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Validated Method for Evaluating the Four-Terminal
Perovskite/Si Tandem Cell Performance and its Efficiency

Potential

Dong Zhang, Kunal Datta, Valerio Zardetto, Sjoerd Veenstra, Gianluca Coletti,

and René A. J. Janssen*

Recently perovskite/crystalline Si (cSi) tandem cells draw considerable attention
because their high efficiency can reduce the levelized cost of electricity and
increase the power density of photovoltaics (PVs) to accelerate the energy
transition. While the theoretical limits for tandem cells are well known, the
practical limits are less clear. Herein, a new method is presented to calculate the
efficiency of a four-terminal (4T) tandem based on the performance of single-
junction perovskite and cSi cells, using their detailed-balance efficiency fraction.
This calculation method is validated with experiments on 4T perovskite/cSi
tandem cells that provide a maximum efficiency of 28.0% and with the literature
data available for similar configurations. A maximum efficiency of about 36% is

1. Introduction

The increase of the power conversion
efficiency (1) of solar cells can effectively
reduce the levelized cost of electricity
(LCOE) of photovoltaics (PVs) especially
because the fraction of balance of system
(BOS) increases up to about 70% of the total
cost of PV systems nowadays."! However,
the efficiency of crystalline Si (cSi) cells as
the mainstream PV technology is approach-
ing its practical limit.>*! By adding a wide-
bandgap cell on top of a cSi cell to form a

estimated for 4T perovskite/cSi tandem cells that would use present record
perovskite and cSi PV cells. This can be regarded as the practical efficiency limit

for 4T perovskite/cSi tandem devices.
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tandem cell, the theoretical limit of a single-
junction solar cell can be surpassed.
The theoretical limit is calculated based
on the detailed-balance model® and often
referred to as the detailed-balance limit.
Figure 1 shows the detailed-balance
efficiency limit of a single-junction solar cell as a function of
bandgap energy (E,). The optimal range for E; lies between
1.1 and 1.4eV and the highest efficiency is 33.1%.°” When a
top cell with larger E, is used to form a tandem with a cSi cell,
much higher efficiency up to 44.7%"® can be reached when E, is
about 1.81 eV. The four-terminal (4T) tandem, as one of the tan-
dem configurations, has several advantages over its two-terminal
(2T) counterpart. Most relevant is that a 4T configuration is not
limited by current matching, implying that it is less sensitive to
spectral changes and flexible for bifacial application with varying
albedo.””! The 4T configuration also allows separate optimization
of subcells and simple mechanical stacking of them for module
assembly. In principle, the perovskite subcell in the 4T configu-
ration can be applied as an add-on, and therefore requires
minimal adaption in the cSi cell processing or device layout.
In contrast, the disadvantages of a 4T tandem cell include the
demand for an additional transparent conductive oxide (TCO)
electrode compared to the 2T tandem cell, implying extra module
cost. In addition, module integration and 4T electrical connection
on the module and system levels, which involves doubling the
power electronics, are not as straightforward as it might appear
for 2T.1'%" Concerning the cell efficiency, 2T and 4T tandems
have nearly the same theoretical maximum,'? although in
practice over 29% has been reached for the 4T tandem!"* and over
31% has been reached for the 2T tandem.™*

Rapid development of perovskite/cSi tandem cells benefits
from the research progress in single-junction perovskite and
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Figure 1. Theoretical efficiency calculated for a single-junction solar cell as
a function of the bandgap energy E; and for a 4T tandem cell comprising a
crystalline Si (cSi) bottom cell as a function of E, of the top cell. The cal-
culations are based on the detailed-balance theory and are explained in
Section 1, Supporting Information.

cSi cells. The general strategy for optimizing 4T perovskite/cSi
tandem cells includes efficiency improvement of the perovskite
top and cSi bottom cells, enhancement of the near-infrared (NIR)
transmission of the perovskite top cell,*” and tuning of the
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perovskite bandgap energy (Egpgr). However, how these
optimization aspects quantitatively contribute to the perfor-
mance of the tandem cell has not been discussed in the literature.
In this contribution, we fabricate and characterize a 28.0%-
efficient 4T perovskite/cSi tandem cell. Furthermore, we intro-
duce a method to calculate the 4T tandem efficiency and validate
it by comparing the calculated and experimental values, both
from data generated in-house and data available in the literature.
This method quantitatively connects the 4T tandem efficiency to
the aforementioned optimization aspects giving a clear path to
focus on the research efforts.

2. Results and Discussion

2.1. Fabrication and Characterization of 4T Perovskite/cSi
Tandem Cell

Semitransparent perovskite solar cells (ST-PSCs), i.e., the top
cells of the 4T tandem, were processed on glass substrates cov-
ered with two different TCOs. One has hydrogenated indium
oxide (IOH) as a front electrode and is named ST-PSC-1, while
the other has indium tin oxide (ITO) as front TCO and is named
ST-PSC-2. Details of the device fabrication and characterization
methods are provided in the Experimental Section. Figure 2
shows the photovoltaic characterization of the two cells and
Table 1 contains the relevant photovoltaic parameters. Both
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Figure 2. Photovoltaic (PV) characterization of the semitransparent perovskite solar cells with an IOH (ST-PSC-1) and an ITO (ST-PSC-2) front electrode.
a) J-V curves. b) Maximum power point tracking (MPPT). c) External quantum efficiency (EQE) spectra. d) Transmittance spectra.
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Table 1. J-V parameters of 4T tandem cells with different ST-PSCs and the
same MWT-SH]J cSi cell.

Cell Description Voc Jse FEn
mV] [mAcm ™ [%] [%]

ST-PSC-1 (Eg,per: 1.69€V) Backward scan 1145 20.0 76.0 17.4

Forward scan 1145 20.0 753 172

MPPT - - - 17.3

cSi-cell (MWT-SH)) Single junction 731 39.8 781 227
Filtered by ST-PSC-1 717 18.8 79.5 10.7

Tandem-1 28.0

Backward scan 1146 19.2 80.7 17.8
Forward scan 1145 19.2 80.8 17.8

ST-PSC-2 (Egper: 1.69 €V)

MPPT - - - 17.8

cSi-cell (MWT-SH)) Single junction 731 39.8 781 227
Filtered by ST-PSC-2 711 15.0 79.8 85

Tandem-2 26.3

ST-PSC-1 and ST-PSC-2 have negligible hysteresis in the current
density—voltage (J-V) characteristics (Figure 2a) and are stable
during 100s of maximum power point tracking (MPPT)
(Figure 2b). Both Figure 2a and the external quantum efficiency
(EQE) spectrum (Figure 2¢) indicate that ST-PSC-1 provides a
higher short-circuit current density (Js) than ST-PSC-2 mainly
because the parasitic absorption of IOH is much smaller than
that of ITO (Figure S1, Supporting Information). The reduced
parasitic absorption of IOH as TCO also results in a higher trans-
parency of the ST-PSC-1 cell in the NIR compared to the ST-PSC-
2 cell as shown in Figure 2d. It is noted that ST-PSC-1 has a lower
fill factor (FF) than ST-PSC-2. This could be related to the work
function difference between ITO and IOH as reported by Semma
et al.' Zhao et al. reported that the TCO work function can
affect the depletion region of the p-n junction in silicon
heterojunction solar cells, consequently influencing the cell per-
formance.'”) Similar effects of the TCO work function could be
applicable to the hole transport layer (HTL)/perovskite interface.
This possible explanation has not been studied in detail, and
therefore requires further investigation.

By combining these ST-PSCs with a metal-wrap through
silicon heterojunction (MWT-SH]J) bottom cell, it is possible to
characterize the performance of the corresponding 4T tandem
cell. Figure 3 shows the schematic layout of the 4T perovskite/
cSi tandem cells. Since the ST-PSC and MWT-SH] bottom cells
have very different areas, the protocol for 4T tandem measure-
ment published by Werner et al.l"® was used as described in the
Experimental Section. The results of the 4T tandem characteri-
zation are summarized in Table 1. Although the ST-PSC-2
single-junction cell performs slightly better than the ST-PSC-1
cell, the efficiency of Tandem-1 is much higher as a consequence
of the higher NIR transparency of ST-PSC-1. The efficiency of the
4T-tandem cell that combines a ST-PSC-1 top cell with an MWT-
SHJ bottom cell is 28.0%. The J-V curve and EQE spectrum of
the MWT-SH] bottom cell are shown in Figure S2, Supporting
Information.
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Semi-transparent
perovskite cell

Figure 3. Schematic layout of the 4T perovskite/cSi tandem cells in this
study. The tandem configuration includes a small ST-PSC (aperture area of
9 mm?) top cell and a 6 inch cSi bottom cell. The TCO on the glass is either
IOH or ITO. There is an air gap between the top and bottom cells.

While the differences between Tandem-1 and Tandem-2 can
be easily understood in qualitative terms, the question arises
whether they be accurately predicted in quantitative terms based
on the characteristics of the individual subcells. In the following,
we describe a method to predict the efficiency of a 4T tandem,
based on few measurable characteristics of the top and bottom
subcells, and then use it to determine a practical efficiency limit
for 4T perovskite/cSi tandem cells based on current record top
and bottom cells.

2.2. Method to Calculate the 4T Tandem Efficiency and its
Validation

The model starts by relating the actual performance of a single-
junction perovskite cell, i.e., the open-circuit voltage (Vocpgr),
short-circuit current density (s per), fill factor (FFpggr), and effi-
ciency (npgr) of the perovskite and the cSi cell (Voecesi, Jsccsir
FFs;, and 7s;) to their detailed-balance performance limits at
their corresponding bandgap energies expressed by the following
fractions (f)

"PER Mcsi
fPER(E ,PER) == i= 1
& ”}’ER(Eg,PER) <t esi
Voc,PER Voc,csi
vac,PER(Eg,PER) = YVt (E o) OC(E fVoc,cSi ==
oc,PER g.PER) oc,cSi
]sc,PER Jsc,cSi (1)
f]sc,PER(EgiPER) - Tt (E ) f]sc,cSi — Tt
sc,PER\=g,PER sc,cSi
FFpgr FFg;
(E ‘PER) = Tet & f cSi
fFF,PER g, FF})ER(Eg,PER) FF,cSi FFESi

fPER(Eg,PER) :vac,PER(Eg.,PER) 'f]sc,PER(Eg,PER) 'fFF«,PER(Eg‘PER)
(2)

chi :vac,csi 'f]sc,cSi 'fFF,cSi 3)

where Vi ppr, Jicpers FFpprs and mpgg are the theoretical (t)
detailed-balance performance limits for the perovskite cell,
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and V! t

tecsi Jieesir FFeg;, and 77t; are the corresponding values for
the cSi cell. fprr and f:s; represent the ratios of the actual efficien-
cies of the two cells relative to their detailed-balance limits. The
calculation of the detailed-balance performance limit is explained
in detail in Section 1, Supporting Information. The performance
of an ST-PSC measured as a single-junction device is almost
identical to its performance on top of the cSi cell in a 4T tandem
configuration. Although the cSi cell can reflect part of transmit-
ted photons with energies larger than Eg pgg, the effect of back
reflection is negligible. The reasons are that the number of trans-
mitted photons is very limited due to the high absorption coef-
ficients of the perovskite!' and that the reflectivity of cSi cells is
very small due to optimized antireflection.*” In contrast, the per-
formance of the cSi bottom cell in the 4T tandem differs signifi-
cantly from the performance of the same cell in a single-junction
configuration because the cSi bottom cell is optically filtered by
the perovskite top cell. Similar to the variables defined for the
single-junction cell, the filtered cSi bottom cell is defined with
Voebotr Jscborr FFpot» and e for the actual performance,

Veebot Jsebotr FFho and ny,, for the detailed-balance performance
limit, and fyoc bots fise,bots fEFbotr ad fior for the ratios of the two
parameter sets. The actual 4T tandem efficiency (1747) can then be

expressed by the following equations
Hat = NpER + Moot = fpER * MpEr + ot - 'ﬁm
:fPER : YIE’ER +fVoc,bot 'f]sc,bot .fFF,bot : ”]t)ot (4)
kT 141 (Jscbot A sccsi
f o Voc,bot ¢ In <JO.cSi) o nln(.’ﬂ.csi )
Voc,bot — - t - -

T Ve infiey o (Ses)
0,cSi

sc¢,cSi sc,cSi
_ nln(m) +nlna N nln<m>

(k=) cmp ()

0,cSi 0,cSi

0,cSi

:fVocA,cSi (5)

where ], .s; is the actual saturation current density of the cSi cell
and J} ; its theoretical value based on the detailed-balance limit.

1.0 T T T T
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Further, n is the ideality factor, e is the elemental charge, and a
and b are equal to J por/Jsc.csi a0d Jo por/Jic si» T€Spectively, and
therefore, related to Egppr and the transmittance of the perov-
skite top cell. Figure S3, Supporting Information shows the value
of JL. bot/Joc.csi @s a function of Eg peg and the transmittance of the
perovskite top cells. The range for Eg pgr (1.6 < Eg ppr < 2.3 €V)
and for the transmittance (0.7 < T<1.0) used in Figure S3,
Supporting Information, were chosen because Egpgr > 1.6V
is commonly used for perovskite/cSi tandem cells and a trans-
mittance above 70% is widely demonstrated.">*'""**! Based on
Figure S3, Supporting Information, the terms ln a and In b in
Equation (5) are in the range of —0.22 to —1.2. In contrast,
the other terms in Equation (5) are much larger
(In(Ji. csi/Jb.csi) that is about 33.5 and In(Jy csi/Jo.csi) is about
27.6), based on J,. 5 and J, ; reported by Blakers et al.**! for
high-efficiency cSi solar cells. Therefore, the terms In a and In
b can safely be disregarded such that fy,. por = fvoccsi- The term
Sisepor can be expressed by the following equation

f :]sabot:]s +Ji+Js
Jscbot -Psc‘bot .]1 +]2 +]3

©)

where Jq, [, J3, J4, and Js refer to the current densities corre-
sponding to the indicated spectral EQE areas in Figure 4.
Note that in Equation (6), J; and Js only appear in the numerator,

because Ji_, . assumes step function-like bandgaps. Equation (6)

assumes that luminescence by radiative recombination in the top
subcell does not influence current generation in the bottom
cell.® Such contribution is expected to be small because the
luminescence of the perovskite top cell is generally very low, cer-
tainly when operated in the maximum power point.

Figure 4 shows the measured EQE spectrum of the MWT-SH]
cell filtered by the ST-PSC-1 and its comparison to the EQE of the
single-junction MWT-SH]J cell as well as the detailed-balance
absorption profile. Area 1 indicates the EQE spectral difference
between the single-junction and filtered cSi cell between two
wavelengths corresponding to Egpgr and cSi Ey (Egcsi). In the

0.8 1

0.6 1

EQE

0.4 1

0.2 1
Perovskite Eg

] Area 2 (J,;=1.95 mA cm™®)
] Area 1 (J,=1.77 mA cm?)
[ ]Area 3 (J,=17.2 mA cm™®)
i Area 4 (J,=1.16 mA cm?)

Area 5 (J;=0.36 mA cm?)
—— EQE of cSi cell
71 —— EQE of filtered cSi cell

O-O T T T T
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Wavelength (nm)
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Figure 4. The EQE spectrum of the metal-wrap through silicon heterojunction (MWT-SH)) cell filtered by an ST-PSC (specifically the cell of ST-PSC-1
shown in Table 1) in comparison to that of the single-junction cell and the detailed-balance absorption profile between two wavelengths corresponding to
Egper and Egcsi. The AM1.5G-integrated photocurrents J;—Js correspond to the different areas indicated in the EQE spectrum.
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same wavelength range. Area 2 corresponds to the difference
between the detailed-balance absorption profile and the EQE
of the single-junction cSi cell. Area 3 covers the EQE of filtered
MWT-SH] cell for photon energies (E) in the range
Egprr > E> Eycsi. Note that the optical assumptions of the
detailed-balance model for perovskite/cSi tandem calculation
include the complete absorption of all the photons with higher
energy than E, pgg for the perovskite cells and complete absorp-
tion of the photons with the energy between E, pgg and Eg s; for
the cSi cells. Area 4 refers to the number of photons that can be
absorbed by the perovskite cell, but that actually pass the top cell
and are then absorbed by the cSi bottom cell instead. Area 5 is
related to the small absorption by the cSi cell of photons with
an energy lower than E,g;. Therefore, J; = J5(1/Tir — 1)
accounts for the current density loss caused by the transmission
of the ST-PSC. TV, is the weighted average transmittance
defined by the following equation

E
Jele Tair(E)®(E)dE

TR = (7)
T e(EaE

where Tyr(E) is the transmittance of the perovskite top cell and
®(E) is the photon density of the AM1.5G solar spectrum.
J2 = (J3/TXir)(1/fjscesi — 1) accounts for the additional current
density loss caused by the cSi cell itself, e.g., metallic shading and
parasitic absorption of the emitter and reflection. Therefore,
Equation (6) is rewritten as the following equation

L
Jsc,bot ]3/(T\I§IIIR 'f]sc,cSi)

where a = (J; + J, + J5)/J5. Because both J5 and J, are related to
the perovskite layer thickness and its bandgap energy E, pgg; also
a depends on these parameters. To evaluate the value of a, the
filtered EQE of the MWT-SH] cell is calculated with validated
optical modeling!™® at different perovskite layer thickness and
two different values for Egpgr. The optical structure of the
ST-PSC is shown in Figure 3. Then « is calculated as shown
in Figure S4, Supporting Information. The perovskite layer thick-
ness (of 500-700 nm) was chosen in the range commonly used
for (PSCs).**% 1t turns out that a can be approximated to
be a constant value of 1.13 with a relatively small standard
deviation of 0.03 in the perovskite layer thickness and Egpgr
ranges used.

In addition, FF| , ~ FFl; since the FF variation caused by the
small V. change in the detailed-balance model is negligible. The
FFpor is normally higher than the FFg;, resulting from reduced
series resistance losses because the filtered cSi cell generates less
current than the single-junction cell. In practice, however, the dif-
ference between FFy, and FF_; will be very small for a high-effi-
ciency cSi cell with optimized electrodes and its effect on cSi cell
efficiency is negligible. In contrast, the [ variation plays a domi-
nant role. Figure S5, Supporting Information, shows the FF and 5
measured as a function of J;. for the MWT-SH] cell used in this
work. Although the FF increases at lower J, the i of the MWT-SH]J
cell is fully dominated by the change in J,. as can be inferred from
the clear linearity of the # with J.. Therefore, frr 1o approximates
frr.csi. With Equation (5) and (8), Equation (4) can be rewritten as

=a- T\I\)}/IR 'f]sc,cSi (8)
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Table 2. Data of 4T tandem cells from this work and the literature.

fPER UEER chi ﬂtbot TR Eg,PER Nat [%] Nat [%] Reference
[%] %) (%] [eV]  Measured Calculated
0.598 289 0.692 154 91.0 1.69 28.0 28.2 ST-PSC-1
(This work)
0.616 289 0.692 154 719 1.69 26.3 26.5 ST-PSC-2
(This work)
0.519 302 0.726 134 920 1.60 25.7 25.8 [15]
0.598 284 0.753 16.0 798 1.72 27.7 27.8 [21]
0.595 299 0.671 139 786 1.63 26.27 26.1 [22]
0520 265 0701 182 899 182%  27. 26.8 23]
0569 300 0616 136 847 161”7 252 25.1 [24]

IModified 7 when J. of the bottom cell is taken from EQE; b)EgvaR is recalculated
from EQE in the corresponding article (Figure S6, Supporting Information) using the

method reported by Kriickemeier et al.®"

Har = fper * Mper +fvoccsi * @ - TI\ZVIIR -f Jsc,cSi -f FF,cSi * rht)ot 9)
By taking Equation (3) into Equation (9)
nar = frer  Mbpr + @ TN *fesi * Moot (10)

Since fper, 7ppr, and np,, are dependent on Egpgg,
Equation (10) can be generalized to Equation (11)

’74T(Eg,PER) :fPER(Eg,PER) 'r/%ER(Eg,PER)

1)
+a- TN fesi “Mpor(EgpER)

To validate the model expressed by Equation (11), the calcu-
lated 7747 is compared with measured values (Table 2). In addition
to tandem cells made in this work, Table 1 extensively lists
4T-tandem results collected from the literature. The deviation
between calculated and measured 54t is small, suggesting a good
accuracy of Equation 11. Note that although the constant @ of 1.13
was deduced on basis of the calculations for Eg pgg equal to 1.60
or 1.69 eV, it is still valid for Egpgg up to 1.82eV.

2.3. Maximum 4T Perovskite/cSi Tandem Efficiency with the
Record Perovskite and cSi PV Technologies

In 2017, Kaneka reported a single-junction IBC cSi cell with a
record efficiency of 26.7%!*) which corresponds to an fg; of
81.4% and has not been surpassed since. Therefore, this effi-
ciency could be considered as, or close to, the practical efficiency
limit of single-junction cSi PV which is also in line with predic-
tions by Swanson in 2005.?! In 2021, a perovskite cell with a
record efficiency of 25.7% was realized.®% These two record effi-
ciencies of perovskite and cSi cells cannot be directly compared
because the corresponding devices have different E,. However,
their level of “perfection” can be inferred from the fraction of the
detailed-balance efficiency.*"! The perovskite record cell is made
with an E,; of 1.54eV and realizes 82.2% of its theoretical
efficiency limit which is even slightly higher than for cSi
PV.5323 Since the E; of this record perovskite cell is still
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not in the optimal range of single-junction solar cells, an increase
in efficiency might be possible in the future. However, in terms
of the fraction of the detailed-balance efficiency limit, a break-
through seems quite difficult. Therefore, a 4T tandem with
the aforementioned record perovskite and cSi cells can provide
a realistic estimate of the practical efficiency limit for the 4T
perovskite/cSi tandem concept.

Almost all high-efficiency perovskite cells are processed with a
full-area metal rear electrode, i.e., a nontransparent (NT) struc-
ture. To make the perovskite cells suitable for a 4T tandem con-
figuration, the rear metal electrode has to be replaced by a
transparent electrode, typically a TCO such as ITO, IOH, or
indium zinc oxide (IZO). Replacement of a metal electrode with
an optimized transparent electrode will cause negligible V,. and
FF losses (Figure S7, Supporting Information). However, a loss
in J, is difficult to prevent since the metal electrode offers effec-
tive back reflection which doubles the optical path for effective
light absorption. Figure 5 compares the optically simulated Js

—
(=)
-~

www.solar-rrl.com

of an NT-PSC to that of an ST-PSC at different perovskite layer
thickness. The simulated J. is calculated based on the absorption
of perovskite layer (Apggr) with the following equation

Jo(B) = / * ®(E) Apsr (E)E 12)

where ®(E) is the photon flux of the standard AM1.5G solar
spectrum. Here, a collection efficiency of 1 is assumed for
photon-generated carriers in the perovskite layer. The difference
in Ji between cells with and without a metal electrode is very
pronounced when the perovskite layer is thin, but becomes
smaller when the perovskite layer thickness increases.
Figure 5 suggests that the relative difference in J,. between
NT-PSCs and ST-PSCs is not expected to go below 2% and,
hence, the value of 2% is taken as a minimal J loss after an
ST-PSC is optimized from the corresponding NT-PSC for calcu-
lation of the practical efficiency limit.

T T T T T 10
——ST-PSC )
& 231 ----NT-PSC  ____.---- ssenTTT
§ S
< ©
£ 22- e
8 o
iz
S 2
b} ©
g 214 g
Perovskite S %
0 12
204
T T T T T 0
0.5 1.0 1.5 2.0 2.5 3.0

Perovskite layer thickness (um)

Figure 5. a) Optical structure of an NT-PCS and an ST-PSC. b) Optically simulated J. as a function of perovskite layer thickness, for the perovskite
absorber used in this work and assuming a carrier collection efficiency of 1.
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starting with the record T\{; of 92% and the record f.s; of 81.4%.
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Figure 6 shows the highest attainable 541, when both the
perovskite and the cSi subcells in this work can be optimized
to the level of the corresponding record devices, in other words,
the same faction of the detailed-balance performance limit as the
record devices. The calculation is based on Equation (11) that has
been validated with data from Table 2. Figure 6a shows the tan-
dem efficiency as the function of T¥ and fs;. Due to the para-
sitic absorption of the TCO in the NIR and reflection caused by
the layer stack of perovskite cells, there is a marginal increase of
T¥r. The T of about 92% is the highest demonstrated in the
literature so far.™> A large enhancement of #4r, which is about
absolute 2.4%, can originate from the increase of fs; from 69.2%
of the MWT-SH]J cell employed in this work to 81.4% of the
world-record cSi cell.

Figure 6b indicates the possible further improvement of n4t
when the ST-PSC from this work can be further optimized.
Table S1, Supporting Information, shows the comparison of
the ST-PSC-1 in this work to the record PSCs. Since the two cells
have very different E, direct comparison of the J-V parameters is
not meaningful, and thereby they are compared in terms of the
fraction of the detailed-balance performance limit of each single
J-V parameter. Note that the J;. of the ST-PSC-1 cell is already
quite close to that of the record cell, taking into account the min-
imum loss of 2% relative due to the absence of effective back
reflection as previously shown in Figure 5. The 54t can increase
by about 1% absolute when fipgr increases from 87.6% to
91.1%. More importantly, further increase of fio.prr from the
current 82.2% to the record 94.9% can lead to about 3% absolute
n4t enhancement. The possibility of reaching high V., for wide-
bandgap perovskite is supported by the recent work from Liu
et al.P* They reported a high V,. of 1.35V for perovskite cells
with the E, of 1.725 eV, corresponding to 94.7% of its theoretical
Vioc limit. With a further increase of frp ppr from 83.6% to 92.3%,
the 4T tandem can reach a n4r of 36%. In 2020, Al-Ashouri
et al.?® demonstrated a PSC with a E; of 1.68eV and an FF
of 84%, which corresponds to an fgg per of 92.4%, implying that
the FF of the wide-bandgap perovskite cells is already able to
reach the level of the record perovskite cell with respect to
approaching the detailed-balance limit. The 7,1 could reach about
36.8% if the perovskite E, can be tuned to its optimum of around
1.85 eV, while fppr retains the same.

Even though the E; of the record perovskite cell deviates con-
siderably from the optimum for a tandem cell with cSi, about
35% tandem efficiency could be attainable with this E if the
existing record perovskite and cSi cells could be adapted for
the 4T tandem configuration. This shows once more the flexibil-
ity of the 4T tandem configuration to the E; of the top cell.
Note that the optimal E, of a perovskite cell is highly dependent
on its fpgr. In fact, the optimal E, increases rapidly as fpgr
decreases. The n4r gain from E, optimization is much higher
at low fpgr.

In this work, we focused on the efficiency potential of lab-scale
cells. Inevitable losses from lab-scale cells to a large-area module
will mainly be caused by layer inhomogeneity, the tradeoff
between absorption and resistance losses of the TCO, and the
dead-area fraction. Recently, an over 25%-efficient 4T perov-
skite/Si tandem device on a 6-inch area has been presented
by Zardetto et al.’® A comparison of this result with Table 1
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demonstrates that the gap between lab-scale cells and large-area
devices can be minimized.

3. Conclusion

In this contribution, a method for calculating the 4T perovskite/
cSi tandem efficiency is proposed and validated with experimen-
tal results as well as several results from the literature. The exper-
imental input data which are required by this calculation include
the efficiencies of the ST-PSC and the cSi cells measured at
AMT1.5G 1 sun condition, and the EQE and transmittance spectra
of the ST-PSC. First, the E, pgr is determined from the EQE of
the ST-PSCP" Second, the theoretical efficiency values of nbg,
ntsi» and 7}, are calculated (Section 1, Supporting Information),
followed by the calculation of fprr and fs; (Equation (1)). Third,
T¥ s can be obtained based on Equation (7). At last, the #,r can
be calculated with Equation (11). We show that the calculated effi-
ciency deviates not more than 1% relative to actual device meas-
urements. This method can clearly reveal how the performance
of the top and bottom cells, transmittance of top cells, and perov-
skite E, influences the tandem cell performance and can be used
for tandem device optimization. Experimentally, a high tandem
efficiency of 28.0% is achieved with the 4T perovskite/cSi tan-
dem configuration. Our calculations show that it is possible to
reach about 36% tandem efficiency when both perovskite top
and cSi bottom cells can be optimized to the level of their current
record devices. Furthermore, it shows in which direction the
optimization should take place by evaluating which among the
J-V parameters, Eg, or transmittance have more room for
improvement and more impact on the tandem performance.
Using this method we conclude that an efficiency of about
36% can be considered the practical efficiency limit for 4T tan-
dem perovskite/cSi solar cells.

4. Experimental Section

Preparation of Precursor Solutions: All materials were purchased from
commercial sources and used as received unless stated otherwise.
Prior to the preparation of perovskite precursor solutions, stock solutions
of Pbl,, PbBr,, and Csl were made, stored in the glovebox, and repeatedly
used. Pbl, (5532 mg) (TCI Chemicals, 99.99% trace metal basis) was dis-
solved in a mixture of DMF (7.2 mL) (Sigma Aldrich, 99.8%) and DMSO
(0.8 mL) (Sigma Aldrich, 99.9%), PbBr, (1101 mg) (TClI Chemicals,
>98.0%) in a mixture of DMF (1.8 mL) and DMSO (0.2 mL), and Csl
(779.4 mg) (Sigma-Aldrich, 99.999% trace metal basis) in DMSO
(2 mL). Right before making the perovskite precursor solution, the Pbl,
and PbBr, stock solutions were heated to 150°C for 15 min and then
cooled to room temperature. The perovskite precursor solution was pre-
pared by mixing formamidinium iodide (FAI) (Greatcell Solar Materials)
(283.2mg), methylammonium bromide (MABr) (Greatcell Solar
Materials) (36.88 mg) with a mixture of the Pbl, stock solution
(1077 pL), the PbBr, stock solution (454.3 pL), and the Csl stock solution
(69.3pL) to realize the nominal perovskite composition of
Cs0.05FA0.79MAg 16Pb(l.75Bro2s)s. As  HTL, [2-(9H-carbazol-9-yl)ethyl]
phosphonic acid (2PACz) (TCl Chemicals) was used which was dissolved
in anhydrous ethanol (Merck Millipore) with 30 min of sonication at a con-
centration of 0.33 mgmL™".

Device Fabrication: Prepatterned ITO or IOH covered glass substrates
were cleaned sequentially with soap water, deionized water, and isopro-
panol in an ultrasonic bath. Each step takes 5 min. After they were treated
in UV ozone for 30 min, the substrates were transferred into the glovebox
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for spin coating of the HTL and the perovskite. For HTL deposition, 2PACz
solution (120 pL) was first dripped slowly on the substrate to fully cover the
substrate surface. After about 30's, spin coating started at 3000 rpm and
lasted for 30 s, immediately followed by annealing at 100 °C for 10 min. The
perovskite layer was deposited with antisolvent methods. The spin coating
of perovskite started with 1000 rpm for 10 s and accelerated to 5000 rpm
for 20 s. Chlorobenzene (CB) was dripped onto the perovskite film at 23 s.
After spin coating, the perovskite film was immediately annealed at 150 °C
for 10 min. On top of perovskite, Cso (SES Research, 99.95%) was ther-
mally evaporated, followed by a SnO, layer, deposited with spatial atomic
layer deposition. Afterward, sputtered ITO and evaporated Ag grids were
processed as rear electrodes. Finally, antireflective MgF, layers were
evaporated on both the glass and the top electrode. The details about
the MWT-SH) cells are reported in our previous publication.?’!

Characterization: J-V characteristics of the PSCs were measured with a
WACOM solar simulator which was calibrated with a Si reference cell
purchased from Fraunhofer ISE. The cell area of 9mm? is defined by a
stainless-steel shadow mask. The scan speed was 200 mV s™, controlled
by a Keithley 2400 source-measure unit. The J-V of the cSi cells was mea-
sured with full-area illumination using a Neonsee solar simulator. The EQE
of all solar cells was measured with a setup from ReRa Solutions BV.
Transmittance spectra were measured with an Agilent Carry 5000 spectro-
photometer with an integrating sphere. The top and bottom cells are
measured separately. Therefore, it is not necessary to have the solar sim-
ulator fit the subcell spectra simultaneously, and mismatch factors can be
chosen separately for perovskite and cSi single-junction cells.

Measurement Protocol for 4T Perovskite—cSi Tandem Cells: 1) J-V of
perovskite top cell is directly measured, using a black background;
2) single-junction cSi cells are measured with a solar simulator to obtain
Jscvi 3) EQE measurement is taken at the active area of cSi cells to obtain
Jsc_eqe; 4) a shadow loss factor (f) of cSi cells is determined by
Jsc_iv/Jsc_eqe- The main reason for introducing f'is that the EQE is mea-
sured in the active area of cSi cells, while the J-V is a full-area measure-
ment. By introducing f, the metallic shading fraction is taken into account
in the EQE measurement of the cSi cells; 5) EQE measurement is taken at
the active area of cSi cells filtered by the perovskite cell to obtain Js._fiered-
Therc of ¢Si bottom cells Usc,bottom) istJsc,ﬁltered; 6) IV of cSi cells is
measured with gray filters to obtain V., FF, and efficiency at Jo._pottom ; and
7) the sum of perovskite top and cSi bottom cell efficiencies is the 4T tan-
dem cell efficiency. Note that instead of the gray filters used in step 6, a
color cut-off filter resembling the bandgap of perovskites would be better.
However, gray filters are good enough when the distribution of the gener-
ation profile has negligible impacts on cell performance, which is the case
for the high-efficiency cSi cells as used in this work.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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