccm 0.658 0.875 0.035 0.560 0.033 79.7 18.4%
0,:2.5 sccm 0.672 0.875 0.035 0.569 0.033 79.2 18.6 %
0,:3 sccm 0.653 0.875 0.035 0.550 0.033 78.6 18.0 %
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4 Conclusion

The study comprehensively investigates the properties of
ITO films on SHJ solar cells. The investigation focused on
O, ratios (0-3 sccm) during deposition. Optical analysis of
visible light (400-800 nm) revealed a strong relationship
between O, content and film performance. Optimum
transmittance (80.3%) occurred at 2.5 sccm Oy, followed by
ratios of 3, 2, 1.5, and 1 sccm with decreasing transmittance.
The ITO film with 1.5 sccm O showed the lowest sheet
resistance (49 Q/sq) and a FOM value of 2.2x10°3 Ohm™. The
crystallography was investigated by XRD, confirming well-
defined crystallographic planes such as (211), (222), (400),
(440), and (622). ITO films with 2.5 sccm O showed
promising properties, which achieved an efficiency of 18.6%
in SHJ solar cells, demonstrating their importance in
advanced optoelectronics due to their structural, optical, and
electrical properties.
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