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Abstract

The current climate and energy crisis urgently needs solar cells with efficiencies
above the 29% single junction efficiency bottleneck. Silicon/perovskite tandem solar
cells are a solution, which is attracting much attention. While silicon/perovskite
tandem cells in 2-terminal and 4-terminal configurations are well documented, the
three-terminal concept is still in its infancy. It has significant advantages under low
light intensities as opposed to concentrated sunlight, which is the critical factor in
designing tandem solar cells for low-cost terrestrial applications. This study pre-
sents novel studies of the sub-cell performance of the first three-terminal
perovskite/silicon selective band offset barrier tandem solar cells fabricated in an
ongoing research project. This study focuses on short circuit current and operating
voltages of the sub-cells under light intensities of one sun and below. Lifetime
studies show that the perovskite bulk carrier lifetime is insensitive to illumination,
while the silicon cell's lifetime decreases with decreasing light intensity. The
combination of perovskite and silicon in the 3T perovskite-silicon tandem therefore
reduces the sensitivity of Vo to light intensity and maintains a relatively higher
Voc down to low light intensities, whereas silicon single-junction cells show
a marked decrease. This technological advantage is proposed as a novel advantage
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or less.

KEYWORDS

1 | INTRODUCTION

Tandem solar cells are currently the most promising
route to achieving high conversion efficiency beyond
single-junction solar cells.!) This study reports on the
development of a novel device, the selective band offset
three-terminal tandem that presents advantages over
existing designs, which has been experimentally demon-
strated by two groups.!*?!

The operation of tandem sub-cells as a function of
incident light intensity reveals differences in operation
rooted in materials and transport properties, which raise
a number of promising research questions. In particular,
the relative differences in performance as a function
of the intensity of tandem structures relative to single-
junction cells shows great potential for applications
under lower light intensity.!*! There is, therefore, great
interest in analyzing the relative performance of tandem
sub-cells as a function of incident light intensity, to
evaluate the advantages of these structures under one
sun and, by inference, to lower light intensities.

The materials system studied is the tandem solar cell
architecture consisting of a perovskite sub-cell as a
higher bandgap top cell, and a silicon sub-cell as a lower
bandgap bottom cell.""*2! This material system is cur-
rently the object of major global research efforts aimed
at achieving high conversion efficiency compatible with
the dominant silicon solar cell technologies. The tan-
dem solar cell theoretical limiting efficiency context of,
maximum photoconversion efficiency is 45.1% for the
2-terminal, 45.3% for the three-terminal (3T), and 44.5%
for the four-terminal (4T) tandem solar cells according
to the Shockley—Queisser limit.'*!*! By considering
practical limits including real material limitations, a
potential photoconversion efficiency of up to 35% is
projected for perovskite/silicon tandem solar cells.!**!

This study considers a novel 3T device architecture,
which features a carrier selective band offset barrier,m
delivering 3T tandem efficiencies without the need for
lateral transport layers, which contribute to parasitic ab-
sorption losses. In addition, the design eliminates the need
for grid alignment to minimize shading that is a constraint
in 4T designs. Finally, the broader ideal efficiency contour
of the 3T device further allows greater flexibility in the top
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of three-terminal perovkite/silicon solar cells for low light intensities of one sun

low light intensity conditions, perovskite solar cells, tandem solar cells, three-terminal
perovskite/Si solar cells

and bottom cell bandgaps. Therefore, the choice of mate-
rials in this 3T perovskite/silicon tandem solar cell in-
troduces an important advantage, which is the availability
of perovskite bandgaps in the wide range of 1.4-2.2 eV. For
these materials, the silicon/perovskite tandem radiative
limit can reach 42% efficiency under one sun.?!

We now consider the performance of silicon and per-
ovskite materials in a tandem solar cell as a function of
light intensity, and the variation of cell performance as a
function of carrier lifetime, in particular considering the
open-circuit voltage. At low light intensity, the short-circuit
current density varies linearly with light intensity. Notably,
the open-circuit voltage of each sub-cell, operating
independently in the 3T configuration, is described by
Equation (1) for Shockley diode recombination currents in
the classic light and dark current superposition picture

KT . Jsc
VOC = 7 In TO, (1)

where K is Boltzman's constant, T the temperature,
Jsc the short circuit current, e the electronic charge, and
Jo the saturation dark current. We note that under low
light conditions V¢ will decrease logarithmically with
decreasing short-circuit current (Equation 1). We can
evaluate the sensitivity to the carrier lifetime by con-
sidering the saturation dark current of each sub-cell,
which is given by the classic diode equation in case of an
abrupt p*n junctionml as follows:

D, n?
JO ~ q _P _l’
Tp ND

()
where D, is the diffusion constant of holes, 7, is the
minority carrier lifetime, n; is the intrinsic carrier con-
centration, Np is the donor concentration. In contrast to
the dependence on Jgc, we see from Equation (2) that
decreasing carrier lifetime 7 will lead to the square of the
inverse of the lifetime and therefore proportionately
stronger increase in the dark current saturation.

A decrease of minority carrier lifetime with decreas-
ing light intensity will therefore lead to a superlinear
decrease of Jsc/Jy, thus amplifying the decrease in V¢
compared to the simple logarithmic decrease expected
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from the dependence on short-circuit current only. This
is the case in Si, where carrier lifetime is severely de-
creased with decreasing light intensity, resulting in Voc
changes by varying the light illumination."7%]

In contrast, the carrier lifetime of perovskite is not
sensitive to light intensity, and therefore the perovskite
solar cell Voc is therefore much more robust against
lowering of light intensity.!*”’

This yields an important advantage of the 3T perovskite/
silicon tandem solar cells, which is that it can maintain the
high Ve at low light intensity due to the perovskite char-
acteristics reducing sensitivity to low light intensity.

In this study, we have therefore investigated photo-
voltaic characteristics under low light intensity for 3T
perovskite/silicon tandem solar cells. The tandem solar
cells were characterized for the photovoltaic performances
under one sun illumination and the carrier dynamics of
perovskite and silicon semiconductor evaluated.

To achieve this, the photovoltaic properties of the
tandem solar cells were measured by changing the light
intensity in the range from one sun to a fraction of sun,
that is, from 100 to 1.5 mW cm™? irradiation.

The resulting cell performance parameters are com-
pared for both the perovskite top solar cells and the
silicon bottom solar cells. Moreover, carrier dynamics of
the perovskite and silicon semiconductor were char-
acterized for an in-depth understanding of the V¢
changes under low light illumination by using time-
resolved photoluminescence spectroscopy together with
a Shockley-Read-Hall (SRH) recombination model.

The shortcomings of parasitic absorption of inter-
nal TCO layer in 4-terminal perovskite/silicon tandem
solar cell and bandgap tuning of perovskite to get
current matching in a 2-terminal tandem cell can be
overcome by using the 3T perovskite/silicon tandem
solar cells.

(A)
Au Au
Transparent conductive oxide layer
Buffer layer
Hole transport layer

Perovskite layer

Electron transport layer
n* front surface field
n-type Silicon
h'
|
Ag Si0,/SiN,
Ag
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The 3T tandem solar cell, while a promising device
due to the technical advantages we have seen, further-
more shows advantages as specified in this study under
low light intensity conditions, which is beneficial to an
independent power supply.

2 | EXPERIMENTAL DETAILS

We demonstrate the photovoltaic performance under low
light intensity for novel 3T perovskite/silicon tandem solar
cells by changing the irradiation. Figure 1 shows a sche-
matic of the device structure and cross-sectional scanning
electron microscope (SEM) image of the 3T tandem solar
cell. The top cell consists of n-i-p configuration involving
SnOy, triple-cation perovskite, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), MoOx, indium zinc oxide
layer, and Au grid layer. The SnOx is the electron transport
layer (ETL), which due to electron affinity matching shows
little or no band discontinuity in the conduction band. This
allows electrons to flow unimpeded from the perovskite
cell to the silicon cell, that is, allows the photocurrent flow
in the opposite direction, from the silicon bottom cell to
the perovskite top cell side (Figure 1A,B).

However, because of the larger forbidden bandgap of
SnOx, relative to Si and to the perovskite, there is a large
barrier in the valence band, and hole transport from the
perovskite solar cell (PSC) to the interdigitated back
contact cell (IBC) is blocked. Therefore, holes in the
perovskite cannot thermalize to the silicon bottom cell.
This decouples the hole populations in the top and bot-
tom cells, and produces different quasi-Fermi level se-
parations in the top and bottom cells, and decouples their
operation as a function of applied voltage, yielding in-
dependent operation, and allowing the device to reach
tandem solar cell efficiencies.

Perovskite

SnoO,
n* front surface field
n-type Silicon

FIGURE 1 Schematics image of (A) three-terminal perovskite silicon tandem solar cells and (B) cross-sectional scanning electron

microscope image of PSC top cell on interdigitated back contact
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The triple-cation perovskite layer was chosen as a
photo absorber for the top cell at short wavelengths. The
perovskite bandgap is 1.54 eV, which is an acceptable
value since the 3T perovskite/silicon tandem configura-
tion has a wide tolerance margin for the bandgap
(1.4-2.2eV) due to the broad bandgap-radiative effi-
ciency maximum of this design.!?! PTAA is chosen as the
hole transport layer (HTL), which extracts holes from the
perovskite to the top front electrode. MoOx is selected as
a buffer layer to protect the HTL from the sputtering
damage resulting from the deposition of the transparent
conductive oxide layer (TCO).[*”! The indium zinc oxide
layer is the TCO layer conducting the current to the front
electrode Au grid. The bottom silicon absorber used to
absorb the long wavelength light is an IBC silicon solar
cell. The IBC silicon solar cells are composed of an n-type
silicon substrate with heavily doped p* and n* layers as
anode and cathode, respectively, which constitute the
IBCs. An n" front surface layer is provided on the n-type
silicon surface. The SiO,/SiNy layer stack plays a role as
a passivation layer to reduce the recombination velocity
of the silicon rear surface. An Ag integrated grid contacts
the p* and n* layers, respectively.

A noteworthy point is that there are two different
circuits for current flow. The current flow (a) is n*—n-
type silicon—n™ front surface field >ETL—perovskite—
HTL—front electrode, the other current flow (b) is
n*—n-type silicon—»p*. The current flows of (a) and
(b) are photogenerated by the perovskite top cell and the
silicon bottom cell, respectively.

3 | RESULTS AND DISCUSSION

The photovoltaic properties of the 3T perovskite/silicon
tandem solar cell (100 mW cm™?) are shown in Figure 2.
Note that the perovskite top cell current-voltage curve

(A),,
PSCs IBC
Jsc (MA/sq) 13.1  11.4
15 Voc (V)  0.930 0.550
FF 0.440 0.777

Eff. (%) 537 484

Current density (mA cm)
>
1

0 T T T T
0.0 0.2 04 0.6 0.8 1.0

Voltage (V)
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was measured while holding the bottom cell voltage fixed
at its maximum power point, and vice versa.

Figure 2A shows the current-voltage characteristics of
perovskite and silicon sub-cells. We note that the per-
ovskite cell features a poor fill factor, which is due to the
fact that this is the first embodiment of the full 3T
structure fabricated within the BOBTandem European
Solar-ERA. NET research project.[m The optimization of
the structure is the subject of active development, which
is however beyond the scope of this study, which focuses
on sub-cell short circuit currents and operating voltages
as a function of light intensity. We only note that the low
fill factor is primarily due to a preliminary prototype
perovskite solar cell, which has not been optimized. The
energy level diagram is shown in Figure S1. The electron
affinity matching of SnOx shows no band discontinuity
in the conduction band through the silicon to the per-
ovskite layer. Therefore, electrons flow smoothly from
the perovskite top cell to the silicon bottom cell, enabling
them to yield the power as 3T-tandem solar cells.

The Jsc of the perovskite and silicon solar cells are 13.1
and 11.4 mA cm ™2, respectively. The silicon sub-cell Jyc is
diminished compared to a single-junction silicon solar cell
Jsc because of the perovskite sub-cell absorption, which
only transmits radiation of a wavelength longer than
800 nm to the silicon sub-cell. The V¢ of the perovskite
and silicon cells are 930 and 550 mV, respectively. The fill
factor (FF) of the perovskite top cell is 0.504, which is
significantly lower than reported for perovskite solar cells
for these early and un-optimized devices, for which the
TCO layer conductivity is the main cause as mentioned
previously. As a result, the photoconversion efficiency
achieved is 5.4% for the perovskite top cell, 4.8% for the
silicon bottom cell, and 10.2% (=5.4% + 4.8%) for the
overall 3T perovskite silicon tandem solar cell. Figure 2B
shows incident photon-to-current efficiency (IPCE) for
perovskite top (blue line) and silicon bottom (red line)

80

60+

40

IPCE (%)

PSCs IBC

20

T T T T T T T
400 500 600 700 800 900 1000 1100
Wavelength (nm)

FIGURE 2 (A) Photovoltaic properties and IV curves of PSC top and interdigitated back contact (IBC) bottom cells and that of

(B) incident photon-to-current efficiency
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solar cells. We investigated how the applied bias voltage on
the bottom cell affects the results for the top cell. The
photovoltaic parameter of the top cell as a function of the
applied bias on the bottom cell are shown in supplemental
Table S1. The bias voltage of the bottom cell was applied at
0 and 0.48V (maximum-power point voltage of bottom
cell). The photoconversion efficiency difference between 0
and 0.48V was 0.07%, which indicates that applied bias
voltage on the bottom cell does not significantly affect the
result of the top cell. This means that the two current flow
pathway seems not to interfere with each other, thus the
top and the bottom cells can output power independently.

To investigate the photovoltaic performance of 3T
perovskite/silicon tandem solar cells at a low light
intensity, we measured IV curves and plotted the nor-
malized photovoltaic properties as a function of the light
intensity in the range of 1.5-100 mW cm ™2 as shown in
Figure 3. The device performance of PSCs and IBC are
shown in Figure S2 and Table S2. The normalized Jsc
values were changed linearly by changing the light in-
tensity for the perovskite top and silicon bottom solar
cells (Figure 3A).

We first note that the normalized V¢ of the perovskite
top cell (red dots, Figure 3B) shows a weak and quasi-
linear dependence on incident spectrum intensity from
100 to 1.5 mW cm™?, the relative decrease being only 12%.
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In contrast, the Vi of the silicon bottom solar cell (blue
dots, Figure 3B) decreases much more significantly over
the same intensity range, with a relative decrease of over
80% (Figure 3B). This observation is consistent with a
perovskite carrier lifetime remaining relatively constant,
while the carrier lifetime of the silicon cell decreases
strongly with decreasing light intensity.

We next note that the V¢ variation with light intensity
in the 3T tandem structure is the sum of the V¢ of top
and bottom sub-cells and that this overall 3T tandem is less
sensitive to the decrease of silicon cell V¢ with decreasing
light intensity. This analysis therefore concludes that
overall the 3T perovskite/silicon tandem solar cells main-
tain a higher V¢ under the low light intensity, compared
to the relative drop of a single junction silicon solar cell,
due to the relatively weak intensity dependence of the
perovskite sub-cell open-circuit voltage. Noteworthy, 3T
perovskite/silicon tandem solar cells represent reduced
sensitivity of the Voc to light intensity compared with
single-junction cells. For instance, silicon bottom cell of 3T
tandem decreased the Voc from 0.565 V (100 mW cm ) to
0.081V at 1.5 mW cm ™2, while single-junction silicon solar
cells can maintain around 500 mV (1.5 mW cm™?) owing
to the front surface passivation layer (e.g., SiNx).*?
Regarding the perovskite top cells, the Voc sensitivity is
lower than the single-junction perovskite solar cells.

(B)
1.0 ° 9 Q|
° ° °
S 08
S
>8 0.6
el
(53
N
E 0.4 Y
S
z
0.2 @ PSCs
° @ IBC
0.0 T T
1 10 100
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o
o o ° o
;:\ 14 9 Q|
KX 2
3
o °
°
k5
"]
g o014
©
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0.01 T T
1 10 100
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FIGURE 3 Photovoltaic performances as a function of light intensity of (A) Jsc, (B) Voc, (C) FF, and (D) photoconversion efficiency for
PSC top and interdigitated back contact (IBC) bottom cells. Each plot is normalized to the highest value
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This might be due to the reduced ideal diode factor by the
TCO sputtering damage on the HTL.*®) These defect
passivation/suppression for perovskite top cells and silicon
bottom cells are the key to increasing the Vo sensitivity
to light intensity beyond the current state of the art.
Concerning the normalized FF, and despite the low FF
values for questions of device optimization mentioned
earlier, the results show the well-known phenomenon of a
tandem solar cell of the reduced short-circuit current, re-
lative to a single junction solar cell helping to maintain FF.
This is due to decreased sensitivity to series resistance
resulting from the reduced sub-cell short current densities
(Figure 3C). On the other hand, the FF of the silicon solar
cell was decreased to 38% at the 1.5 mW cm 2. This reason
can be related to carrier recombination as discussed below.
As a consequence, the normalized conversion efficiency of
the perovskite top cells is maintained at the lower light
intensity in the range studied, while the silicon bottom
cells photoconversion efficiency decreases due to the V¢
and FF drop (Figure 3D).

For further investigation of the reason behind the V¢
changes, we performed Suns-Vpc measurements!?*! yield-
ing ideality factors for the two sub-cells and carrier lifetime
characterization, as shown in Figure 4. In Figure 4A,
Suns-Voc plot PSCs are liner in the range of the
1.5-100 mW cm 2 while the tendency of the IBC is chan-
ged between 1.5-10.7mWcm > and 10.7-100 mW cm 2.
This indicates that the PSCs can adequately be described
with a single diode model since the PSC pseudo-dark
current Suns-Voc plot is linear. The IBC, on the other
hand, showing two linear regimes, must be described with
a two diode model. This is consistent with Reich et al.'s
work on Ve behavior under the low light intensity ana-
lyzed with a double-diode model.!**!
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We applied an equivalent circuit model of the 3T
tandem solar cells as shown in Figure 4B. Fitting para-
meters are shown in supplemental Table S3. The ob-
tained ideality factor of PSC top solar cell (npsc) was 1.6,
while the ideality factor of nigc_, and nypc_p, for IBC were
1.38 and 6.0, respectively. This high ideality factor of
nipc_p suggests that carrier recombination in the silicon
bottom solar cells at low intensities becomes dominated
by other mechanisms, such as edge recombination and
front surface recombination.

We have characterized carrier lifetime (7) as a function
of the photogenerated carrier density to understand the
Voc transition of perovskite top and silicon bottom solar
cells (Figure 4B). We measured the carrier lifetime of the
perovskite layer by time-resolved photoluminescence
spectroscopy while varying the photogenerated carrier
density. The sample was prepared as a perovskite/glass
structure to eliminate the effect of the HTL and ETL layers.
The thickness of the perovskite layer is the same as the
3T device architecture. Measured spectra were fitted by
single-exponential decay and obtained carrier lifetimes
(T perovskiie) Were normalized to the value at 1x 10 cm ™
excess carrier density. Measured spectra and calculated
values were shown in Figure S3 and Table S4, respectively.
Notably, the normalized T perovskie Was not changed
strongly by decreasing the photogenerated carrier density.
This result is consistent with the Suns-Voc (Figure 4A) and
high V¢ at the low light intensity (Figure 3B). Regarding
the silicon, the carrier lifetime can be decreased by the edge
recombination and the front surface recombination due to
the absence of passivation layers in these prototype devices,
which causes the Ve drop at low light intensity. We also
note that the injection-carrier-dependent bulk lifetime
plays a part in the V¢ drop. The lifetime was according to
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10 2Rs psc
Current 1.2
® ¥ D 2 =
. ‘)/./ca/"/u/‘b Lk - 2R, psc 3 R
)
e o * ) ] Y o
< o
=Rese E 101 ® o
06 75 = )
19
2 7 = "]
3 ° Current IBC =
N o @ 8 0.8 1
04 ! N ¢
DIBC_a ©
4 g 0.6 e
! 9 5 06
02 @ PSCs DIBC_b b4 Y @ Perovskite
° @ I1BC M- @ Silicon
< R <
0.0 . y 2Ry p_IBC =R, 04 .
0.1 1 10 1E14 1E15
Jsc (MA cm?) Photogenerated carrier density (cm™®)

FIGURE 4 (A) Suns Vo plot for PSC top and interdigitated back contact bottom cells, where lines are guides to the eye showing a

moderate decrease in V¢ for the perovskite cell and a stronger dependence at low light intensity for the Si cell. Blue and red lines are the
fitting lines. (B) equivalent circuit model for three-terminal tandem solar cells. (C) Carrier lifetime as a function of photogenerated carrier
density of perovskite and silicon. Carrier lifetime was obtained by time-resolved photoluminescence decay and Shockley-Read-Hall model
for perovskite and silicon, respectively
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an SRH model,*>*°! such that lifetimes 7,0, and Tpo are
evaluated as follows

1
Ty = ,
"0 No,vg 3)
- 1
"= o @

where N is recombination center density, o, and g, are
capture cross-sections, vy, is the thermal velocity, taken
identical for electrons and holes. In this nondegenerate
perovskite material, the equilibrium concentrations of
electrons and holes are described in the standard Boltz-
mann approximation as follows:

Er — E
m = Ncexp (TITC) (5)
E-— E; — E
p = Nwm(%), (6)

where N and Ny are densities states at the conduction
and valence band edge for the silicon, respectively. Er,
Ec, and Eg are energy of the recombination center,
conduction band edge, and energy band gap, respec-
tively. Then, SHR lifetime (7sgry) as a function of the
excess carrier density An is then given by

To(no + M + An) + 10(py + p; + Ap)
FSRi = ng + p, + An ' ™)
0+ Do

assuming An = Ap. The estimated carrier lifetime of the
silicon (7 gjicon) as @ function of the photogenerated carrier
density was normalized at the 1x10"”cm™ value. The
normalized 7 gjon Was decreased according to the de-
creasing photogenerated carrier density (Figure 4B). The
Voc trend is consistent with that reported in the litera-
ture.!?”! Consequently, we conclude that the V¢ trend is
related to the variation of carrier lifetime as a function of
the photogenerated carrier density of the perovskite and
silicon semiconductor. For these reasons, perovskite top
cells can feature a high Vi under low (1.5-10.7 mW cm™?)
and high-intensity conditions (10.7-100 mW cm™?2), while
silicon bottom cells can yield high V¢ at high light in-
tensity irradiation (10.7-100 mW cm™2).

These analyses demonstrate that the 3T perovskite/
silicon tandem solar cells feature a Vo, which is main-
tained due to the relatively weak variation of the perovskite
top cell Ve across the range of low light intensities stu-
died, while under high light intensity, both top and bottom
cell operate at higher V¢ consistent with their respective
carrier lifetime properties at the higher light intensity. In
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other words, due to the action of the perovskite top sub-cell
reducing V¢ degradation at low intensities, the 3T
perovskite/silicon tandem solar cells can find applications
not only under 100 mW cm ™2 illumination but also under
lower light intensity conditions (<10 mWcm™2) as de-
monstrated experimentally.

4 | CONCLUSIONS

In conclusion, we have demonstrated the photovoltaic per-
formance of 3T perovskite/silicon solar cells under light
intensity conditions of one sun and below. Device perfor-
mance at low light intensities was analyzed in terms of
carrier lifetimes of perovskite and silicon semiconductors.
The perovskite top cell maintains high V¢ under the lower
light intensity, whereas the Voc of the silicon bottom cell
shows a stronger than expected decrease with decreasing
light intensity below ~10 mW/cm? (ie., <0.1 sun). The car-
rier lifetime of the perovskite sub-cell is maintained as light
intensity is decreased, whereas the carrier lifetime of the
silicon sub-cell decreases strongly over the same conditions.
Three-terminal perovskite/silicon tandem solar cells can
therefore maintain high Vi from perovskite top cells under
low light illumination, by moderating the impact on the 3T
operation from the decreased Si solar cell Vi at low light
intensities. Consequently, we show that the 3T perovskite/
silicon tandem solar cells achieve two things. The first is to
increase Si cell solar efficiencies in a tandem configuration
without current or optical matching constraints with im-
portant technological device design advantages due to the
reduced constraints. The second is that the 3T tandem device
could work efficiently not only under 100 mW cm™ but also
under the low light intensity condition, because the device is
less sensitive to the Vo decrease in the Si solar cell. This
second point is beneficial to an independent power supply
under low light conditions. Following this demonstration of
the 3T-SBOB concept and investigation of its performance as
a function of light intensity, the next steps will be to optimize
cell design to reach efficiencies over 30% under one sun.

5 | EXPERIMENTAL

5.1 | Materials

To fabricate the perovskite layer, methylammonium bro-
mide, and formamidinium iodide were purchased from
GreatCell Solar Ltd. Lead iodide and lead bromide was
purchased from TCI Co. Ltd. Cesium iodide was obtained
from ABCR GmbH. Tin oxide dispersed solution was pur-
chased from Alfa Aesar. Bis(trifluoromethane)sulfonimide
lithium salt was purchased from Sigma-Aldrich. All of the
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purchased chemicals were used as received without further
purification.

5.2 | Device fabrication and
measurement

For the perovskite top cells, UV/Oj; cleaning of the IBC
silicon substrate was performed, following which a tin
oxide (SnO,) layer was deposited on the IBC silicon
substrate by spin-coating process (4000 rpm for 30s)
with SnOy nanoparticles dispersed solution (7.5% in
water) then dried at 125°C for 5min. After UV/O;
treatment for 30 min, a perovskite layer was formed on
the SnO, layer. The perovskite solution was 1.3M
(CsPbls)g 1 (FAPDI3)o.375(MAPbBr3)g 125 dissolved in
DMF:DMSO =4:1 (volume ratio).”?®! The perovskite
solution was spin-coated on the SnO, layer (two-step
program: 1000 rpm for 10s and 5000 rpm for 30 5).1%°!
An anti-solvent of chlorobenzene was dropped onto the
film surface 10s before finishing the spin-coating re-
cipe, followed by annealing the samples at 100°C for 1 h
to form the perovskite layer. Subsequently, poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) as a
hole-transport layer was formed on the perovskite layer
by spin-coating (4000 rpm, 30 s). The HTL solution was
prepared by dissolving 10 mg of PTAA (Emindex) with
additives in 1ml of toluene. As additives, 7.5ul of
Bis(trifluoromethane)sulfonimide lithium salt (Aldrich)
from the stock solution (170 mg in 1 ml of acetonitrile),
and 4 pl of 4-tert-butylpyridine were added. Thereby,
10 nm of MoOx layer by evaporation, 100 nm of indium
zinc oxide (IZO) layer by sputtering, and gold grid
contact by evaporation were deposited.

The IBC cell concept used in this study is based on
ISC-Konstanz's ZEBRA cell technology that is currently
in mass production with an average conversion efficiency
exceeding 23.5%.1%2I The IBC cells were fabricated on M2
(156.75 mm) n-type Cz wafers with a resistivity range of
4-7 Qcm and a thickness of 170 + 10 um. The fabrication
process sequence of IBC cells for tandem integration
follows that used in mass production,?? with only minor
process adaptations. It uses high-temperature Boron and
Phosphorous diffusions to form the 150 + 15 Q/sq p* and
n* doped regions, thermal SiO, and PECVD SiNx de-
position for surface passivation stack, as well as screen
printing and firing-through metallization steps. The only
process adaptations required for the tandem integration
were to realize a flat chemically etched front side without
an antireflection coating layer to facilitate the spin-
coating processes for the top cell layers.

Since all process steps to fabricate these IBC cells
require a high temperature of more than 450°C, the IBC

Interdisciplinary Materialsy ===\ 11 EY

155

bottom cells were completely fabricated, including elec-
trical contacts, before the perovskite top cell processing.
On each M2 n-type wafer, 100 mini IBC cells with an
area of 14.3 X 14.3 mm? were fabricated and subsequently
separated, by means of layer scribing, before top cell
integration.

IV measurements were made using an Oriel VeraSol
solar simulator (Newport Corporation) by using cali-
brator LCE-50 (Centronics). The IV measurement was
performed from 1 to 0V as a reverse scan, with a mask of
0.13cm? for perovskite, and 1cm? for silicon bottom
cells. The scanning step and speed were 10 mV and
50 mV/s, respectively. Time-resolved photoluminescence
spectroscopy was performed by Fluorolog TCSPC with an
excitation wavelength of 640 nm (HORIBA, Ltd.) with an
ND filter. Morphology was measured by cold field
emission SEM (SU8200, Hitachi high-tech. Co.).
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