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Abstract—The rapid rise in single-junction perovskite solar cell
(PSC) efficiencies, tunable bandgap and low-cost solution
processability make PSCs an attractive candidate for tandems
with Si bottom cells. However, the challenge is to fabricate a high-
performance semitransparent perovskite top cell in combination
with an appropriate silicon bottom cell with high response to long
wavelength photons that are filtered through the perovskite top
cell. Currently, semitransparent perovskite cells show much lower
performance compared to their opaque counterparts while high-
performance silicon bottom cells, such as heterojunction with
intrinsic thin layer (HIT) and interdigitated back contact (IBC),
maybe too expensive to meet the cost and efficiency targets for
commercial viability. Here, we demonstrate a 26.7% perovskite-Si
four terminal (4T) tandem cell comprising a highly efficient 17.8%
CsFAMAPDIBr semitransparent, 1.63-eV bandgap perovskite top
cell and a >22% efficiency n-type Si bottom cell fabricated with a
conventional boron diffused emitter on the front and carrier
selective n* poly-Si/SiOx passivated contact on the rear. This is
among the highest efficiency perovskite/Si 4T tandems published
to-date and represents the first demonstration of the use of the
high temperature-resistant single side n-TOPCon Si cell in a 4T
configuration.

Index Terms—4T tandem solar cell, Perovskite, Passivating
contact Si solar cells, TOPCon cell

I. INTRODUCTION

INCON solar cells are the workhorse of the photovoltaic

(PV) industry with >95% market share and they are
expected to dominate the industry for decades to come [1].
However, the theoretical efficiency limit for a single-junction
Si cell is only 29.4%, while the practically achievable efficiency
is only ~27% [2]. One approach to surpass this single junction
efficiency limit consists of stacking absorbers of appropriate
bandgaps in multi-junction configuration to reduce
thermalization losses. Two cell tandem efficiencies in excess of
32% have been reported by combining III-V materials and Si
[3-4], however, high III-V technology cost is likely to impede
market penetration. Recently, organic-inorganic metal halide
lead perovskite solar cells (PSCs) have been identified as an
attractive, low-cost alternate to III-V’s for the silicon-based

tandem devices. Single junction PSC cells have already reached
25.2% efficiency [5], and the cells exhibit a sharp optical
absorption edge, tunable bandgap range that is ideal for use with
a silicon bottom cell, long diffusion length, good short
wavelength response and benign intrinsic defects enabling low-
cost solution and vacuum processability [6-10]. These attributes
present an excellent opportunity to achieve PV industry goals
of <3¢/kWh levelized cost of energy (LCOE) and >30%
efficient perovskite-silicon tandem cells at a very reasonable
module cost [1].

Two architectures have been used to fabricate perovskite-
silicon tandem solar cells: mechanically stacked four-terminal
(4T) and monolithically integrated two-terminal (2T). Both
strategies have pros and cons which are well documented [11,
12]. For 2T tandem cells, wide bandgap perovskite cells are
fabricated directly on top of complete silicon cells; these cells
have a strict requirement for current matching because the two
cells are electrically connected in series. In a 4T tandem, the
two cells are fabricated independently and coupled optically at
the module level. This adds some complexity due to additional
processing and contacts, but current matching is not essential.
In both cases the top cell needs to be semi-transparent with
minimal parasitic absorption. Despite promising reports
regarding efficiency of single junction PSCs, semi-transparent
PSCs display much lower efficiency compared to their opaque
counterparts with metal back contacts, partly due to the
difficulty in depositing Transparent Conducting Electrodes
(TCE) at the top without damaging the underlying layers [13,
14]. Significant progress is being made to overcome this
challenge [15-17]

Here, we report on the fabrication of 1.63-eV
CsMAFAPbIBr PSC with evaporated C60 as the electron
selective contact and SnOy/ZTO/IZO transparent electrodes on
top to minimize damage to layers underneath and reduce
parasitic absorption. The bottom Si cell consists of a diffused B
emitter on the front and a passivated n* poly-Si/SiOx contact on
the rear, which is often referred to as tunnel oxide passivated
contact (TOPCon), resulting in 26.7% perovskite/Si 4T tandem
efficiency.
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II. EXPERIMENTAL DETAILS

A. Fabrication of single side n-TOPCon Si bottom cell

When Small-area (4 cm?) n-type front junction cells were
fabricated on 1 ohm-cm float-zone (Fz) n-type wafers with
selective B emitter on front and TOPCon on rear. After standard
KOH texturing and RCA clean, the samples were oxidized
followed by grid contact area opening using a photolithography
process. A boric acid solution was spun on the oxide patterned
samples followed by annealing to achieve the sheet resistance
of ~25 ohm/[l. After removing boron glass and oxide, boron
dose of 1.2x10'3 cm? was implanted with an energy of 10 KeV
followed by an annealing/oxidation step at 1050°C to achieve
lightly doped boron emitter. Measured sheet resistance of B
emitter was ~150 ohm/[] in field area. After that, very thin
tunnel oxide (~15A) was grown in heated nitric acid (HNOs)
solution at 100 °C for 15 min and then phosphorus doped a-Si
layer was deposited on rear using a PECVD reactor. The
samples were annealed at 875 °C for phosphorus activation and
crystallization of a-Si layer. After short HF treatment, ~100 A
Al,O3 was deposited on the B emitter by plasma ALD tool at
200 °C and capped with ~50 nm PECVD SiN; layer. Front side
metallization was formed by lift-off photolithographic pattering
and plating process and back metallization was formed by Ag
evaporation process. More detailed cell fabrication process was
described in previous paper [18]. To confirm the passivation
quality, TOPCon symmetric test structures were also fabricated
to obtain saturation current density by photoconductive decay
(PCD) measurement using the Sinton tool [19]. Figure 1 shows
the schematic cell structure and measured cell parameters. The
cell efficiency was 22.0% with V. of 702 mV, J, of ~39.2
mA/cm? and FF of 80.1%.
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Fig. 1. Fabricated n-TOPCon Si cell structure and measured cell parameters
under one sun spectrum

B. Fabrication of semi-transparent perovskite top cell

In this paper, we developed an efficient semi-transparent 1.63
eV wide bandgap perovskite with a composition of
Cs0.0sFA0sMA(.15Pbl2 ssBro4s (referred to as CsSFAMAPDIBY).

The pre-patterned ITO glass was sequentially cleaned using
acetone and isopropanol alcohol, followed by ultraviolet ozone
treatment for 15 minutes. The poly(triaryl amine) (PTAA) with
a concentration of 2 mg/mL was spin coated onto the ITO/glass
substrates at 5,000 rpm for 30 s and then annealed at 100 °C for
10 minutes in N». The Cso.0sFAosMAg.15Pbl, 55Bro4s precursor
solution was prepared by mixing Csl (0.05 mmol), FAI (0.8
mmol), MABr (0.15 mmol), PbBr; (0.15 mmol), Pbl, (0.85
mmol) in anhydrous DMF:DMSO (533 pL:133 pL) co-solvent.
The perovskite precursor was spin-coated onto the PTAA-
coated ITO substrate at 5,000 rpm for 30 s. During the spin-
coating, diethyl ether (DEE) was dropped onto the spinning
substrate. The resulting perovskite films were then annealed at
100 °C for 10 min in Nj. After that, 40 nm Cg was first
thermally evaporated onto the perovskite film. Then SnOy/
ZTO/ 1ZO were deposited using the same method described
reported previously [10]. Figure 2 presents the schematic
images of the semi-transparent perovskite cell with a device
stack of
glass/ITO/PTAA/perovskite/C60/SnO,/Zn:SnO(ZTO)/1Z0.
The thin layers of SnOx (~6 nm) and ZTO (~2 nm) were
deposited by a Beneq TFS200 atomic layer deposition (ALD).
The IZO layer of ~250 nm was deposited by sputtering at room
temperature. Deposition of the IZO film took 60 min with the
sputtering power set at 100W. The compact and uniform
SnO/ZTO layers protect the perovskite layer underneath
during the sputtering of the IZO layer. In comparison to the
single layer of SnOx, the combination of SnOyx and ZTO bilayer
deposition can increase the charge conduction or extraction to
the top IZO contact. Figure 2 shows the stabilized power output
(SPO) efficiency of a semi-transparent perovskite solar cell
under continuous one-sun operation. The SPO efficiency is

stable at 17.8% for over 100 s. This performance level is among
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Fig. 2. Fabricated 1.63 bandage semitransparent Perovskite cell structure and
measured output efficiency under one sun spectrum

the best reported values for semi-transparent perovskite solar
cells used in perovskite-Si tandem devices (see Table 1).

C. Measurement of light current-voltage for 4T cell
Perovskite solar cells were tested with black sheet using a
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Newport Oriel Sol3A solar simulator with a xenon lamp. The
intensity of the solar simulator was calibrated to 100 mW/cm?
AM 1.5G. The light current density—voltage (J-V)
characteristics were taken from both forward bias to reverse
bias and reverse bias to forward bias, with the step size of 10
mV and step delay of 10 ms unless otherwise stated. The device
area was 0.1 cm? and was masked with a metal aperture to
define an active area of 0.059 cm”. The stable power output
(SPO) of the devices was measured by monitoring the
photocurrent current density output with the biased voltage set
near the maximum power point. External quantum efficiency
(EQE) measurements were taken using a Newport Oriel
IQE200. For perovskite/silicon 4T tandem devices, the J—V
curves and EQE spectra of semitransparent perovskite top cells
were measured using the same condition as described above.
Due to the different sizes of the perovskite and silicon cells, the
filtered silicon cell was measured under a simulated AM 1.5G
illumination (100 mW/cm?, Oriel Sol3A Class AAA Solar
Simulator, Newport) at ambient condition by using an optical
filter that has the same device stack and is prepared
simultaneously with the semi-transparent perovskite top cells.
Unless stated otherwise, paraffin oil (refractive index of ~1.47)
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Fig. 3. Transmittance or filtered spectrum through the semitransparent 1.63-
eV semi-transparent perovskite top cell

was used as an optical coupler to remove the air gap between
the top perovskite device filter and the bottom Silicon cell.

Figure 3 shows the transmittance or filtered spectrum
through the semitransparent 1.63 eV bandgap CsFAMAPDIBr
semi-transparent perovskite top cell fabricated in this study.
The device stack of the semitransparent PSC consists of
glass/ITO/PTAA/perovskite/C60/SnOx/ZTO/IZO. The SnOx
and ZTO layers are prepared by ALD to enable proper
protection of the underlying perovskite layer during sputtering
of IZO. The use of ZTO is to reduce the resistance of extracting
charges.

III. RESULTS AND DISCUSSION

The J-V curves of the semitransparent perovskite top cell, the
unfiltered bottom Si-TOPCon cell, and the bottom Si cell with
filtered spectrum are provided in Figure 4. The semi-transparent
top perovskite cell efficiency was 17.8% with V,=1.10V and

J«=20.5 mA/cm?. This is among the highest efficiency semi-
transparent perovskite cells reported to date. The filtered
bottom cell efficiency was 8.9 % with V,=0.675 V and J;:=16.6
mA/cm? as shown in Fig. 1. Thus, a tandem cell efficiency of
26.7% was achieved by independently measuring the two sub-
cells of different areas where Si cell exposed to the filtered
illumination.

Figure 5 presents the measured EQE of the semitransparent
perovskite top cell, the unfiltered and filtered Si bottom cell.
The integrated Jsc from the measured EQE are 19.8 mA/cm?
and 15.6 mA/cm?, respectively, which are in reasonable
agreement with the Jsc obtained from J-V curves. The EQE of
the unfiltered bottom cell is also provided in Figure 5. Note that
the tandem efficiency was considerably higher than the bottom
cell efficiency supporting the merit of high efficiency and
transparency of our wide bandgap perovskite cell and the
development of high performance TOPCon cells with very
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Fig. 4. J-V curves and cell parameters of semitransparent perovskite top cell
and unfiltered/filtered silicon bottom cell under forward and reverse bias
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Fig. 5. Measured EQE of 1.63eV bandgap semitransparent top cell and
filtered/unfiltered silicon bottom cell.
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good long wavelength response. These efficiencies can be
improved further by increasing the band gap of the top cell to
1.75 eV and optimizing the bottom cells because model
calculations have shown that the ideal perovskite bandgap for
the bottom Si cell is ~1.75 eV [20]. However, we used a
perovskite composition with a bandgap of 1.63 eV rather than
1.75 eV mainly based on the consideration of perovskite
materials stability. At present, the perovskites with bandgap of
~1.6 eV are more extensively studied and more stable compared
to compositions with higher bandgap [21, 22]. Due to photo-
induced halide migration, high-bandgap perovskite materials
with mixed halide phase (with a high content of Br) tend to
segregate into a low-energy iodide phase and a bromide-
enriched high-energy phase, resulting in degradation [23-25].

Note that all three silicon cell technologies have produced
26%-27% efficient 4T tandem cells, however, these Si cells are
expensive and require complex fabrication processes. As a
result, their market share is only ~5% today [1]. On the other
hand, full Al- BSF and PERC cells have achieved ~90% market
penetration [1], but they suffer from performance limitations
due to heavily diffused regions in the bulk and metal induced
recombination due to direct metal/Si contacts and thus may not
provide a sufficiently efficient platform to go beyond 30%
efficiency for tandems. Here, a near record high efficiency 4T
perovskite-Si tandem cell was achieved using a tunnel oxide
assisted doped poly-Si/SiOx passivated contact Si cell, which
bypasses the complexity and cost of HIT and IBC and virtually

TABLEI
H HIGHEST EFFICIENCY 4T AND 2T PEROVSKITE/SI TANDEMS CELL WITH DIFFERENT SI BOTTOM CELL
Bottom Si Cell Semi-transparent perovskite Test Voc Jsc FF Efficiency
Structures top cell stack Configuration (mV) (mA/cm?) (%) (%)
IBC Glass/ITO/TiO,/m-TiO,/Perovskite/ Unfiltered Si 710 41.6 81 22.0
(Duong et al. PTAA/MoO,/ITO with Filter 690 18.8 80 10.4
Advanced Perovskite cell
energy Perovskite composition: (Eg ~1.73 eV) 1120 19.4 73 16.0
materials, 2017) Rbo.0s(FA0.75(MA0.6Cs0.4)0.25)0.9sPbl2Br 4T 26.4
BC glass/ITO/SnOz/perovskite Unfiltered Si 691 41.3 80.6 23.8
/HTL/ITO/MgF2 with Filter 678 24.1 81.2 13.3
(Jaysankar et al. -
ACS Energy p it " Perovskite cell
erovskite composition: Eg1.72 eV 1.22 15.4 73.4 13.8
Letter 2019) Cso.15(FA)o.8sPb(Io.71Bro.29)3 (Eg )
4T 27.1
HIT glass/ITO/PEIE,PCBM/perovskite Unfiltered Si 718 38.7 79.4 22.05
(Werner et al. /Spiro-OMeTAD/MoOx/ITO with Filter 693 15.98 79.5 8.8
ACS Energy Perovskite composition: Perovskite cell ~1070 ~20.1 ~75.5 16.4
Letter 2016) MAPbI; aT 25.2
N-type PERL cell Glass/ITO/CuSCN/perovskite/PCBM/ Unfllter_ed Si 680 41.5 0.795 22.4
R ZnO:Al/AgNW with Filter 674 17.7 0.801 9.6
(Quiroz et al. -
J. Mater. Chem. . N Perovskite cell 1098 21 0.741 17.1
A, 2018) Perovskite composition:
! MAPbI3 4T 26.7
Glass/ITO/PTAA/Perovskite/ Unfiltered Si 702 39.2 80.1 22.0
Single side C60/2T0/1ZO0 with Filter 675 16.6 79.6 8.9
n-TOPCon Perovskite cell
(this report) Perovskite composition: (Eg ~1.63 eV) 1110 20.5 78.6 17.9
Cs0.05F Ao.sMAo.15Pbl2.55Bro.45 a7 26.7

Most high efficiency perovskite-Si tandem cells reported to
date are comprised of an a-Si heterojunction (HIT) bottom Si
cell which uses a combination of intrinsic and doped a-Si layers
on both sides of a Si substrate for electron and hole selective
passivated contacts, virtually eliminating doping and metal
induced recombination. Limited perovskite-Si 4T tandem cell
data also exist with high efficiency interdigitated back contact
(IBC) and passivated emitter rear locally-diffused (PERL) Si
cell structures. These architectures require diffused regions in
the Si absorber and metal contacts to Si, leading to an increase
in the recombination losses. Table 1 presents some of the
highest efficiency 4T perovskite-silicon tandem cells reported
to-date, including data for HIT, IBC and PERL Si cell [26-30].

eliminates the doping and metal induced recombination at the
rear surface to enhance its long wavelength response and
efficiency. Since the TOPCon cell structure can withstand much
higher processing temperatures compared to HIT, it offers more
flexibility in material selection and processing conditions for
the carrier selective and absorber layers in perovskite top solar
cells for a 2T configuration. Use of a double side TOPCon
structure can further simplify the cell process and reduce front
side recombination. Last but not least, most current silicon
production lines can be transformed into TOPCon lines by the
simple addition of commercially available PECVD or LPCVD
tools to deposit doped poly-Si layers. Small area TOPCon cell
efficiencies of 25.7% have been reported [31] and some cell
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manufacturers have announced pilot production of large area
low-cost screen printed >22% TOPCon cells, validating the
concept and commercial viability of this technology [1]. Very
recently Ballif e al. reported a 25.1% efficient 2T perovskite-
silicon tandem using double side passivating contact based on
poly-Si on p-type Si [32]. Our paper reports, to the best of our
knowledge, for the first time, a 4T ~27% perovskite-silicon
tandem cell using a single side n-TOPCon cell at the bottom.

IV. CONCLUSION

We have demonstrated that highly efficient 4T perovskite-
silicon tandem cell can be achieved by implementing, for the
first time, a single side n-TOPCon Si cell with a diffused boron
emitter on the front and tunnel oxide assisted n* poly-Si/SiOx
passivated contact on the rear. A 1.63 eV bandgap
CsFAMAPDIBr semitransparent perovskite solar cell having an
efficiency of 17.8% served as the top cell. The Si bottom cell
(22% efficiency) was fabricated using the single side n-
TOPCon structure which exhibited ~9% efficiency under a
filtered spectrum through the perovskite cell stack. This
resulted in a tandem efficiency of 26.7%, which is close to the
highest published efficiency for a 4T perovskite-Si tandem. It
is anticipated that integration of a double side TOPCon
structure for the bottom cell with a perovskite top cell having a
bandgap closer to the predicted ideal bandgap of ~1.75 eV will
lead to still higher efficiencies for the tandem devices. The
results presented here demonstrate the promise of TOPCon Si
cells for >30% efficient perovskite Si tandem cells.
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