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Indium tin oxide (ITO) layers prepared with high power have significantly contributed to enhancing the crystal
quality of films and the performance of silicon heterojunction solar cells. However, this process typically results
in sputtering damage, which degrades photovoltaic efficiency. We have designed a thin ITO buffer layer prepared
at low power and O3 concentration, followed by an outer ITO layer prepared at high power and high Oy con-
centration. Thus, the bilayer ITO film demonstrates superior optical and electrical properties, attributed to the

optimized complex refractive index and resistivity achieved through synergistic control of power and oxygen
levels, compared to monolayer ITO films. The leakage risk from the addition of an interface was suppress without
compromising the open-circuit voltage. Consequently, the average efficiency improves to 25.36 % with a gain of
0.11 %, benefiting from optimized short-circuit current density and fill factor.

1. Introduction

The N-type silicon heterojunction (SHJ) solar cell stands out as a
leading candidate for industrial-scale applications due to its excellent
passivation qualities, streamlined fabrication process, and minimal
degradation [1-3]. Furthermore, SHJ technology has recently achieved
the highest certified efficiency among all silicon-based photovoltaic
devices [4,5]. In standard configurations, transparent conductive oxide
(TCO) layers are applied on silicon substrates to enable the transfer of
carriers to metal fingers, addressing the limited lateral conductivity of
microcrystalline silicon [6-8]. Additionally, TCO also serves to reduce
reflection and protect the substrate [9,10]. Among the diverse TCO
materials [7,11-15], indium tin oxide (ITO) dominates mass production
because of its excellent optical transmittance (near 90 % in the visible
region), low resistivity (10°* o cm), and exceptional corrosion resis-
tance to acetic acid [16-18].

Increasing the sputtering power during ITO deposition typically
lowers resistivity and supports high production throughput [19], while a
high power causes sputtering damage to the microcrystalline silicon
layers below the ITO and elevated parasitic absorption in the ITO films
[20,21]. Mengxiao Wang et al. [21] reported that improvements in ITO
films cause device gains in short-circuit current density (Js¢) and fill

factor (FF) as the sputtering power increased from 1 kW to 5 kW, thus
obtaining an optimal power conversion efficiency (PCE) of 25.22 % for
SHJ solar cells. However, PCE is slightly decreased with an higher
sputtering power. Encouragingly, many studies have demonstrated that
adjusting the oxygen content during ITO deposition effectively controls
the complex refractive index, carrier mobility, and resistivity [22-25].
Therefore, introducing a low-power-deposited ITO buffer layer atop the
microcrystalline silicon offers a feasible multilayered solution, which
has proven effective in functional layers of SHJ solar cells [26-30].

In this work, ITO buffer layer- was introduced to obtain more
excellent optical and electrical properties through power and oxygen
concentration optimization. With the application of an ITO buffer layer,
carrier concentration and mobility were simultaneously enhanced due
to a reduction in chemisorbed oxygen and a rise in oxygen vacancies,
thereby achieving lower resistivity. Consequently, both optical and
electrical properties were optimized, as indicated by the improved - Jg¢
and FF. Additionally, the open-circuit voltage (Voc) of SHJ solar cells
with bilayer ITO films experienced a minor reduction due to leakage at
the newly introduced interface, which was mitigated through O mod-
ulation. Our findings offer valuable insights for the development of high-
efficiency and high-yield SHJ solar cells.
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Fig. 1. (a) The fabricated process for SHJ solar cell. (b) Schematic structure of the SHJ solar cell.

Table 1
Fabrication parameters of the front ITO films including deposition power, time
and O, content.

Sample  ITO buffer outside ITO
Power Time 0O, content Power Time 0O, content
kW) (s) (%) (kW) (s) (%)

BL - - - 12 96 2.40

S1 9 24 2.40 13 72 2.40

S2 9 24 2.20 13 72 2.47

S3 9 24 2.00 13 72 2.53

S4 9 24 1.80 13 72 2.60

2. Experiments and methods
2.1. Device fabrication

To fabricate the SHJ device, a 120 pm thick n-type monocrystalline
silicon wafer (182 mm x 105 mm) was chosen as the substrate. As
depicted in Fig. 1(a), the silicon wafer undergoes sequential texturing
using KOH solutions, followed by the deposition of hydrogenated
amorphous and microcrystalline silicon passivation films via plasma
enhanced chemical vapor deposition (PECVD). Subsequently, the back
ITO (Iny03/SnOy = 90/10) film is deposited using the physical vapor

deposition (PVD) technique. The front thin ITO (InyO3/SnO3 = 97/3)
buffer layer was prepared with a lower power, and then the ITO layer
was prepared with a higher power. Finally, silver grids were fabricated
using screen-printing and subsequently annealed at 200 °C [31]. Fig. 1
(b) presents the schematic structure of the SHJ solar cell, which includes
an ITO buffer layer.

Table 1 lists the process parameters for the front ITO films without
and with a buffer layer. To minimize sputtering damage, the buffer layer
was deposited at a lower power of 9 kW for 24 s, while a higher power of
13 kW for 72 s was employed for the outer ITO layer to maintain
consistent thickness. In addition, the O, concentration was modulated to
further optimize the optical and electric properties of bilayer ITO films.

2.2. Characterization

The surface morphology and grain sizes of ITO films were observed
by field-emission Scanning electron microscope (SEM, Zeiss Ultra Plus,
Germany). The ITO films were characterized by X-ray diffraction (XRD,
D8 ADVANCE Da Vinci, Bruker). The elemental contents of ITO films
were measured using an X-ray photoecectron spectroscopy (XPS, S8
Tiger II, Germany). The thickness and complex refractive indexes of the
ITO films were analyzed by an optical ellipsometer (Raditech SE-950).
The electrical parameters of the ITO films, such as carrier mobility,
carrier concentration, and resistivity, were monitored by a Hall tester
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Fig. 2. SEM images of different front ITO films without and with a buffer layer, (a) BL, (b) S1, (c) S2, (d) S3, (e) S4. (f) XRD spectra of different front ITO films

without and with a buffer layer.
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Fig. 3. (a) Atomic percent in front ITO films extracted from XPS spectra. O 1s spectra of front ITO films without and with a buffer layer, (b) BL, (c) S1, (d) S2, (e) S3,

(f) S4.

Table 2

Atomic percent of In, Sn and O in front ITO films.
Atomic BL (%) S1 (%) S2 (%) S3 (%) S4 (%)
In 23.52 27.17 28.56 30.81 33.42
Sn 3.67 2.55 2.03 1.41 0.77
(6] 72.81 70.28 69.41 67.78 65.81

(Swin HALL8800-II). The square resistance of the substrate was
measured using a double electrodynamic four-probe tester (RTS-5,
China). The Quantum Efficiency Measurements system (PVE300-
IVT210, Bentham) collected EQE and transmission spectra in the
wavelength range from 300 to 1180 nm. Finally, Vision VS-6831S (AAA
level) tested the I-V parameters in air under standard simulated AM 1.5G

sunlight irradiance.

3. Results and discussion

The SEM images of different ITO films deposited on glasses are
shown in Fig. 2(a—e). Clusters of nanoparticles approximately 50 nm in
size are visible on the surface of the monolayer ITO (baseline, BL),
resulting in significant surface roughness. In contrast, bilayer ITO films
(S1-S4) exhibit smoother surfaces, attributed to the low-power prepa-
ration of the buffer layer. Owing to the improvement in O, concentra-
tion supply from 2.40 % to 2.60 %, the ITO grains grow bigger and
denser. As presented in 2(f), the XRD spectra reveal diffraction peaks of
ITO at 30.4° corresponding to the (222) crystal planes (JCDS#No.6-
0416), which is the dominant characteristic peak in all films [24,32]. As
the Oy concentration increases, the intensity of the (222) diffraction
peak initially rises, reaching a maximum at S2, and subsequently de-
clines. A notable observation is that the attenuation of the (222) peak
occurs simultaneously with the development of the (400) diffraction
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Fig. 4. Optical characteristics of the front ITO films without and with a buffer layer: (a) thickness, (b) refractive index, n (left) and extinction coefficient, k (right),

and (c) transmission.
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(c) Statistical square resistances of BL and S2.
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Fig. 6. Normalized photovoltaic parameters of the SHJ solar cells without and with ITO buffer layer, including Jsc, Voc, FF, PCE, Rs and Rgp.
distinct components: O I, O II, and O III, corresponding to binding en-
Table 3 ergies of 531.6 eV, 530.4 €V, and 529.1 eV, respectively [14,33]. The
Photovoltaic performance of SHJ solar cell without and with ITO buffer layer. peak at 531.6 eV, representing the highest binding energy, is attributed
Samples  Jsc (mA/ Voc FF (%) PCE R, Rsh to absorbed hydroxyl groups, while the 529.1 eV peak corresponds to
2 . . . . .
cm?) (mVv) (%) (mQ) (k) lattice oxygen in crystalline ITO, and the 530.4 eV peak is associated
BL 0 0 0 0 0 0 with oxygen vacancies. A higher O II intensity in S1 relative to BL im-
S1 +0.06 -0.70 +0.15  +0.06 -0.20 —0.55 plies the presence of numerous oxygen vacancies, which enhance free
52 +0.09 -0.01 +020  +0.11 -0.22 —0.09 carrier generation. Concurrently, a reduction in O III intensity reflects a
S3 —0.06 +0.73 +0.24 +0.05 —0.26 +0.71 d in chemisorbed leadi h d . bili
4 092 40.59 41023 007 —0.96 +0.51 ecrease in chemisorbed oxygen, leading to enhanced carrier mobility
[34].
Fig. 4(a) exhibits that the thickness difference between the bilayer
peak. and monolayer ITO is kept within 1.7 nm by employing a layered power

Fig. 3(a) illustrates that incorporating the ITO buffer layer leads to a

decrease in the atomic percentages of O and Sn, as detailed in Table 2.
Interestingly, an increase in Oy concentration from 2.40 % to 2.60 % in
the outer ITO films is accompanied by a downward trend in O atomic
percentage, decreasing from 70.28 % to 65.81 %. Elevating both the
power and Oy concentration increases the InyOs content while
decreasing the SnO, content, effectively reducing the Sn** doping level
in the ITO films. As shown in Fig. 3(b-f), the O 1s spectra comprise three

and O, modulation strategy. As shown in Fig. 4(b), the refractive index
(n) and extinction coefficient (k) of ITO films at 632 nm are displayed.
The optical properties of ITO are significantly improved by obtaining
lower n and k due to the introduction of a buffer layer. However, the n
and k of the bilayer ITO gradually increased after elevating the Oq
concentration, achieving the minimum n at S1 and the minimum k at S2,
respectively. Fig. 4(c) displays the transmission of the ITO films across
the wavelength range of 300 nm-1180 nm. The transmittance of five
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Fig. 7. (a) EQE curves of the SHJ solar cell without and with ITO buffer layer. (b) the representative the I-V and P-V curves of SHJ solar cell at S2 with ITO

buffer layer.

different ITO films remained basically consistent in the wavelength 300
nm-400 nm, evidencing the similar bandgap (~3.7 eV), as determined
by the Tauc plotting method [35,36]. Above 500 nm, S1 and S2
demonstrate much higher transmission than the other three samples due
to the combined effect of smaller n and k [37,38], where a smaller n
reduces reflection loss at the interface between air and nc-SiOx:H
(y/MairMnc—sioxn ~ 1.7 [39]), and a smaller k minimizes parasitic ab-
sorption. The inset shows that S1 obtained the maximum transmittance
of 89.02 %, followed by 88.71 % of S2 and 87.60 % of S3.

As displayed in Fig. 5(a), The carrier concentration (N) of front ITO
films was significantly improved from 2.23 x 10%° em 3 to 3.01 x 10%°
cm 3 by introducing a buffer layer. Nevertheless, N of the bilayer ITO
film gradually reduces to 2.09 x 10%° cm™ with increasing O con-
centration. The decrease in N with increasing O, concentration is
attributed to reduced oxygen vacancies and Sn doping concentration,
consistent with the results shown in Fig. 3(b—c). Carrier mobility ()
exhibits a similar trend compared to N in Fig. 5(b), achieving the largest
values of 43.2 cm?/V-S at S1. Decay of x in the ITO with increasing Oy
concentration can be traced back to an improvement in chemisorbed
oxygen [40], which is consistent with the change in O III intensity in
Fig. 3(b-f). With the increase in chemisorbed oxygen, carrier scattering
is enhanced, resulting in a reduction of u. The resistivity (p) is inversely
proportional to the product of N and u according to Equation (1) [20],

p=1/Nue (€]

where e is electron charge. Consequently, p of the ITO films decreases
from 6.86 x 10™* Q-cm to 4.87 x 10~* Q-cm before increasing to 8.08 x
10~*Q cm. The BL possess an average square resistance of 56.9 Q/sq, as
shown in Fig. 5(c). By introducing ITO buffer layer and regulating O,
concentration, the square resistance decreases notably to 46.1 Q/sq at
S2.

The bilayer ITO was specifically designed to achieve improved
electrical performance in the thin buffer layer prepared at low power
and O5 concentration, while also enhancing optical performance in the
thicker outer layer prepared at higher power and O2 concentration.
Consequently, the bilayer ITO demonstrates superior combined optical
and electrical performance compared to the monolayer ITO.

The optical and electrical properties of the SHJ solar cell are influ-
enced by the ITO buffer layer and the subsequent O, treatment. Hence,
we depicted the normalized statistical J-V parameters on 4 different
bilayer front ITO arrangements in Fig. 6 with the monolayer front ITO as
a baseline. And the parameters are summarized in Table 3. S1 presents a
0.02 mA/cm? improvement in average Jsc compared to BL while S2
provide a 0.08 mA/cm? gain, which is a slight difference from Fig. 4(c),
indicating that the optimized properties of the films cannot fully migrate
to the photovoltaic devices. Continuing to improve the O, concentra-
tion, the average Jsc produces a severe drop in S3 and S4.

Nevertheless, the Vo was observed to be reduced by about 0.7 mV in

S1 than BL with ITO buffer layer deposited with a power of 9 kW, which
originated from a smaller shunt resistance (Rg,). Adding an interface
tends to cause leakage manifested by a decrease in Ry [41], which is
well ameliorated by increasing the O, concentration, and thus Vo gets
boosted from S1 to S4. Meanwhile, the FF of all SHJ solar cells with the
ITO buffer layer increased by approximately 0.2 %, corresponding to the
reduction in series resistance (Rs). Compared to monolayer ITO, the Rs
of bilayer ITO improve by 0.20 mQ for S1, 0.22 mQ for S2, 0.26 m< for
S3, and 0.26 mQ for S4, respectively, brought by reduced sputtering
damage for microcrystalline silicon films and reduced square resistance
for ITO films. Based on the results of Js¢, Voc and FF, the average PCE of
SHJ solar cells can also be obtained using bilayer ITO films. Therefore,
0.11 % of the maximum efficiency gain was achieved at S2.

Fig. 7(a) offers the external quantum efficiencies (EQE) of the SHJ
solar cell with monolayer (BL) and bilayer (S2) ITO films. The EQE
values get slightly improvement during the wavelength of 500 nm-1000
nm with introducing ITO buffer layer, as seen in the local zoomed-in
view. As shown in Fig. 7(b), the representative the I-V and P-V curves
of the large-size SHJ solar cell (191.1 cm?) with ITO buffer layer were
provided, achieving the average PCE of 25.36 % and power of 4.85 W.

4. Conclusions

In summary, we investigated the optical and electrical performance
of four bilayer front ITO structures on industrial SHJ solar cells, using
the monolayer ITO film as a baseline. The bilayer ITO films were
fabricated with high power and high O concentration to reduce the
refractive index and extinction coefficient, leading to enhanced optical
properties. Specifically, the refractive index decreased from 1.84 to
1.80, and the extinction coefficient reduced from 0.012 to 0.009,
resulting in a 0.3 % increase in Jg¢. Furthermore, the resistivity of ITO
films was reduced from 6.86 x 10~ Q-cm to 4.87 x 10~* Q-cm due to
the introduction of an ITO buffer layer, yielding a 0.2 % improvement in
FF. As a result, we achieved an average-PCE of 25.36 % for industrial
SHJ solar cells with bilayer front ITO films, marking an over 0.1 %
improvement compared to devices without the ITO buffer layer.
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