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Abstract: Perovskite/silicon tandem solar cell is a promising candidate for highly efficient photovoltaic
technologies. The 4T perovskite/silicon tandem solar cell comprises individual sub-cells that require no current
matching. However, an optical loss to the bottom cell is a major issue, which is caused by an air gap serving
as an optical spacer layer between sub-cells. This air gap results in a reduction in performance. In this work,
commercial polydimethylsiloxane (PDMS) [Sylgard®184] was used as an intermediate matching layer (IML) in
the 4T perovskite/silicon tandem cells to eliminate the air-spacer layer and increase the efficient performance.
The PDMS anti-reflective polymer film was sandwiched between the top and bottom cells. The process has the
potential to significantly improve the current density of silicon bottom cell with an active area of ~0.96 cm?
from 13.39 mA/cm? (without an IML) to 14.95 mA/cm? (with an IML). The calculating overall performance of 4T
perovskite/silicon heterojunction tandem cells with an air gap and an IML were achieved a PCE of 20.77% and
21.57%, respectively.
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1. Introduction

Perovskite/silicon tandem solar cell have attracted significant attention due to their highly efficient
performance, surpassing the physical limits of conventional silicon solar cell technologies [1-3]. There are two main
configurations of tandem solar cells; monolithically integrated two-terminal (2T), and mechanically stacked four-
terminal (4T) tandems. To harvest all wavelength of light, the wide energy band gap perovskite and narrow band gap
silicon are used as the top and bottom cells, respectively [4,5]. To achieve high efficiencies in the tandem design, the
perovskite solar cell (PSC) with transparent electrodes harvests light at short wavelengths, while the silicon bottom cell
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absorbs the long wavelength light. Currently, the 4T perovskite/silicon tandem solar cells have reported the highest
power conversion efficiency (PCE) in exceed of 30% [6]. The advantage of the 4T perovskite/silicon tandem solar cell
is that they are connected in series by individual sub-cells without the need for current or voltage matching. Only
optical coupling of the sub-cell is required to induce light to pass through tandem devices, Perovskite top cells with a
transparent electrode are essential for optical optimization.

When considering the optical loss to the bottom cell, the inclusion of an air gap or an optical spacer layer
between sub-cells have been shown to reduce the performance of solar cell [7]. In order to improve the performance
of 4T tandem devices, it is necessary to eliminate the air gap. To achieve this, an intermediate matching layer (IML)
has been developed as a substitute for the air-spacer layer, resulting in improved 4T perovskite/silicon tandem cell
efficiencies [8]. The IML, when coated with an anti-reflective material, is able to minimize optical losses. PDMS is
particularly interesting alternative material for the IML due to its high transparency, excellent hydrophobicity, suitable
reflective index value, and simple processing [9,10].

In this study, we investigated the use of PDMS, specifically commercial-PDMS (Sylgard®184), as an IML in the
4T perovskite/silicon tandem cells. Our goal was to eliminate the air-spacer layer and enhance the performance of
device. The optical properties of PDMS films were investigated. The first experiment, the performance of standard
silicon bottom cell filtered with different models made of two glasses without and with the PDMS layer, refer to as
glass/air gap/glass and glass/PDMS/glass, respectively was measured. Then, 4-terminal perovskite/silicon tandem solar
cells composed of semitransparent perovskite top cell and silicon heterojunction bottom cells with an air gap and an
IML was carried out. The current density of silicon bottom devices is significantly enhanced from 13.39 mA/cm? (with
an air gap) up to 14.95 mA/cm? (with an IML). Consequently, the total ACE of 4T PSC/silicon tandem without an IML is
20.77%, while the cell with an IML demonstrated the highest efficiency of 21.57%.

2. Methodology

Preparation of PDMS film

Commercial PDMS materials (Sylgard®184) was supplied by Dow Corning Co. The PDMS solution was
conducted by a mixture of a base polymer resin and a curing agent with a weight ratio of 10:1. For preliminary study
the effect of an IML for silicon bottom cell performance, the PDMS layer sandwiched between the glasses was stacked
on the silicon bottom cells compare to an air gap sandwiched between the glasses. PDMS was drop-cast on a glass
surface and was placed by another glass. To fabricate completely 4T perovskite/silicon tandem devices with an IML,
the preparation of PDMS was poured on the top of the surface of silicon solar cells and then stacked a semitransparent
perovskite top cell. The fully tandem devices were kept at room temperature for over 24 hours to obtain fully cross-
linked PDMS. The PDMS layer as an IML was coated on a bare-glass substrate to characterize the optical properties.

Fabrication of perovskite and silicon solar cells

A one-step method was used for the fabrication of semitransparent perovskite solar cells as a top cell
corresponding with glass/ITO/SnO,/triple-cation perovskite (Cspo5(FA0s3MAg17)095Pb(los3Bro17)3)/spiro-OMeTAD/ITO
configuration. For the SnO, as an electron transporting layer (ETL), 3%wt SnO, nanoparticles was dispersed in deionize
water, following by stirring at room temperature for 60 min. The obtained SnO, solution was coated on the cleaned
ITO glass substrates by a spinning technique at 4000 rpm for 20 s and then heated at 110 °C for 30 min. To prepare
the triple-cation perovskite solution, the mixture of 1.0 M formamidinium iodide (FAIl), 0.2 M methylammonium
bromide (MABr), 1.1 M lead iodide (Pbl,), and 0.2 M lead bromide (PbBr,) was disolved in the mixed solvent of dimethyl
formamide (DMF) and dimethyl sulfoxide (DMSO) with a volume ration of 4:1. The solution was stirred at 100 °C for 60
min and then cesium iodide (Csl) solution was added in the perovskite precursor. The perovskite solution was spin-
coated directly on the SnO; film at 3000 rpm for 30 s. Chlorobenzene (250 pl) was dropped on the perovskite 25 s
after starting the spinning time. The perovskite film was heated at 100 °C for 30 min. The spiro-OMeTAD as a hole
transporting layer (HTL) was prepared by dissolving 72.3 mg of the spiro-MeOTAD in 1 mL chlorobenzene, following
28.8 pL of 4-tert-butylpyridine and 17.5 pL of Li-TFSI stock (520 mg/mL in acetonitrile) was added. The spiro-OMeTAD
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solution was spin-coated on the top of the active layer at 6000 rpm for 30 s. To complete the fully top cells, 80 nm of
ITO layer as a transparent rear-electrode was prepared using a radio frequency magnetron sputtering at 13.56 MHz
with a deposition pressure of 2 mTorr. The fabrication of crystalline silicon heterojunction (c-Si-HJ) solar cells was
described in the previous report [11].

Characterizations

Transmittance and reflectance properties of PDMS (Sylgard®184) films were measured by an UV-VIS-NIR
spectrophotometer (Cary 5000) in the wavelength range of 200-1200 cm™'. The J-V/ characteristics of solar cells were
measured using a solar simulator under AM 1.5G light illumination (100 mW/cm?) (Wacom class AAA simulator). The
efficiencies of semitransparent perovskite top cells were measured under an aperture mask of 1cm?. The scan rate and
voltage step are fixed at 0.02 V/s and 10 mV, respectively. The efficiencies of silicon bottom cells were measured with
the same solar simulator with an active area of ~0.96 cm?. To examine an efficient performance of bottom cells in 4T
perovskite/silicon tandem without (called an air-spacer layer) and with PDMS films (called an IML), a semitransparent
perovskite-filtered light with the 1 cm? aperture mask were stacked on the top of bottom solar cells. Overall efficiencies
of 4T perovskite/silicon tandem devices with an air gap and with an IML were calculated.

3. Results and discussion

Anti-reflective polymer film as an intermediate matching layer of silicon solar cell

Due to its anti-reflective polymer, suitable refractive index value, high transparency, hydrophobicity, and
straightforward processing method, PDMS was chosen as an IML. To eliminate the air-spacer layer and increase the
efficiency, the PDMS films were utilized as an IML in the 4T perovskite/silicon tandem cells. The optical properties of
PDMS films coated on glass substrates are illustrated in Figure 1(a-b). Their example image was added to Figure 1(a).
From 300 nm to over 1100 nm, the transmittance spectra of uncoated and PDMS-coated bare glasses are presented
at 90%. There is no variation in light transmission in the region of long wavelengths. In order to account for the
reflectance loss depicted in Figure 1(b), the reflectance spectra of PDMS film coated on glass were 8%, which had a
slightly lower than uncoated glass (9-10%). It can observe that the reduction of light reflection has directly produced
the improving /i values of silicon bottom cell. This result indicates that PDMS can be used as an IML in tandem
configurations with four terminals in place of an air-spacer layer.

For a preliminary performance to determine the effect of light incidence on the standard silicon solar cells,
Figure 1(c) displayed the models consisting of two glasses without and with the PDMS layer, referred to as glass/air
gap/glass and glass/PDMS/glass, respectively, stacked on top of single standard silicon solar cells. The J/-V/curve and
detail parameters of a standard silicon solar cell, including open-circuit voltage (), short-circuit current (J), fill factor
(FA and power conversion efficiency (PCE), are depicted in Figure 1(d) and Table 1, respectively. An independent
standard silicon solar cell exhibited an initial efficiency of 10.28%, with V,., /- and FFvalues of 0.57 V, 27.34 mA/cm?
and 0.66, respectively. The same silicon solar cell filtered with glass/air gap/glass maintained a /i of 26.03 mA/cm?
and a PCE of 9.79%. The efficiency and current density of a silicon device filtered with glass, PDMS, or glass were
increased to 26.18 mA/cm? and 9.82%, respectively. Additionally, the PDMS layer has no noticeable effect on the V,.or
FF. It has been observed that the use of PDMS in conjunction with silicon bottom cells increases the amount of incident
light collected, as well as the current density and efficiency of the silicon bottom cells.

Table 1 Photovoltaic characteristics of standard silicon bottom cell without and with commercial PDMS films

Samples Voe (V) Jie (MA/CITP) FF PCE (%)
Silicon solar cell (unfilter) 0.57 27.34 0.66 10.28
Silicon/glass/air gap/glass 0.57 26.03 0.66 9.79
Silicon/glass/PDMS/glass 0.57 26.18 0.66 9.82
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Figure 1 (a) Transmittance, (b) reflectance of glass and PDMS/glass, (c) schematic model, and (d) /-V/ characteristic
of standard silicon bottom cells with an air gap and PDMS film as an IML. Inset in panel (a) show a photograph of
PDMS film coated on glass substrates. Inset in panel (d) is an enlarge scale of the /-V curve.

Four terminal (4T) perovskite/silicon tandem cell efficiencies

Figure 2(a) depicts the structure of a perovskite/silicon tandem solar cell with four terminals. It has heterojunction
silicon bottom cells and semitransparent perovskite top cells, which are separated by an IML and an air gap. Figure 2(b)
and Table 2 display the /-V/characteristic spectra and photovoltaic parameters for a 4T perovskite/silicon tandem cell
tested with a standard light intensity of 100 mW/cm?. With a 1 cm? aperture mask, the efficiency of independent top
and bottom cells (the unfiltered cells) was measured. The semitransparent perovskite cell had the highest PCE, at
14.34%, along with the highest V., /- and FFvalues, at 111V, 19.97 mA/cm? and 0.65, respectively. While the initial
efficiency of the silicon bottom cell was 17.15%, with V., /. and FF values of 0.65 V, 33.77 mA/cm? and 0.78,
respectively, the PCE decreased over time. Therefore, the performance of the bottom cell with an air gap and the
middle cell with an IML was evaluated using the same silicon solar cell. The filtered silicon cell, which utilized an air
gap perovskite cell (no IML), revealed a PCE of 6.43% with V., /- and FFvalues of 0.61V, 13.39 mA/cm? and 0.78,
respectively. The PCE is significantly reduced from 17.15 to 6.43% (representing a reduction of 62.2%). The value of J,
is drastically decreased from 33.77 to 13.39 mA/cm? (60.3% reduction) [7,12]. In addition, an air gap layer diminished
the amount of light collecting on the bottom cell, resulting in a reduction of current density and efficiency. In this
study, a PDMS film with a refractive index of 1.4 was used as an IML to replace the air gap in 4T tandem technologies
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[13,14]. Due to its anti-reflective effect, PDMS with hydrophobic and anti-reflective properties could enhance the
performance of silicon bottom cells [15]. Compared to the filtered bottom cell with an air gap, the PCE and J;. of the
bottom cell of the filter with an IML (PDMS film) could be improved by 7.23 % and 14.95 mA/cm?, respectively. 57.8%
of initial silicon performance is attributable to the reduction of PCE. Therefore, the overall calculated efficiencies of 4T
PSC-silicon tandem devices with an air gap and an IML were calculated to be 20.77% and 21.57%, respectively. Based
on the results, a role of the IML reduced the reflectance effects of silicon bottom cell, exhibiting greater light passed
through in the cells. Thereby, the /.and PCE of 4T tandem configuration should be enhanced.
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Figure 2 (a) Device architecture of 4 terminal perovskite/silicon tandem solar cells with an air gap and PDMS as an

IML and (b) /-V curve of semitransparent perovskite top sub cell, unfiltered silicon, and filtered silicon bottom sub cells
with and without IML.

Sci Innov Adv Mater 3 (2023) 66004 66004—- 5 https:/ /ph02.tci-thaijo.org/index.php/SIAM



The Materials Research
Science and Innovation @ SRSP
of Advanced Materials

Table 2  Photovoltaic parameters of each sub-cells for 4T perovskite/silicon tandem devices

Samples Active area Jse FF PCE (%)
Voc (V)
(cm?) (mA/cm?P)

Semitransparent PSC (top cell) 1.00 1.11 19.97 0.65 14.34
Unfiltered silicon solar cell (bottom cell) 0.96 0.65 33.77 0.78 17.15
Filtered silicon solar cell with an air gap 0.96 0.61 13.39 0.78 6.43
Filtered silicon solar cell with an IML 0.96 0.61 14.95 0.79 7.23
Calculated 4T-PSC/silicon tandem

with an air gap (without an IML) 20.77

with an IML 21.57

4. Conclusion

The 4T perovskite/silicon tandem solar cell comprises individual sub-cells connected by mechanical stacking.
An air gap as optical losses can decrease the performance of the four-terminal (4T) tandem structures. In this study,
the use of commercial-grade PDMS (Sylgard®184) could serve as an IML because of their excellent properties such as
anti-reflective polymer, suitable refractive index value, and high transparency. The PDMS film coated on glass substrate
exhibited the light reflectance of 8%, which had a slightly lower than the uncoated glass (9—10%). The reduction of
light reflection has directly produced the improving J,. and PCE values of silicon bottom cell. With an air gap, the
current density of silicon heterojunction devices increases from 13.39 mA/cm? to 14.95 mA/cm? (with an IML).
Consequently, IML between each sub-cells achieved the highest efficiency of 21.57%, while the fully device without an
IML exhibited of 20.77%. This method proposed an IML solution to improve the efficiency for further tandem
photovoltaic technologies.
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