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In monolithic perovskite/silicon tandem solar cells, it is important to know which
subcells are limiting the overall current to adapt the perovskite absorber thick-
ness and bandgap accordingly. The current matching situation is usually ana-
lyzed by integrating measured external quantum efficiencies. However, this
method can lead to significant errors and misinterpretations if metastable
perovskite solar cells are involved. Herein, spectrometric characterization is
presented as an alternative approach avoiding these errors. Current—voltage
curves are recorded under different spectral conditions. Spectral irradiance
settings are varied in a systematic way from redshifted spectra (the perovskite top
solar cell limits the current) to blueshifted spectra (the silicon bottom solar cell
limits the current) around the air mass 1.5 global (AM1.5G) spectrum. This
method not only allows for accurate determination of the current matching point,
but also gives quantitative insight in the behavior of the single subcells and their
influence on the tandem performance. As different current mismatching also
influences other global cell parameters, an example is presented where the
current loss due to the current mismatch is partly compensated by a strong fill
factor increase when the silicon solar cell limits the current, resulting in a high-

based tandem solar cells, this limit can be
overcome due to a reduction of thermaliza-
tion losses. Perovskites are a promising
tandem partner for silicon. They have high
absorption coefficients and an adjustable
bandgap.>?!  Perovskite single-junction
solar cells, meanwhile, reach efficiencies
over 25%.1  With perovskite/silicon
tandem solar cells, a certified efficiency
above 31% has recently been achieved.”
However, dynamic effects such as ion
migration'® in the perovskite material
make the characterization of perovskite-
based solar cells challenging.

In monolithic tandem solar cells, the
subcell with the lower current limits the
current of the whole tandem device.
Therefore, it is important for device optimi-
zation toward highest efficiency to precisely
determine the current generation of
each subcell. Usually, the current matching
situation is determined from external

power output also at the AM1.5G condition.

1. Introduction

The efficiency of silicon solar cells is limited to 29.4% under the
air mass 1.5 global (AM1.5G) spectrum at 25 °C.I"! Using silicon-
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quantum efficiency (EQE), 1ie., the
photocurrents of the individual subcells
are calculated by integration over the
measured EQE weighted by the AMI1.5G spectrum./*
However, the absolute EQE is required for this. Measuring
the absolute EQE is rather challenging already for single-junction
solar cells, for example, if they show a nonlinear behavior in the
irradiance-current characteristics.' Additionally, in perovskite
solar cells, dynamic effects lead to a dependence of the measured
EQE on measurement conditions as, for example, bias illumina-
tion intensity.’®'”) In multijunction solar cells, it becomes even
more complicated. With the help of a bias voltage, the subcell
to be measured needs to be brought into short-circuit condition.
However, as the voltages of the individual subcells cannot be
measured individually in the tandem device, the operational point
might be shifted leading to a wrong absolute height of the EQE
and measurement artifacts if the subcell under test has a low par-
allel resistance, as has been demonstrated for III-V multijunction
solar cells.® Luminescence coupling can lead to similar measure-
ment artifacts.™” Therefore, the assumption that absolute EQEs
were measured can lead to wrong conclusions concerning the
current matching situation in perovskite/silicon tandem solar
cells, due to high measurement uncertainties.
The spectrometric characterization is a more accurate method
to investigate the current matching relation between the subcells.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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The idea of this method, which was first used on amorphous
silicon tandem cells®” and later has been further elaborated
and used extensively on I1I-V multijunction cells,*" is to system-
atically vary the spectral irradiance of a solar simulator for
current—voltage (I-V) measurements from red rich spectra,
where the top solar cell limits the current, to blue-rich
spectra, where the bottom solar cell limits the current. For
each spectral setting an I-V curve is recorded. Plotting the
short-circuit current density (jsc) over the spectrum, the current
matching point can be quantitatively determined. Furthermore,
due to the varying spectra and the different current limitation
situations, information on the individual subcells can be gained.
Some groups reported on -V measurements on perovskite/sili-
con tandem solar cells under different spectra, but the current
matching situation was determined only qualitatively or from
measured EQEs.®%?

After first tests of the spectrometric characterization technique
on perovskite/silicon tandem solar cells,*** in this work, we
present a comprehensive spectrometric characterization of a
perovskite/silicon tandem solar cell. We discuss all parameters
in dependence on different spectral irradiance conditions with
particular focus on effects arising from the perovskite top solar
cell. Furthermore, we discuss potential measurement uncertain-
ties and highlight challenges of this method.

2. Concept of Spectrometric Characterization

In this article, we apply the spectrometric characterization to
perovskite/silicon tandem solar cells. As this method is not well
known in the perovskite community, we shortly give an overview
on this method. More details can be found in Meusel’s
publication.2!

In the spectrometric characterization, -V curves are recorded
under different spectral conditions. Each spectrum is assigned a
parameter z according to the following equations, which hold at
the same time for a particular spectral setting

Jip = (14 2) - janse M)
= (1= 2) e @

isim

Jiand jir denote the photocurrent densities under the solar
simulator spectrum for the top and bottom solar cell, respec-
tively; jion > and jiM15C are the photocurrent densities under
the reference spectrum,™! e.g., the AM1.5G spectrum in this
case. z = 0 defines the AM1.5G spectrum. For z > 0, the photo-
current of the top solar cell is increased compared to the AM1.5G
spectrum and the photocurrent of the bottom solar cell is
decreased accordingly. The spectrum is blueshifted compared
to the AM1.5G spectrum. For z < 0, it is the opposite case.
The spectrum is redshifted compared to the AM1.5G spectrum.

A current density j under a spectrum E(4) can be calculated by

j= [s)-E@a o)
S is the absolute spectral response. As only relative values of

EQE and spectral response can be measured for tandem solar
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cells, a relative spectral response s(4) can be defined, which needs
to be multiplied by an unknown constant factor C to obtain the
absolute spectral response: S(1) = C - s(4).

Using a solar simulator with »n independently adjustable
lamps, Equation (1) and (2) can be written as

i Ctop . Ak : /Stop(ﬂ) . ek(’l) di = (1 + z) : Ctop : /Stop(/l)
k=1

* Eamnsc(4) dd

)

ncot'A' ot(4) e (1) dd = (1 —2) - Cpoy - ot(4
>o6 k/sbmek() (1-2)-G, /sb<>

“ Eamnsc(4) d

®)

Eamisc is the AM1.5G spectrum and the spectrum of lamp k
E(%) is given by Ep(4) = Ay - ¢,(4), where e(4) is the relative
lamp spectrum and Ay needs to be determined to adjust the
intensity. Note that the constants Cy,, and Gy, are cancelled
out which means that only the relative spectral responses are
required for the determination of the setting of the individual
lamps and thus the solar simulator. It has been shown that also
the shape of the EQE can depend on measurement conditions in
case of perovskite solar cells.”>! To verify the relative EQEs
measured with the setup used in this work, comparison
measurements with Fraunhofer ISE CalLab PV Cells have been
conducted in the frame of our previous work showing a very good
agreement of the relative EQEs.*¥

To fulfill both Equation (1) and (2), a solar simulator with at
least two spectrally different light sources is needed. In this case,
Equation (4) and (5) represent a linear system of equations with
the two unknows A; and A,, which can be solved for different
values of z and leads to unique solutions. For the measurements
presented in this work, an LED-based solar simulator with 20
spectrally different LEDs was used. In this case, Equation (1)
and (2) can be fulfilled for many solutions of the system of
equations represented by Equation (4) and (5), as there are 20
unknowns (the intensities of 20 LEDs), but only two equations.
Therefore, as a second condition, the solar simulator spectrum
should also be a close match to the AM1.5G?® spectrum with
respect to the AM1.5 spectral deviation.””) This additional
condition is used to evaluate different solutions of the equation
system and thus to select a single spectrum for each measure-
ment. A high similarity of the simulator spectra to the reference
spectrum is particularly advantageous for the measurement of
cells with wavelength-dependent nonlinearities. In addition, this
boundary condition also ensures that thermal conditions in the
light source remain as constant as possible because the calibra-
tion of the solar simulator was carried out using a simulator spec-
trum which results in “AM1.5G thermal conditions” of the light
engine. However, as shown in Figure 1, this condition leads to
the effect that no continuous course of successive spectra is given
for strongly blue or red tilted spectra. Therefore, a further adap-
tation of the defined boundary conditions for strongly tilted spec-
tra could be useful for future work. A detailed guideline on how
to adjust the LED spectrum for tandem solar cells can be found in
our previous work.!*®!

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 1. Calculated spectra for an LED-based solar simulator used for the spectrometric characterization of a perovskite/silicon tandem solar cell. z=0,
i.e., 1+z=1-z=1 (black line) defines spectral irradiance settings equivalent to the AM1.5G spectrum for this specific solar cell.

Note that the procedure presented here should also be used to
adjust the spectrum of a solar simulator for tandem measure-
ments under AM1.5G conditions, as no absolute EQE or spectral
response values are needed,*!! reducing the measurement
uncertainty. Just set z = 0 in this case.

3. Results and Discussion

A perovskite/silicon tandem solar cell consisting of a heterojunc-
tion silicon bottom solar cell and a perovskite top solar cell in the
p-i—n architecture with a Csgos(FAo.83MAg.17)0.95PD(Io.83Bro.17)3
absorber was used for this study. Details can be found in the
Experimental Section. -V measurements under 20 different
spectral irradiance settings have been conducted. These spectra
of the LED solar simulator have been calculated according to
ref. [28] based on the relative spectral responses of the tandem
device under test and are shown in Figure 1.

At each spectrum, three measurements were performed alter-
nately each in forward (short-circuit current Isc to open-circuit
voltage Voc) and reverse (Voc to Isc) scan direction.
Measurements under the AM1.5G spectrum were conducted
before and after the spectral variation to check stability (see sec-
tion about measurement uncertainties).

In case of the jsc of the tandem device, no significant spread
between the six measurements at each spectrum can be seen
(Figure 2a). The current matching point, i.e., the point with max-
imum jsc, was determined from the intercept of two linear fits to
the current values obtained from spectra where the perovskite
solar cell limits the current and the current values obtained from
spectra where the silicon solar cell limits the current. The current
matching point is reached for a redshifted spectrum compared to
the AM1.5G spectrum (z = —0.047 < 0), which means that in
this case the silicon solar cell limits the current at the
AM1.5G spectrum. The maximum jsc is jfé‘;(z = —0.047) =
Jiim(z = —0.047) = 19.2mAcm~? and the photocurrent densi-
ties under the AM1.5G spectrum are 20.2 and 18.4 mA cm >
for the top and bottom subcell, respectively, as can be calculated
from Equation (1) and (2). Note that at jsc conditions for a tan-
dem solar cell I-V curve, the current limiting subcell will operate
at a negative voltage. If the current of the current limiting subcell
increases with negative voltage (e.g., in the case of a low shunt
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resistance), the jsc of the tandem will be significantly higher as
compared to the actual jsc of the subcell and the determined js¢
values will be overestimated. Such a case can be identified by a
nonhorizontal I-V curve at low voltages. In our case, we esti-
mated that the shift of the current matching point due to this
effect is below 0.002 and the effect on the jsc below 0.3 mA cm 2

In case of the Vo, there is no strong variation (around 1%
relative) in dependence on the spectrum (Figure 2b). Also, for
III-V multijunction solar cells, no significant influence of the
spectrum has been seen for the Voc.*!) It can be noted that
for redshifted spectra the Vo slightly increases with number
of measurement (the third measurement gives the highest
Voc), while for blueshifted spectra the Vo decreases with num-
ber of measurement (the first measurement gives the highest
Voc). However, this effect is very small and was not further
investigated within this work.

The fill factor (FF) is expected to show a minimum at the cur-
rent matching point.?!! Considering the FF values obtained from
reverse scans, this trend can be seen here as well (Figure 2c).
However, the increase is much lower for spectra where the perov-
skite solar cell limits the current compared to blueshifted spectra
where the silicon cell limits the current. This effect has been seen
for III-V and perovskite/silicon tandem solar cells when the lim-
iting subcell has a low parallel resistance./****! Looking at the -V
curves (Figure 3a), it seems that in the case of the solar cell pre-
sented here, the perovskite top cell does not have a significantly
lower parallel resistance than the silicon bottom cell.
Thermography measurements on the tandem device support this
finding. No shunts are detected in illuminated lock-in thermogra-
phy (ILIT) measurements neither in the perovskite top solar cell
(Figure 3b), nor in the silicon bottom solar cell (Figure 3c). Also,
dark lock-in thermography (DLIT) measurements do not show any
shunt, only background noise (Figure 3d). The general low FF of
the perovskite solar cell prevents an increase of the tandem FF for
strongly redshifted spectra. The FF in dependence on the spec-
trum also gives insight in the hysteresis behavior. For spectra
where the perovskite solar cell is limiting the tandem device, a
strong hysteresis can be seen. As expected, the hysteresis
decreases when the silicon solar cell limits the current and van-
ishes completely for a strong limitation by the silicon solar cell.

The hysteresis trend can also be seen from the maximum
power point (Pypp, Figure 2d). The Pypp has a broad maximum.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. Results of spectrometric characterization. At each spectrum, three measurements were performed alternately in forward (for) and reverse (rev)
scan direction referred to as M1, M2, and M3. a) jsc shows that the spectrum needs to be redshifted compared to the AM1.5G spectrum to reach current
match. Thus, at the AM1.5G spectrum (1 +z=1—z=1.0), the silicon solar cell limits the current. Dashed red and blue lines represent linear fits to
determine the current matching point. Dashed gray lines represent the current matching point in all graphs. b) There is no strong dependence of the
voltage on the spectrum. c) FF in reverse scan shows a minimum at the current matching point. A clear hysteresis effect can be seen when the perovskite
solar cell limits the current, which vanishes for blueshifted spectra as the silicon solar cell becomes current limiting. d) Pypp shows a flattened maximum
as the decrease in jsc for a slight limitation of the silicon solar cell is compensated by a FF increase.

Highest power is achieved at the current matching point, but also
for spectra where the silicon bottom solar cell slightly limits the
current as for the AM1.5G spectrum. The decreasing current
when moving away from current matching is partly compensated
by the increase in FF in this range. Even though the tandem solar
cell is not current-matched for the AM1.5G spectrum, the power
is almost as high as at the current matching point.

4, Possible Sources of Measurement
Uncertainties

Spectrometric characterization is a powerful method to analyze
tandem solar cells. However, the cell to be measured must be
stable during many measurements; otherwise degradation or
improvement effects of the solar cell itself overlay the effects
of the behavior under different spectra and might lead to
misinterpretation of the results. To check the stability during
the spectrometric characterization, the solar cell presented above
was measured under the AM1.5G spectrum before and after the
spectral variation. The deviations of the measurement after
the spectrometric characterization compared to the initial

Sol. RRL 2022, 2200948 2200948 (4 of 7)

measurement are shown in Figure 4. The deviation is low
(<1.5% relative) for all parameters. Thus, the conclusions drawn
from the spectrometric characterization are reliable.

Another important aspect when considering measurement
uncertainties is the cell size of perovskite/silicon tandem solar
cells. The laboratory devices are often very small, as it was also
the case in this work, where a solar cell with an active area of
0.25 cm? was used. The smaller the active area, the larger the
measurement uncertainty gets due to mask positioning and
aperture area itself. These uncertainties propagate to the uncer-
tainties of the measured jsc values, especially also in the jsc at
the current matching point and thus in the photocurrents of
the individual subcells to which the measured EQEs can be
scaled. However, to determine which subcell is limiting the
current of the tandem device and to quantify the current mis-
match, it is completely sufficient to determine the value of z at
the current matching point zcy. For zcy > 0, the top solar cell
limits the current at the AM1.5G spectrum; for z¢y < 0, the
bottom solar cell limits the current at the AM1.5G spectrum.
zcu is not affected by uncertainties of the mask aperture size or
the mask positioning if the positioning stays the same for all
measurements. This is the case in the example shown here, as

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 3. a) Exemplary |-V curves for a redshifted spectrum (perovskite solar cell limits the current) and a blueshifted spectrum (silicon solar cell limits
the current). No significant difference of the slope at jsc can be seen. The FF behavior for redshifted spectra can thus not be explained by a low parallel
resistance of the top solar cell. b—d) ILIT/DLIT measurements of the tandem solar cell. To detect an increased emission of thermal radiation in shunted
regions, the cell is excited by shining modulated light pulses on the cell or applying a modulated bias voltage in forward direction in the dark. Using
monochromatic light, the individual subcells can be selectively excited. Here, we used b) a 470 nm LED (photon current density ji;, = 2.4 x 107ecm=2s7)
to analyze the perovskite top solar cell, c) a 950 nm LED (photon current density j, = 2.5 x 10”7 cm~2s7") to analyze the silicon bottom solar cell, and
d) a bias voltage of 1.67 V to analyze the entire tandem solar cell. As no intense hotspots can be detected in either image, the tandem solar cell has no
noticeable local shunts.

1.5 T T T

without the need of absolute EQEs, which are very challenging to
measure for perovskite/silicon tandem solar cells. For further
development and improvement of tandem solar cells, it is crucial
to know which subcell limits the current. Plotting the jsc in
dependence of the spectral irradiance conditions, the current
matching point can be determined. Only the position of the max-
imum jsc in the metric is needed to quantitatively determine the
current matching point. Therefore, measurement uncertainties
of the jsc itself, such as uncertainties in the measurements of
the mask size and positioning of the solar cell, do not affect
the determination of the current matching situation in our
approach. While the Vi is not significantly affected by spectral
variation, characteristics of FF and Pypp can be attributed to sin-
gle subcells. An example is the hysteresis of the perovskite top
solar cell which is clearly visible for redshifted spectra. Here, the
top solar cell is limiting the current of the series connected
device. The more the silicon solar cell limits, the lower the hys-
teresis becomes. It can also be seen that in the example presented
in this work, the perovskite solar cell has a lower FF than the
silicon solar cell. A strong increase of FF can be seen for spectra
where the silicon solar cell starts to limit the current, which even
partly compensates the jsc loss resulting in a broad maximum in
5. Conclusion Prpp.

This work shows that the spectrometric characterization can
In this work, we applied spectrometric characterization to a  be transferred from III-V tandem solar cells to perovskite/
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Figure 4. Deviation of I-V curve parameters after the spectral variation
compared to the measurements before spectral variation at AM1.5G spec-
trum. All deviations are in a small range (<1.5% relative). Three measure-
ments were performed alternately in forward and reverse scan direction
referred to as M1, M2, and M3.

the spectra can be calculated all in advance and applied one
after the other without the need of reference measurements
in between.

perovskite/silicon tandem solar cell. This method allows to
analyze a tandem device under different clearly defined spectra

Sol. RRL 2022, 2200948 2200948 (5 of 7)

silicon tandem solar cells. It allows to determine the current
matching point without the need of absolutely measured
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EQEs and to investigate influences of the subcells on the tan-
dem I-V curve. Further applications could be the use as input
for energy yield calculations or comparisons with outdoor
measurements.

6. Experimental Section

Solar Cell Architecture: A perovskite/silicon tandem solar cell consisting of a
silicon heterojunction bottom solar cell and perovskite top solar cell with
p—i—n architecture was used for the investigation in this work. The silicon
bottom solar cell was fabricated on p-type silicon wafer (float zone, 1 Q cm?)
with a pyramidal textured rear side and a planar front side. Intrinsic amor-
phous silicon (a-Si) layers were deposited by plasma-enhanced chemical
vapor deposition (PECVD) on both sides followed by p- and n-doped a-
Si layers on the rear and front side, respectively. Rear contact was formed
by a sputtered tin-doped indium oxide (ITO) followed by evaporated silver
(Ag). On the front side, sputtered ITO was used as interconnection layer to
the top solar cell. The hole contact of the perovskite top cell consisted of
spin-coated poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and
poly(9,9-bis(3’-(N, N-dimethyl)-N-ethyl-ammoinium-propyl-2,7-fluorene)-
alt-2,7-(9,9-dioctyl-fluorene))dibromide (PFN). As absorber, a triple cat-
ion perovskite (Csg os(FA0.53MAg.17)0.9sPb(lo.83Bro.17)3) was used, which
was also spin-coated. The perovskite is prepared according to triple cat-
ion perovskite preparation methods described in the literature.?*37
Afterward, Cgo was evaporated as electron transport layer followed by
a tin oxide (SnO,) buffer layer deposited by atomic layer deposition. A
transparent conductive oxide was sputtered as front contact followed
by evaporated silver electrodes. Evaporated magnesium fluoride
(MgF;) was used as antireflection coating. Further processing details
can be found in previous work.>"

Measurement Details: Details on spectral response measurements can
be found in our previous work.**) For the I-V measurements, an LED solar
simulator (Wavelabs Sinus 220) was used. The LEDs were warmed up for
1 h before starting the measurements. After reaching stable conditions, an
initial reference measurement of each LED type was performed with a pri-
mary calibrated reference solar cell. The current contribution of each LED
type to the reference cell’s current was measured within a defined base
spectrum of the solar simulator by successively switching individual
LED types off and on again for 1s. The utilized base spectrum was chosen
to be a close spectral match to the AM1.5G reference spectrum and there-
fore creates “reference thermal conditions” in the light engine. From the
current differences, the daily condition of the LEDs was determined. This
daily condition, as well as the LED spectra measured during a full calibra-
tion of the simulator, was considered for the calculation of the simulator
spectra according to the procedure described in ref. [28]. For every spec-
trum, three -V curves in forward scan direction and three |-V curves in
reverse scan direction were recorded alternately. A four-point contacting
was used. Scan speed was 25 mV s~ . A voltage range from —0.1 to 1.9V
with a step size of 10mV was used. Temperature was kept at 25 °C*?
using a temperature-controlled chuck equipped with thermoelectric cool-
ing elements. Before starting the first measurement at a new spectrum, a
waiting time of 200's was introduced for lamp stabilization. Parameters
from some single |-V curves showing artifacts such as kinks or jumps were
not considered for the evaluation. A black shadow mask was used during
the I-V measurements to define an area of 0.25 cm”.

For DLIT and ILIT measurements, a measurement setup from
IRCAM GmbH was used. For the excitation of the cell during ILIT
measurements, two LEDs with a spectral peak position at 470 nm

(photon current j,, = 2.4 x 10" cm?s™") and 950 nm (photon current

Joh =2.5x107cm™257") were used. A four-quadrant power supply
from Toellner Electronic Instrumente GmbH (TOE 7621-20) provided
the voltage bias for DLIT measurements. The excitation signal was
modulated with a frequency of 30 Hz in both measurement modes.
An IR Camera from IRCAM GmbH (Millenium 327k SM PRO) was used
for image acquisition. For further details on the technique of Lock-In
Thermography, we refer the reader to ref. [33].
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