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oxide (TCO) as transparent electrodes often require energetic ion bombardment
during deposition and high post-annealing temperatures to obtain high
transmittance and low resistance, making them incompatible for direct deposition
onto delicate perovskite films. In this work, a cerium-doped indium oxide (ICO)
film, prepared via radio frequency (RF) magnetron sputtering at room temperature
(RT), is employed as the top transparent conductive electrode in bifacial PSCs. A
20 nm MoOx layer is introduced as a buffer layer to protect the underlying spiro-
OMeTAD and perovskite layers against sputtering damage. The ICO film,
deposited with an RF power of 80 W for 1 h and 20 min at RT, exhibits an
amorphous structure with a thickness of 210 nm, a mobility of 8.3 cm?/Vs, a carrier
concentration of 6.07 x 10%° cm, a resistivity of 1.24 x 1073 Q-cm, and an average
transmittance of 89.70% between 550 nm and 1000 nm, resulting in a figure of
merit (FOM) of 6.67 x 1073 Q™!. The fabricated bifacial PSC demonstrates power
conversion efficiencies (PCEs) of 15.28% and 10.00% when illuminated from the
FTO side and ICO side, respectively. Furthermore, the bifacial PSC under
simultaneous illumination from both sides achieves a superior power density
compared to the monofacial PSC in albedo utilization. Finally, by mechanically
stacking the bifacial PSC as the top cell with a passivated emitter rear contact
(PERC) crystalline silicon solar cell as the bottom cell, the 4-terminal
perovskite/silicon tandem solar cell achieves a PCE of 21.89%.
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1. Introduction

Halide-based perovskite materials have been extensively applied in various optoelectronic devices, including
solar cells [1-4], light emitting diodes [5], photodetectors [6], X-ray detectors [7,8], and photomemory devices [9],
owing to their promising optoelectronic properties such as high absorption ecoefficiency, high carrier mobility, long
carrier diffusion length [10,11], tunable bandgap and dimensionality [12—15], low exciton binding energy [16], and
high defect tolerance [17]. The power conversion efficiency (PCE) of single-junction perovskite solar cells (PSCs)
has reached 27%, while monolithic two-terminal (2T) perovskite/silicon tandem solar cells have already achieved
34.9% [18]. Consequently, employing a tandem configuration of perovskite and silicon solar cells is advantageous
for attaining higher power output per unit area [2,19-21].

In perovskite/silicon tandem solar cells, at least one transparent electrode is required for the PSCs [22-24].
Ideal transparent electrode properties include high lateral conductivity to minimize resistive losses and high
transmittance across a broad spectrum to improve spectral penetration from visible to near-infrared (NIR)
wavelengths [25,26]. Transparent conducting oxides (TCOs) hold great promise as top transparent electrodes for
PSCs due to their low sheet resistance, high visible and NIR transmittance, and good chemical stability [27-30].
However, commonly used TCOs like fluorine-doped tin oxide (FTO) and indium tin oxide (ITO) typically require
deposition with energetic ions, high doping levels, and post-annealing to achieve high conductivity [31]. High free
carrier concentrations resulting from high doping can lead to significant parasitic absorption in the NIR region,
thereby reducing the average NIR transmittance [27,32]. Furthermore, the deposition of energetic ions during
sputtering and subsequent post-annealing can damage the underlying soft materials in semi-transparent PSCs [33].
Therefore, it is crucial to deposit TCOs with high conductivity but low free carrier absorption to minimize parasitic
losses, to implement a buffer layer before TCO deposition to protect underlying layers, and to utilize low sputtering
temperatures without post-annealing to prevent degradation of the perovskite active layer and the organic carrier
transport layer.

Recently, cerium-doped indium oxide (ICO) has been demonstrated as a promising transparent electrode for
silicon heterojunction solar cells [34], bifacial perovskite solar cells [35,36], and perovskite/silicon tandem solar
cells [35-37] due to its high conductivity, high transmittance (including high NIR transmittance), and a wide
bandgap exceeding 3.5 eV [38,39]. Given that the ionic radius of tetravalent cerium (87 pm) is similar to that of
trivalent indium (80 pm), doping with CeO, can reduce oxygen vacancies, thereby improving conductivity and
NIR transmittance by minimizing free carrier absorption. Furthermore, lattice distortion near the dopant site can
be effectively minimized. Notably, ICO can be deposited at room temperature while retaining these desirable
properties and mitigating thermal sputtering damage to underlying layers.

Herein, a room-temperature processed ICO film, deposited via RF magnetron sputtering, serves as the top
transparent conductive electrode in bifacial PSCs. The device architecture comprises glass/FTO/compact-
TiO2/mesoporous-TiO2/(FAs1MAo.1Cso.00)Pb(Io.9Br0.1)3 perovskite/spiro-OMeTAD/MoO,/ICO. By incorporating
a 20 nm MoOx layer as a buffer layer to mitigate sputtering damage, the ICO transparent electrode is successfully
deposited onto the delicate spiro-OMeTAD and perovskite layers. The ICO film, optimized with an RF power of
80 W and a deposition time of 4800 s, exhibits an amorphous structure with a thickness of 210 nm, a mobility of
8.3 cm?/Vs, a carrier concentration of 6.07 x 102 c¢m™, a resistivity of 1.24 x 107 Q-cm, and an average
transmittance of 89.70% between 550 nm and 1000 nm, resulting in a FOM of 6.67 x 1073 Q!. The fabricated
bifacial PSC under AM1.5G solar spectrum irradiation demonstrates a PCE of 15.28% from the FTO side and
10.00% from the ICO side. For PSCs designed for albedo utilization, the additional illumination of the bifacial
PSC through the ICO transparent electrode yields a superior power density compared to the monofacial PSC.
Furthermore, the 4-terminal (4T) perovskite/silicon tandem solar cell, constructed by mechanically stacking the
bifacial PSC with a passivated emitter rear contact (PERC) crystalline silicon solar cell, achieves a PCE of 21.89%.

2. Experimental Section

2.1. Fabrication

First, a fluorine-doped tin oxide (FTO) glass substrate with a sheet resistance of approximately 20 Q/o and
dimensions of 10 x 10 cm? is used as the substrate. An etching area is then defined using 3 M tape and etched by
applying zinc powder and hydrochloric acid (HCI) to the exposed FTO area, followed by rubbing with a cotton swab
to remove the reacted FTO and expose the underlying glass. After washing off the residual zinc powder with
deionized (DI) water and removing the tape, the substrate is washed with glass cleaner, isopropyl alcohol, and
acetone, and then dried using a nitrogen gun. The substrate is placed onto a hot plate and heated to 475 °C for the
deposition of the compact TiO, (cp-TiO>) hole blocking layer. This layer is deposited from a TiO; precursor solution
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with a 1:39 volume ratio of titanium diisopropoxide bis(acetylacetonate) to ethanol, subsequently applied by spray
pyrolysis and annealed for 30 min. The mesoporous TiO; layer (mp-TiO-) was prepared by spin-coating diluted TiO,
paste (1:10 weight ratio in ethanol) at 4000 rpm for 30 s and sintered at 500 °C for 30 min. Triple cation perovskite
with the composition (FAgsiMA 1Cso.00)Pb(Io9Bro.1)s at a molar concentration of 1.3 M was then prepared in a
nitrogen-filled glove box. Briefly, 0.10056 g of FAI was dissolved in 350 pL. of DMF and 150 puL of DMSO.
Subsequently, 0.01689 g of CsI was added to the FAI solution and left to dissolve before being added to 0.29965 g
of Pbl, to prepare the CsFAPbI; solution. Separately, 0.018195 g of MABr was dissolved in 87.5 pL. of DMF and
37.5 uL of DMSO, and then 0.059637 g of PbBr, was dissolved in the MABr solution to prepare the MAPbBr3
solution. Following this, 55.55 puL of the MAPbBr; solution was dissolved in the CsFAPbI; solution and left to
dissolve completely at room temperature. Afterwards, 50 pL of the (FAosiMA0.1Cso.09)Pb(Io9Bro.1); perovskite
solution was deposited onto the substrate, which was spin-coated at 2000 rpm for 10 s, followed by 6000 rpm for
30 s. During the final 15 s of the second spin-coating step, 150 uL of chlorobenzene antisolvent was subsequently
dropped onto the wet perovskite film. The as-coated substrate was then annealed on a hot plate at 100 °C for 60 min
and subsequently cooled to room temperature. The hole-transporting layer (HTL) was deposited onto the perovskite
film via spin coating at 4000 rpm for 30 s. A 50 pL spiro-OMeTAD solution (0.06 M in chlorobenzene) containing
two dopants (2.88 pL of TBP and 3.5 puL of 1.8 M lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI) in acetonitrile)
was spin-coated onto the perovskite film. Next, the substrate was placed in a vacuum-sealed sputter chamber with a
base pressure below 5 x 1076 Torr, and approximately 21 nm of molybdenum oxide (MoOy) was thermally evaporated
as a buffer layer to prevent sputtering damage. Subsequently, approximately 200 nm of ICO film was sputter-
deposited using RF frequency sputtering.

For the deposition of ICO, an ICO target (97 wt% In2O3: 3 wt% CeO,, 3-inch diameter) was used, and the
sputtering chamber was evacuated to a base pressure of 5 x 107° Torr. Subsequently, 30 sccm of pure argon (Ar)
gas was introduced into the chamber. Once the chamber pressure reached 5 mTorr, the surface of the ICO target
was cleaned for 20 min at 30 W to remove any foreign contaminants. Following this cleaning step, the power was
increased at a rate of 1 W/s until the desired working power was reached. The substrate was positioned 10 cm away
from the ICO target and moved in a circular motion above the plasma and target, rotating at a speed of 10 rpm during
the deposition process. Afterwards, a 60 nm thick gold finger electrode, with a finger spacing of 3.5 mm, was
deposited onto the ICO film using thermal evaporation under a vacuum of 5 x 107 Torr. The gold finger electrode
allows light to illuminate upon the active area between adjacent fingers and helps reduce the lateral resistance of
the ICO film for effective carrier collection.

2.2. Characterizations

Film thickness and sheet resistance of ICO film were examined using alpha step (ET 4000m, Kosaka
Instruments, Tokyo, Japan) and four-point probe (KeithLink, New Taipei City, Taiwan), respectively. X-ray
diffraction (XRD) profile and transmittance spectra of ICO film were measured using an X-ray diffractometer (D2
Phaser, Brucker, Billerica, MA, USA) and UV-vis spectrometer (U-4100, Hitachi, Tokyo, Japan), respectively. A
solar simulator system (SS-F5-3A, Enlitech, Kaohsiung City, Taiwan) was used to measure the characteristic J-V
curves of the devices under AM1.5G illumination (100 mW/cm?), with a source meter (Keithley 2401, Keithley
Instruments, Solon, OH, USA) used to trace the J-J data using a scan rate of 2 V/s. The one-sun light intensity
(100 mW/cm?) was calibrated using a certified standard silicon solar cell (SRC-2020-KG3, Enlitech). The device’s
active area of 0.15 cm? was defined by a metal mask, whose transparent region was placed between the adjacent
fingers of the gold electrode. For external quantum efficiency (EQE) measurements, a 300 W xenon light, a
monochromator (Newport Cornerstone 260, Irvine, CA, USA), and a source meter (Keithley 2401) were integrated.

3. Results and Discussion

3.1. Properties of RF-Sputtered ICO Film

For the fabrication of bifacial PSCs, we employed radio-frequency (RF) sputter deposition to prepare an
ICO layer that meets the requirements for high transmittance and good conductivity necessary for photovoltaic
applications. While commonly used ITO and FTO require high-temperature fabrication processes to achieve
high crystallinity, which can facilitate charge transportation [19,20], depositing the TCO film at elevated
temperatures could damage the spiro-OMeTAD hole transport layer (HTL) due to its low glass transition
temperature of 116 °C [40]. Figure la shows the XRD profiles of RF-sputtered ICO films deposited at room
temperature (RT) and 100 °C, using the same RF power of 100 W, working pressure of 5 mTorr, and deposition time
of 2400 s. The XRD profile of the ICO film deposited at RT reveals its amorphous nature. In contrast, the ICO film
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sputter-deposited at 100 °C exhibits a crystalline structure with a preferred orientation along the (222) facet, consistent
with the InoO; cubic bixbyite crystal structure. To prevent the degradation of spiro-OMeTAD during sputtering, the
deposition of the ICO film in the PSCs is performed at RT.

Subsequently, we varied the RF power to optimize the transmittance and sheet resistance of the ICO film.
With the working pressure fixed at S mTorr and the deposition time at 3600 s, and maintaining a room temperature
deposition, the transmittance, film thickness, resistance, and figure of merit (FOM) of ICO films deposited at
different RF powers are presented in Figure 1b. The FOM of a TCO film serves as a criterion for evaluating its
quality by considering both transmittance and resistivity. Haacke’s FOM of a TCO film serves as a criterion for
evaluating its quality by considering both its transmittance and resistivity, as defined by Equation (1):

T10

Pr¢ = ——

Rsheet

(M

where T is average transmittance, measured by transmittance spectrum, and Ry is sheet resistance, measured by
four-point probe. An ideal TCO film should exhibit high transmittance and low resistivity; however, due to the
inverse relationship between thickness and resistivity, a thicker film theoretically possesses lower sheet resistance
but compromises transmittance, whereas a very thin film offers high transmittance at the cost of higher sheet
resistance. As shown in Figure 1b, the thickness of the ICO film increases with increasing RF power, while the
resistance of ICO correspondingly decreases, indicating a higher deposition rate at higher RF powers.
Consequently, the FOM of the ICO film improves with increasing RF power from 50 W to 80 W, with the ICO
film deposited at 80 W for 3600 s exhibiting the best FOM of 5.4 x 107 Q !, Further increasing the RF power to
90 W results in a higher deposition rate and a thicker ICO film (167 nm) but has a minimal impact on the film
resistance, leading to a lower FOM of 4.7 x 107 Q! for the ICO film. To meet the optical and electronic
requirements for the bifacial PSC, we conducted the deposition of the ICO film using an RF power of 80 W and a
deposition time of 4800 s, resulting in a film thickness of 210 nm, a resistivity of 1.24 x 1073 Q-cm, a mobility of
8.3 cm?/V, a carrier concentration of 6.07 x 10?° cm 3, an average transmittance of 89.70% between 550 nm—1000 nm,
and a high FOM of 6.61 x 102 QL.
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Figure 1. (a) XRD profiles of RF-sputtered ICO film at RT and 100 °C. (b) Transmittance spectra of RF-sputtered
ICO film wither different RF power.

3.2. Bifacial Perovskite Solar Cells

To mitigate RF sputter damage on the delicate spiro-OMeTAD and perovskite active layer, the introduction
of a buffer layer between the hole transport layer (HTL) and the transparent conducting electrode has proven
effective [41-43]. Molybdenum oxide (MoOy) is frequently employed as a buffer layer due to its high resistance
to sputter damage and its compatibility with perovskite solar cell manufacturing. MoOy functions as a protective
barrier, shielding the underlying layers from the high-energy bombardment inherent in the sputtering process,
which can otherwise cause structural damage and compromise device performance. Furthermore, MoOy exhibits
favorable electronic properties that facilitate the efficient extraction and transport of holes from the HTL to the
transparent conducting electrode [30,44].

While the MoOy layer can withstand sputter bombardment, its thickness is critical to the device’s
performance. Figure 2a shows the J-V curve of a perovskite solar cell with a n-i-p heterojunction architecture of
glass/FTO/compact-TiO»/mesoporous-TiOo/MAPDI; perovskite/spiro-OMeTAD/MoO,/Au. A 10 nm MoOy layer
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was deposited via thermal evaporation between the HTL and the top Au electrode. The results indicate that the
deposition of 10 nm MoOx on the spiro-OMeTAD HTL facilitates hole extraction, yielding a PCE of over 15%
under reverse scan and a decent external quantum efficiency (EQE) of approximately 85% in the 500-650 nm
wavelength range. The corresponding photovoltaic parameters are presented in Table 1. The resulting integrated
Jsc, obtained by integrating the product of the EQE spectrum and the AM1.5G photon flux, is 20.30 mA/cm?,
comparable to the Jsc value extracted from the J-V curve. Prior to the direct sputtering deposition of the ICO film
on the spiro-OMeTAD HTL, a 10 nm MoOy layer was thermally evaporated onto the spiro-OMeTAD HTL to
serve as a buffer layer. The corresponding J-V curve, presented as a non-certified J-V curve in Figure 2a, suggests
that a thin 10 nm MoOx layer is insufficient to withstand the ion bombardment during sputtering.

Consequently, we increased the thickness of the MoOx layer to approximately 20 nm. When a 20 nm MoOy buffer
layer was thermally evaporated onto the spiro-OMeTAD HTL, the fabricated device, with a device structure of glass/FTO/
compact-TiOz/mesoporous-TiO»/(FAos1MA0.1Cso.09)Pb(Io9Bro1)s perovskite/spiro-OMeTAD/MoOy/ICO, illuminated
from the FTO side (front side) yielded a certified J-V curve with a decent PCE of 15.28% under reverse scan, potentially
due to the 20 nm MoOy layer facilitating hole extraction and withstanding sputtering bombardment. These results
indicate no discernible sputter damage from the RF-sputtered ICO film deposited at a power of 80 W for 4800 s. For
the bifacial cell illuminated from the ICO side (rear side), the device exhibited a PCE of 10.00% under reverse
scan, resulting in a bifacial factor of 0.65 (defined by the ratio of rear-side illuminated efficiency to front-side
illuminated efficiency). Table 1 presents the resultant photovoltaic parameters of the bifacial PSC, which uses a
20 nm MoOx layer, when illuminated from both the FTO and ICO sides. The EQE spectra of the bifacial cell
illuminated from the FTO and ICO sides are shown in Figure 2d. A significant drop in the EQE spectrum for the
bifacial cell illuminated from the ICO side between 300 nm and 400 nm is primarily attributed to the parasitic
absorption of spiro-OMeTAD. The cutoff wavelength of the EQE spectrum indicates a bandgap of ~1.53 eV for
the triple cation perovskite. Figure 2e,f shows photographs of the monofacial and bifacial cells, respectively. In
the bifacial cell, a gold finger electrode, with a finger spacing of 3.5 mm, is further thermally evaporated onto the
ICO film to enhance charge collection. The energy diagram of the bifacial PSC, illustrated in Figure 2g, shows the
separate transport of electron and hole carriers toward the FTO and ICO electrodes. The work function of the ICO
film depicted in Figure 2g is referenced from existing literature [35].

3.3. Albedo Effect for the Bifacial Perovskite Solar Cells

Albedo is the reflection and diffusion of light upon incident surfaces which scatter light across the
environment. Albedo is measured in a fraction of sun intensity between 0.0-1.0, 0 being no reflected of diffuse
radiation and 1 being complete and perfect reflection. Realistically, an albedo of 0 will only be present at night
when there is no sunlight and an albedo of near 1.0 is generally only achieved in snow and ice environments due
to ground reflection. Albedo is dependent on the ground characteristics, wavelength of the light, along with the
time of day and date which can be analyzed by using the Sun’s zenith angle. For bifacial illumination applications,
bifacial cells are heavily reliant on how much albedo can be absorbed through the rear side of the cell. Bifacial
cells are able to boast a higher power output density as a factor of how much albedo light is irradiated from the
back side of the cell.

Figure 3a schematically illustrates the effects of albedo on a bifacial solar cell by simultaneously illuminating
both sides of the bifacial PSC using two solar light simulators. One solar simulator illuminates the bifacial PSC
from the ICO side (rear side) with a varying light intensity from 0.2 to 1 sun (20 mW/cm? to 100 mW/cm?), while
the other illuminates the bifacial PSC from the FTO side (front side) with constant light intensities of 20 mW/cm?,
60 mW/cm?, and 100 mW/cm?. These light intensities simulate the working scenarios of solar cells under indoor
or rainy (0.2 sun), cloudy (0.6 sun), and clear sky (1 sun) conditions. J-V characterization of the bifacial solar cell under
bifacial illumination was then carried out to determine the photovoltaic performance, as shown in Figure 3b—d. As
depicted in Figure 3b—d, when the light incident on the bifacial PSC from the FTO side has a constant intensity,
the resultant photocurrent of the bifacial PSC illuminated from the ICO side with varying intensity shows a linear
increase with the light intensity illuminating the ICO side.

Figure 3e presents the output power density of the bifacial PSC under the aforementioned illumination
conditions. A monofacial reference cell was also measured for comparison, and the corresponding power density is
summarized in Table 2. For the monofacial cell, increasing the rear-side light intensity does not lead to an increase
in the output power density due to the reflection of any additional rear-side light illumination by the metallic rear
electrode. Therefore, the monofacial reference cell delivers a constant power density of ~13.59 mW/cm?, independent
of rear-side light intensity. For the bifacial cell under the same illumination scenario, as the rear-side light intensity
illuminated on the bifacial cell gradually increases, the power density increases linearly. Table 2 indicates that the

https://doi.org/10.53941/matsus.2025.100010 5 of 11



Smith et al. Mater. Sustain. 2025, 1(2), 10

bifacial cell has the potential to provide a higher power density than the monofacial cell under certain albedo
conditions. Under these albedo conditions, it is advantageous to employ a bifacial perovskite cell as opposed to a
monofacial perovskite cell. It is often the case that the backside irradiance will be equal to or less than the front

side irradiance in everyday use.
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Table 1. Photovoltaic parameters of a monofacial PSC with a 10 nm MoOx layer and a bifacial PSC with a 20 nm
MoOx layer under AM1.5G illumination (100 mW/cm?) and reverse scan.
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Monofacial Cell (10 nm MoOy) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
From FTO side 1.03 20.73 72.07 15.28%
Bifacial cell (20 nm MoOx) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
From FTO side 0.95 23.11 70.00 15.28
From ICO side 0.93 15.04 72.03 10.00
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Figure 3. (a) Schematic illustration of a bifacial cell illuminated from both sides, representing simulated light
intensity scenarios from the front side as clear sky (1 sun), cloudy sky (0.6 sun), and indoor (0.2 sun). J-V curves
of the bifacial cell under simultaneous two-sided irradiation with varying light intensities (0.2—1.0 sun) on the ICO
side and a constant light intensity of (b) 20 mW/cm?, (¢) 60 mW/cm?, and (d) 100 mW/cm?. (e) Power density of
the bifacial cell under simultaneous two-sided irradiation with varying light intensities (0.2—1.0 sun) on the ICO
side and a constant light intensity of 20 mW/cm?2, 40 mW/cm?, 60 mW/cm?, 80 mW/cm?, and 100 mW/cm?.
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Table 2. Power density (mW/cm?) of the bifacial cell under simultaneous two-sided irradiation with varying light
intensities (0.2—1.0 sun) on the rear side (ICO electrode for bifacial cell; metal electrode for monofacial cell), while
the front side (FTO electrode) maintained a constant light intensity of 0.2, 0.4, 0.6, 0.8, and 1 sun.

Device Monofacial Cell Bifacial Cell
—Front Side 1.0 sun 02sun  O4sun  O0.6sun  O8sun  1.Osun
Rear Side

0.2 sun 13.59 4.61 7.38 10.01 12.77 13.45
0.4 sun 13.65 6.59 9.26 11.97 14.67 15.32
0.6 sun 13.77 8.56 11.20 13.88 16.56 17.10
0.8 sun 13.86 10.46 13.06 15.71 18.35 18.79
1.0 sun 13.99 12.27 14.89 17.53 20.12 20.40

3.4 4-Terminal Perovskite/Silicon Tandem Solar Cells

The ICO thin film is applied in tandem solar cells to enable the transmission of the NIR wavelength range
(unabsorbed by the wide bandgap active perovskite material with a bandgap of 1.5~1.7 eV) through the device for
more efficient absorption by the bottom silicon cell with a narrower bandgap of 1.12 eV. For the fabrication of a
4T tandem cell, a PERC crystalline silicon solar cell was selected as the bottom cell. Figure 4a,b illustrate the J-V
curves and EQE spectra of the bifacial PSC, PERC-Si cell, and PERC-Si cell filtered by the bifacial PSC,
respectively, alongside the photovoltaic parameters summarized in Table 3. The unfiltered PERC-Si cell achieves
a PCE of 18.88% with an average EQE of 89.55% within the 400—1000 nm wavelength range. In the mechanical
perovskite/silicon (Si) tandem solar cell, the as-fabricated bifacial PSC with an ICO transparent electrode was
subsequently used as the top cell and placed on the PERC-Si cell. The transmittance spectrum of the bifacial PSC,
shown in Figure 4b, reveals an average visible-light transmittance (AVT) of ~6.78%. The equation for estimating
AVT is provided in Equation (2) [45].

(3907 (an
AVT (%) = ~go5=s00)

2

where A is the wavelength and 7()) is the transmittance at 4. As demonstrated by the EQE spectra in Figure 4b,
the bifacial PSC effectively absorbs the UV-Vis light range between 300 and 810 nm, which aligns well with its
low AVT. The PERC-Si cell, when filtered by the bifacial PSC under AM1.5G 1-sun illumination, exhibits a PCE
of 6.61%. Ultimately, the 4T perovskite/Si tandem cell yields a total PCE of 21.89%. Notably, the PERC-Si cell,
filtered by the bifacial PSC, exhibits an EQE response primarily within the 800-1000 nm range, as depicted in
Figure 4b. Furthermore, the EQE profile of the filtered PERC-Si cell closely follows the transmittance profile of
the bifacial PSC. This indicates that the EQE response of filtered PERC-Si cell is limited the NIR transmittance
of bifacial PSC.

This drop in NIR EQE is primarily attributed to the optical loss by the perovskite top cell stack, particularly
the NIR absorption by the FTO glass substrate and ICO film, refractive index mismatch induced reflection between
adjacent layers, and light scattering from uneven surfaces, especially from the mp-TiO; layer. In addition,
reflection losses at the glass interface of a mechanically airgap stacked tandem, such as the perovskite/ICO and
ICO/Si boundaries can prevent a significant portion of photons from the NIR region to reach the silicon cell [46].
Filtering losses due to the spectral transmission profile of the perovskite top cell also play a role, as the top-cell
structure may partially absorb or scatter photons intended for the bottom cell [47].

To improve NIR response and mitigate these losses, it is important to optimize the optical properties of the
TCO to account for a tandem design, tuning the deposition parameters to maximize NIR transmission, as well as
using a perovskite stack structure designed with bifaciality in mind. Additionally, employing advanced light
management techniques, including textured surfaces or nanostructured interfaces, can minimize reflection and
enhance light trapping across the tandem [26]. Moreover, tuning the perovskite bandgap to a slightly wider value
(e.g., ~1.7-1.8 eV) allows more NIR photons to pass through to the silicon bottom cell without significant
compromise to the top-cell photocurrent [48,49]. Finally, one could incorporate anti-reflective coatings or optical
spacers designed for broad-spectrum performance, further increasing the photon transmission in the NIR region.
These techniques could be utilized in future research to improve NIR transmission to the bottom cell and enhance
overall tandem efficiency.
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Figure 4. (a) J-V curves and (b) EQE spectra of bifacial PSC, PERC-S:i cell, and filtered PERC-Si cell by bifacial
PSC, and transmittance spectrum of bifacial PSC.
Table 3. Photovoltaic parameters of bifacial PSC, PERC-Si cell, and filtered PERC-Si cell by bifacial PSC under
AM1.5G illumination (100 mW/cm?).
Device Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
PERC-Si cell 0.64 39.27 75.12 18.88
Bifacial PSC (illuminated from FTO side) 0.95 23.11 70.00 15.28
Filtered PERC-Si cell 0.60 14.72 75.47 6.61
4T perovskite/Si tandem cell (Calculated) \ \ \ 21.89

4. Conclusions

In summary, a room-temperature RF-sputtered ICO film is applied in a bifacial PSC with an n-i-p device
structure. A 20 nm MoOx layer, capable of protecting the underlying spiro-OMeTAD and perovskite layers against
sputtering damage caused by RF sputtering, functions as a buffer layer. The as-deposited ICO film exhibits a
resistivity of 1.24 x 107> Q-cm and an average transparency of 89.70% between 550 nm and 1000 nm, resulting
ina FOM of 6.67 x 1073 Q!. The application of bifacial PSCs in albedo utilization and tandem solar cells is further
demonstrated. In albedo utilization, the bifacial PSC under simultaneous illumination from both sides shows its
potential to achieve a higher power density than the monofacial PSC. Moreover, the bifacial PSC achieves PCEs
of 15.28% and 10.00% under illumination from the FTO and ICO sides, respectively. Ultimately, the 4T
perovskite/silicon tandem solar cell delivers a PCE of 21.89%.
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