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ABSTRACT Zinc-doped indium oxide (IZO)+ tin-doped indium oxide (ITO) is proposed in this study as a
double-layered transparent conductive oxide (TCO) for the application of silicon heterojunction (SHJ) solar
cells. IZO is consecutively deposited via radio frequency sputtering at room temperature. The electrical and
optical characteristics of IZO are examined depending on the thickness and the O, flow rate, which ranged
from O to 5 sccm. The improved photocurrent characteristic for the proposed SHJ solar cell with IZO + ITO
is achieved from 40.64 to 41.3 mA/cm? by an OPAL2 solar cell simulation. The sheet resistance of 1ZO
slightly increases from 120 to 130 /0], which is caused by a decrease in the O, vacancy due to an increase
in the O, flow rate from 1 to 5 sccm. The SHJ solar cells with 4.84 nm IZO deposited at the O flow rate
of 4 sccm show the lowest solar weighted reflectance of 4.36%. Therefore, these results indicate that IZO +
ITO is expected to increase the efficiency of SHJ solar cells.

INDEX TERMS Light trapping, photovoltaic cells, reflectivity, indium compounds.

I. INTRODUCTION

Levelized cost of energy (LCOE), the amount of power gen-
erated over a lifetime of the renewable energy compared to
the cost to build the energy source, is an important unit in
the renewable energy industry. In order to obtain competi-
tivity of renewable energy compared to other energy sources,
adecrease of LCOE on renewable energy is essential. Among
the renewable energies, solar cells have attracted attention
due to their feasibility for low LCOE. Many types of solar
cells have been developed in order to decrease LCOE after
the first demonstration of solar cells in 1954, which include
(1) crystalline silicon (c-Si), (2) compound semiconductor-
based semiconductors, (3) and emerging solar cells, such
as organic, dye-sensitized, quantum dot, and perovskite.
c-Si solar cells have been intensively studied due to its cost
competitiveness. In addition, developments for c-Si solar
cells have been accelerated, which is due to the development
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of integrated circuits. Silicon solar cells can be commonly
divided into homojunction and heterojunction solar cells.
In the case of homojunction solar cells, passivated emitter and
rear solar cells (PERC) and passivated emitter rear locally
diffused solar cells (PERL) have been proposed as high-
efficiency c-Si solar cells. M. A. Green et al. reported PERL
with an efficiency of 24.7% on a float zone Si wafer [1].
In addition, M. A. Green also reported PERC with an effi-
ciency of 25.0% [2]. In the case of heterojunction solar cells,
silicon heterojunction (SHJ) solar cells have been described
as amajor technology that needs further development because
they allow a high open-circuit voltage (Voc) and fill fac-
tor (FF) above 84% [3], [4]. Q. Wang et al. reported a VOC
of 738 mV and an FF of 84.9% with the SHJ [5], which is
higher than PERC with a VOC of 694 mV and an FF of 83.3%
[6]. HIT solar cells consist of a ¢c-Si wafer with intrinsic and
n/p-type hydrogenated amorphous Si layers (a-Si:H) prior to
transparent conducting oxide (TCO) deposition.

The intrinsic a-Si:H layers passivate the c-Si wafer sur-
face well, whereas n/p-type a-Si:H effectively creates a p—n

VOLUME 10, 2022


https://orcid.org/0000-0001-6635-5953
https://orcid.org/0000-0003-1555-7509
https://orcid.org/0000-0003-1632-503X

D. Lee et al.: 1ZO/ITO Double-Layered Transparent Conductive Oxide for SHJ Solar Cells

IEEE Access

SHJ solar cell with insulator(or TCO)+ITO

(a) Schematic structure

_____

|
i Destructive
interference

1
1
1
1
I
I
1
1
1
1
1
I
1
1
1
1
1
I
I
1
1
1
1
I
I
|

_____________

[ ]i-type a-Si:H
[ ] n-type a:Si:H [ ] Additional insulator or TCO

B p-type a:SiH []1TO B Ag

(c) OPAL2 simulation

Schematic structure

IZO
| ITO

c-Si

FIGURE 1. SH)J solar cells with an insulator or TCO + ITO, which include the (a) schematic structure, (b) mechanism, and (c) schematic structure of

the OPAL2 simulation.

junction. TCO should be deposited as a top electrode of the
SHJ solar cells due to the high lateral resistivity of doped
a-Si:H. In order to improve the efficiency of SHJ solar cells,
technologies that can be used to improve the Voc, FF, and
short circuit current density (Jsc) of the SHJ solar cells have
been studied. S. D. Wolf et al. reported that the Voc could
be degraded by H effusion from a-Si:H [7]. In addition,
Z. C. Holman et al. reported that the thickness of a-Si:H
is considered for high-efficiency solar cells because thicker
a-Si:H causes a decrease of the Jgc of solar cells [8]. In order
to improve the Jgc, studies related to TCOs and structures
are proposed by several groups. Tin-doped indium (ITO) is
commonly used as the TCO due to its high transmittance and
low resistivity below 15 /U], whereas aluminum-doped zinc
oxide (AZO) has been proposed as an alternative TCO due its
lower cost compared to ITO. A. Cruz et al. reported that SHJ
solar cells with AZO exhibited superior characteristics com-
pared to the TCO properties of SHJ solar cells with an ITO
[9]. Further improvement of Jgc has been recently achieved
through insulator/TCO structures owing to improved light
adsorption in the Si substrate by destructive interference.
A. Cruz et al. reported that the SiO>+ TCO layer stack of the
SH1J solar cells improved the Jsc from 39.6 to 40.4 mA/cm?,
as shown in Figure 1(a), without degradation of the FF [10].
D. Zhang also reported that additional SiO, on the top of
the ITO improved the Jgc to 40.5 mA/cm?. However, the
insulator is deposited on the TCO, so the insulator should
be patterned in order to form an electrical connection with
a metal line of solar cells, which results in an increase of
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LCOE. In order to secure a high Jsc and low manufacturing
cost for a low LCOE, we proposed double TCO layers to
improve the Jgc [11], [12]. SHJ solar cells with ITO +
ITO showed an improved Jsc from 40.64 to 41.17 mA/cm?
[11]. However, we observed that the improvement of the Jgc
increased as the doping concentration of the ITO decreased,
which can deteriorate due to the contact resistivity between
the metal contact and the ITO. The high processing tempera-
ture for an additional ITO can also deteriorate the efficiency
by the destruction of passivation of SHJ solar cell, resulting
in an increase of LCOE. In addition, the high price of tin
increases the LCOE of the SHJ solar cell. In order to accom-
pany the improvement of efficiency with low manufacturing
cost without any thermal stress, additional TCO material on
the ITO should be studied. Several types of double-layered
TCO were reported by several institutes, such as AZO +
ITO, AZO + antimony doped tin oxide (ATO), and ZnO +
ITO [11], [13], so the feasibility of the SHJ solar cells with
an additional TCO 4 ITO should be studied for the com-
mercialization of SHJ solar cells. Zinc-doped indium oxide
(IZO) has been intensively studied as transistor and TCO
resulting from its high mobility and low resistivity [14]-[18].
M. Morales-Masis reported that SHJ solar cells with IZO
showed a significant improvement of Jsc, which achieved
an efficiency above 21.5% [14]. E. Sahli applied IZO to per-
ovskite/silicon tandem solar cells, which achieved a steady-
state efficiency of 25.2% [15]. However, the feasibility of
IZO + ITO for SHJ solar cells has not been demonstrated.
Therefore, zinc-doped indium oxide (IZO) is proposed as
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FIGURE 2. Properties of 1ZO depending on the flow rate of 05, which
include (a) average thickness and (b) refractive index.

an additional TCO for SHJ solar cells in this paper. The
electrical and optical properties of the deposited IZO were
first examined. OPAL2 was then used in order to evaluate the
adsorbed Jgc in the Si substrate with [ZO + ITO according
to the optical properties of the deposited [ZO. After the sim-
ulation, the optical properties of SHJ solar cells with IZO +
ITO were evaluated. As a result, we observed that the SHJ
solar cells with IZO 4+ ITO showed a lower solar weighted
reflectance (Rweighted) than the SHJ solar cells without IZO,
which indicated that IZO 4 ITO can improve the Jgc of SHJ
solar cells.

Il. EXPERIMENTS

A. SI SUBSTRATE PREPARATION FOR
CHARACTERIZATIONS OF THE I1Z0

In order to examine the characterization of IZO, the c-Si sub-
strate was first cleaned with acetone, methanol, and deionized
water for 15 minutes. The IZO was then deposited using
radio frequency (RF) sputtering from an IZO (99.999%) in an
Ar/O, mixture at RT. The flow rate of the Ar was maintained
to 20 sccm, and the O; flow rate ranged from O to 5 sccm.
The sputtering time was 30 minutes. The sputtering chamber
was pumped out via a turbo-pump to a working pressure of
< 5 mtorr, whereas the sputtering power was maintained at
100 W. The thickness and optical properties of the sputtered
IZO were then measured using spectroscopic ellipsometry.
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FIGURE 3. Simulation results that present the reflected and adsorbed
photon current in the films and substrates via an OPAL2 simulation when
the incident photon current was 44 mA/cm?2.

B. SIMULATION OF Js¢

In order to evaluate the feasibility of the improved Jgc with
1ZO + ITO, which is the OPAL2 simulation, the structure
was defined as shown in Figure 1(b). The N-type c-Si was
set as the substrate, and the doping concentration of the
sputtered ITO was set to 6.1 x 10?2 /cm3. The randomly
upright pyramids with the angle of 54.74° were set as the
surface morphology because they are the common structures
of solar cells. The solar spectrum and the zenith angle, the
angle between the sun and the vertical, were set to AM 1.5g
and 0, respectively. In order to calculate the absorbed Jsc
in the materials, the optical pathlength enhancement factor
Z was calculated using Z = 4 + {In[n®> + (I — n?) x
exp(—4aW)]}/aW, where n is the refractive index, « W is the
adsorption coefficient, and W is the thickness of the substrate.
The incident photon current was set to 44 mA/cm?. The Jsc of
Air/ITO/c-Si was analyzed as a reference prior to evaluating
the feasibility of IZO + ITO. The Jsc of Air/IZO + ITO/
c-Si was then simulated using the optical properties measured
using spectroscopic ellipsometry.

C. FABRICATION OF SHIJ SOLAR CELLS

In order to demonstrate a double layered TCO with the IZO +
ITO in SHIJ solar cells, the optical characteristics of the SHJ
solar cells were measured and the weighted reflectance was
calculated. Figure 1(a) represents SHJ solar cells with IZO +
ITO instead of insulator + ITO. A randomly textured N-type
Czochralski Si wafer that had a resistivity of 3.8 2-cm was
used as a substrate. Intrinsic a-Si:H was deposited prior to
the deposition of doped a-Si:H on the front surface and on the
back surface. N-type a-Si:H and p-type a-Si:H were deposited
on both sides of the solar cells. After that, an ITO of 80 nm
was deposited on both sides. The IZO was sputtered on the
front side of the SHJ solar cells. The IZO was deposited by RF
sputtering from an IZO (99.999 %) in an Ar/O, mixture at RT.
Based on the simulation result with the IZO/Si wafer, the flow
rate of the Ar was maintained to 20 sccm, whereas that of the
Oywas varied to 1, 4, and 5 sccm because the IZO deposited
at these flow rates of the O, showed an improvement of Jgc.
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FIGURE 4. (a) Thickness of 1ZO depending on the flow rate of O, and the deposition time. (b) The average sheet resistance of
1ZO depending on the flow rate of the 0,. (c) Weighted reflectance of the SHJ solar cells with 1ZO depending on the flow rate
of the 0, and the deposition time. The reflectance of the SHJ solar cells with 1ZO sputtered at the O, flow rate of (d) 1 sccm,

(e) 4 sccm, and (f) 5 sccm.

In addition, the deposition time was varied until the thickness
of the IZO was below 35 nm. The electrical and deposition
rate of the IZO was evaluated depending on the flow rate
of Oy and deposition time. A four-point probe was used to
analyze electrical properties, and the thickness of the IZO
was measured using spectroscopic ellipsometry. In order to
evaluate the feasibility of improving the Jsc of SHIJ solar
cells with IZO + ITO, the reflectance was measured using
ultraviolet-visible spectroscopy (UV-VIS). The Rweighted,
one of the methods used to examine the Jgc, was then first
calculated using the optical properties of the SHJ according
to the equation Rweighted = (/' SAXR(A)x AL)/(f SAX AX).
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Ill. RESULTS AND DISCUSSIONS

We evaluated the thickness and the refractive index (n) of IZO
prior to examining the characteristics of the SHJ solar cells
with IZO 4 ITO. Figure 2 shows the thickness and the refrac-
tive index of IZO depending on the flow rate of O,. The trends
of the average IZO thickness were decreased and saturated
after 4 sccm as the flow rate of the O, was increased, as shown
in Figure 2(a). The high flow rate of the O, was attributed to
an increase in the pressure, resulting in a decreased mean free
path and energy of sputter particles [19], [20]. In the case of
the refractive index, as we induced O, the refractive index
shifted to a higher value compared to the IZO deposited at
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0 scem. The refractive index of IZO was then shifted toward
a negative value by increasing the flow rate of O,. The shift
of the refractive index is caused by the Burstein-Moss effect
[14], a phenomenon where the apparent bandgap is higher
than the actual bandgap of the semiconductors because the
concentration of the electrons exceeds the number of states at
the edge of the conduction band. As the concentration of O,
was increased, the concentration of the free carrier associated
with the concentration of O, vacancies was decreased, which
resulted in a band-edge shift toward a negative value. Due to
the decrease of the apparent band gap, the refractive index
of IZ0O might be decreased, which corresponded to the prior
literature [14], [21], [22].

In order to examine the feasibility of [ZO for solar cells, the
photon current densities of Air/ITO/Si and Air/IZO/ITO/Si
were evaluated depending on the sputtering condition of IZO,
as shown in Figure 3. The reflected photon current (JR),
adsorbed photon current in the film (JA), and the adsorbed
photon current in the substrate (JG) associated Jgc were ana-
lyzed, which the incident photon current (JI) was 44 mA/cm?.
The reference structure with Air/ITO/Si was first optimized
in order to obtain the highest JG, which resulted in a JG of
40.64 mA/cm?. Air/IZO/ITO/Si was simulated afterwards,
and the optical properties of the IZOs measured using spec-
troscopic ellipsometry were used. As a result, we observed
that the JG of Air/IZO/ITO/Si increased, which is due to a
decrease in the JR compared to Air/ITO/Si. We also observed
that Air/IZO/ITO/Si with optical properties of IZOs sputtered
at the Oy flow rates of 1, 4, and 5 sccm, which showed a
higher JG than the others due to a decrease in JR. The IZOs
sputtered at the O, flow rates of 1, 4, and 5 sccm showed a
higher JA than the IZOs sputtered at the O, flow rates of 0,
2, and 3 sccm. The JG of IZOs sputtered at O, flow rates of
1,4, and 5 sccm showed higher rates than the others because
the change of the JR is larger than that the change of the JA.
Therefore, we showed that IZOs sputtered at the O; flow rates
of 1, 4, and 5 sccm would show high Jgc via OPAL2.

Before evaluating the feasibility of the IZO + ITO for
SHI solar cells, the optical and electrical properties of the
1ZO sputtered at the O, flow rates of 1, 4, and 5 sccm was
evaluated depending on the deposition time, as shown in
Figure 4(a) and Figure 4(b). Figure 4(a) shows the thick-
ness of the IZO depending on the flow rate of the O, and
the deposition time. A decrease of the IZO deposition rate
was observed by increasing the flow rate of O, due to a
decrease of the mean free path, which was discussed above.
The deposition rates of the IZO at 1, 4, and 5 sccm were
6.1, 3.0, and 2.3 nm/minute. In regard to the sheet resistance
of IZO, a noticeable change of the sheet resistance was not
observed depending on the thickness, but an increase of the
sheet resistance was observed with an increase in the O
flow rate. The increase of the sheet resistance by increasing
the flow rate of O; is commonly shown by the decreasing
concentration of Oy vacancies. The resistivity of the 1ZO
is typically decided by the O, vacancies. However, the O;
flow rate was increased, so the concentration of O, vacancies
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was decreased, which resulted in an increase in resistivity.
H. Pan et al. also reported that a reduction of the O, vacancies
caused high resistivity [23].

In order to examine the optical properties of IZO + ITO for
SHI solar cells, the reflectance of SHJ solar cells with IZO +
ITO was measured first, as shown in Figure 4(d), Figure 4(e),
and Figure 4(f). As a result, the shift of reflectance toward a
long wavelength was commonly observed when the thickness
of the IZO was increased. In addition, we observed that
reflectance on the long wavelength was decreased. These
reflectance changes are due to the light that was reflected
on the IZO changing the wavelength ranges, which showed
destructive and constructive interferences. This mechanism
is commonly known as a double-layer anti-reflection coat-
ing (DLARC) [11], [24]. In the case of the single-layer
anti-reflection coating (SLARC) with ITO, because the total
reflection of solar cell was determined by the interference
with reflected lights from ITO and Si, in order to obtain a
maximum solar light intensity, researchers have been study-
ing minimizing the reflectance at the wavelength near 600 nm
by optimizing the thickness and optical characteristics of
ITO [25]-[27]. On the other hand, in the case of the DLARC,
the total reflection of the solar cell was taken by the interfer-
ence with reflected lights from IZO, ITO, and Si, resulting
in the shift of the reflectance toward a long wavelength.
Therefore, even though JR in the range from 400 to 600 nm
was increased by increased reflectance in that range, the
decrease of JR in the range from 300 to 400 nm and from
600 to 1050 nm was larger, resulting in a lower JR in the case
of IZO + ITO.

In order to evaluate the feasibility of IZO + ITO for SHJ
solar cells, the solar weighted resistance was calculated as
shown in Figure 4(c). The IZO deposited at 4 sccm for
4 minutes and that deposited 5 sccm for 6 minutes both
showed lower solar weighted reflectance compared to the
SHJ solar cells without IZO. The IZO deposited under con-
ditions showed higher solar weighted reflectance because the
reflectance near the wavelength that showed a high intensity
of solar light was decreased by over-shifting the reflectance.
As aresult, we demonstrated that SHJ solar cells with IZO +
ITO show less reflectance, which represents that the SHJ solar
cells with IZO + ITO improve Jgc.

IV. CONCLUSION

This article presents an SHJ solar cell with IZO + ITO that
can improve the Jsc of an SHJ solar cell. The average thick-
ness and optical properties of IZO, depending on the flow
rate of O, were evaluated. We observed an increase with the
JG using the optical properties of IZO because the IZO was
deposited on the ITO via an OPAL2 simulation. In addition,
an increase in the sheet resistance of IZO with an increase of
the flow rate of O is due to a decrease of O5. In order to apply
1ZO on SHJ solar cells, the thickness of IZO was also varied
up to 35 nm, and the O, flow rates at 1, 4, and 5 sccm were
chosen. The shift of reflectance toward a long wavelength
manifested as the thickness of IZO was increased. As a result,
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an SHJ solar cell with an IZO of 4.84 nm deposited with
the O flow rate at 4 sccm shows the lowest solar weighted
reflectance of 4.36%, which is lower than the SHJ solar
cell without IZO. Therefore, we demonstrated that SHJ with
IZO/ITO shows a better Jsc.
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