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1. Introduction

Silicon single-junction solar cells are
approaching their efficiency limit of
29.4% (under the air mass 1.5 global
[AM 1.5 g] spectrum at 25 °C).[1] An
approach to overcome this limit is adding
additional sub-cells to the silicon single-
junction solar cell to reduce thermalization
losses. Perovskite on silicon dual-junction
solar cells are extensively investigated in
recent years, resulting in a current record
efficiency of 33.7%.[2] By including addi-
tional sub-cells, thermalization losses can
be reduced further resulting in an even
higher power conversion efficiency poten-
tial.[3] Perovskite/perovskite/silicon triple-
junction solar cells are not yet at such a high-
efficiency level, but are gaining in impor-
tance in the research community.[4–7]

With a wafer-bonded III–V on silicon triple-
junction solar cell, an efficiency of 35.9%
was already achieved.[8]

For the optimization of monolithic multi-junction solar cells,
it is important to know which of the sub-cells is limiting the over-
all current of the device under spectral conditions of interest.
Integrating the measured external quantum efficiency (EQE)
should be avoided for that purpose. Measuring an absolute
EQE is generally challenging,[9] especially for multi-junction
solar cells. The sub-cell to be measured has to operate in
short-circuit conditions. As the single-sub-cell voltages cannot
be determined individually, the operational point might differ
from the actual short-circuit current condition. This can lead
to a wrong absolute value of the EQE and measurement artifacts
if the sub-cell to be measured suffers from a low parallel resis-
tance.[10] Similar effects can originate from luminescent coupling
which is discussed in detail by Steiner et al.[11] When perovskite
sub-cells are involved, it becomes even more complicated. Due to
dynamic effects, the EQE of perovskite solar cells can additionally
depend on measurement conditions, such as bias illumination
intensity or chopper frequency.[12–15] The challenges of measur-
ing EQE for perovskite-based dual-junction solar cells are
described by Song et al.[16]

A more accurate method to determine the current matching
situation in a multi-junction device is spectrometric characteri-
zation. This method was first used on amorphous silicon dual-
junction solar cells by Adelhelm and Bücher and later described
in detail for III–V dual-junction solar cells by Meusel et al.[17,18]
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Spectrometric characterization allows for accurate determination of the current
matching point and investigation of sub-cell properties of multi-junction solar
cells. It is widely used for dual-junction solar cells. Although the concept is
suggested for triple-junction solar cells, it is only applied for the variation of two
sub-cells. In this work, the applicability and evaluation procedure for a systematic
variation of all three sub-cells of a triple-junction solar cell are presented. Clearly
defined measurement conditions are derived which allow for meaningful char-
acterization and comparisons of different triple-junction devices. The presented
procedure is exemplarily tested on a III–V on silicon triple-junction solar cell using
an light-emitting diode-based solar simulator where all needed spectral conditions
can be calculated in advance and accordingly adjusted. Spectral conditions around
the air mass 1.5 global spectrum are chosen and a fit routine to determine the
current matching point from the discrete measurement points is proposed and
validated by a measurement with a higher resolution around the current matching
point. Finally, it is shown that the spectral conditions applied during the mea-
surement also reflect outdoor conditions. This highlights the relevance of the
presented procedure beyond the determination of the current-matching conditions.
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The concept is to measure current–voltage (IV ) curves under
different spectral conditions. The conditions are varied from red-
shifted spectra (related to a reference spectrum) where the top
solar cell limits the overall current to blueshifted spectra where
the bottom solar cell is limiting the current of the dual-junction
device. Within this systematic approach, each spectral condition
is well defined. Spectra are chosen such that the sum of the effec-
tive irradiances on all sub-cells always stays constant. This means
that the photocurrent ratios (photocurrent under actual spectrum
divided by photocurrent under reference spectrum) of all sub-
cells are kept constant (i.e., if the top-cell photocurrent is
increased the bottom-cell photocurrent is decreased and
vice versa).[18] This method not only allows for determination
of the current matching point but also to investigate different
effects of the individual sub-cells on the tandem IV curve.
Additionally, by keeping the effective irradiance on the device con-
stant, the performance potential of a certain solar cell architecture
with all sub-cells optimized for standard testing conditions can be
estimated.[18] Spectrometric characterization has been widely used
for III–V multi-junction solar cells,[18–21] and meanwhile also for
perovskite/silicon dual-junction solar cells.[22–25] However, the
application of thismethod for triple-junction solar cells is challeng-
ing as the current ratios of three sub-cells must be varied leading to
a significantly higher number of spectral conditions for which IV
measurements need to be conducted. In addition to a long
measurement time, it is also time-consuming to adjust a solar sim-
ulator to all these different conditions. So far, in case of triple-
junction solar cells, spectrometric characterization has only been
performed between two sub-cells, holding the current of the third
one constant.[19,20] The variation of one sub-cell while the others
are kept constant has also been conducted to observe effects of
luminescence coupling.[11] A complete spectrometric characteriza-
tion for a triple-junction device has not been conducted yet.

In this work, we apply the method of spectrometric character-
ization suggested by Meusel et al.[18] to triple-junction solar cells
by conducting a full measurement with systematic spectral var-
iations in all three sub-cells. We first introduce the methodology
and theoretically discuss different current-matching scenarios.
Afterward, we conduct a full spectrometric characterization on
a two terminal wafer-bonded gallium indium phosphide/gallium
arsenide//silicon (GaInP/GaAs//Si) triple-junction solar cell[26]

using an light-emitting diode (LED)-based solar simulator.[27]

The different spectral conditions can be calculated in advance
according to the procedure described in our previous work.[28]

Based on these previously determined simulator settings, the
complete spectrometric characterization is measured automati-
cally using an in-house software to control the solar simulator
spectrum. Finally, we discuss the relevance of the spectra used
for real outdoor conditions.

2. Method of Spectrometric Characterization for
Triple-Junction Solar Cells

In this section, we show how the principle of spectrometric
characterization for dual-junction solar cells described in detail
by Meusel et al.[18] can be extended for triple-junction devices.
In the dual-junction case, each spectral condition is clearly
defined by a parameter z according to[18]

jsimtop ¼ ð1þ zÞjreftop (1)

jsimbot ¼ ð1� zÞjrefbot (2)

where jsim and jref denote the photocurrent density under
the simulator and the reference spectrum, for example the
AM 1.5 g spectrum, respectively, for the top and bottom solar
cell. For z> 0 the top-cell current is increased, and the bottom-
cell current is decreased compared to the reference spectrum,
i.e., the spectrum is blueshifted. For z< 0, it is the opposite
case, the spectrum is redshifted. Reference spectral conditions
are applied if z= 0 and therefore 1þ z= 1�z= 1.
To keep the effective irradiance on the overall device constant,
the sum of the sub-cell current ratios remains fixed and equal
to 2 for all spectral conditions:[18]

jsimtop
jreftop

þ jsimbot
jrefbot

¼ ð1þ zÞ þ ð1� zÞ ¼ 2 (3)

Therefore, all spectra used for the spectrometric characteriza-
tion can be described as laying on a line in the spectrometric
plane.[18]

In the case of a triple-junction solar cell, we define three
parameters A, B, and C referred to as metric parameters in
the following:

jsimtop ¼ A jreftop (4)

jsimmid ¼ B jrefmid (5)

jsimbot ¼ C jrefbot (6)

The parameter A is used to vary the photocurrent generated in
the top cell, parameter B the current generated in the middle cell
and parameter C the one of the bottom cell. The reference
condition corresponds to the parameter set A= B= C= 1.
Following the principle of the dual-junction metric, we require
that the sum of the photocurrent ratios is constant for all spectral
conditions and equal to 3 in the triple-junction case:

jsimtop
jreftop

þ jsimmid

jrefmid

þ jsimbot
jrefbot

¼ Aþ Bþ C ¼ 3 (7)

Thus, the three metric parameters are not independent
from each other. Allowing only physically meaningful values
(A, B, C> 0), Equation (7) defines the plane of measurement rep-
resented in Figure 1a. All possible spectra which can be used for
the spectrometric characterization are located in this plane.

To improve readability, it is possible to reduce the dimension-
ality of the plane of measurement by projecting the axis of one
metric parameter onto the plane of the remaining two parame-
ters. In this work, we project the C axis onto the A–B plane,
resulting in a 2D triangular plane with C= 3 at the origin and
C= 0 along the B= 3�A line (Figure 1b). C is constant on
all lines which are parallel to the B= 3� A line with increasing
values toward the origin. In this work, the projection of C is cho-
sen, which means that the top- and middle-cell variations can
directly be seen on the � and y axis, respectively. We use this
representation as we are investigating silicon-based triple-
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junction solar cells where the bandgap of the bottom cell is fixed.
However, projecting the A axis on the B–C plane or the B axis on
the A–C plane would not change any result.

A spectrometric measurement is typically restricted to a cer-
tain subset of [A, B, C(A,B)] around the reference spectrum.
Measuring the whole plane might be not feasible due to time
reasons on the one hand and limitations of the solar simulator’s
spectral settings on the other hand. To investigate the entire mea-
surement plane, the irradiance on one sub-cell, i.e., one part of
the spectrum, would have to be increased by a factor of three
compared to the standard one sun setting. Thus, all metric
parameters are restricted to a range from xmin to xmax, which
results in a hexagonal measurement area within the plane of
measurement. In Figure 1b, this is exemplarily shown for
xmin= 0.8 and xmax= 1.2 (the photocurrents of all sub-cells
are increased and decreased by 20% compared to the reference
spectrum).

3. Theoretical Investigation of Different
Current-Matching Scenarios

To gain a better understanding of the results that can be expected
from a spectrometric measurement of a triple-junction solar cell,
different current-matching scenarios are investigated using
assumed current values for the three sub-cells under the refer-
ence spectrum. Based on these values, the short-circuit current
density (JSC) of the triple-junction solar cell is calculated by
JSC=min( jtop, jtop, jtop) for each metric parameter set (A,B,C)
within the measurement area defined by xmin= 0.8 and
xmax= 1.2. This approach holds true if all sub-cells show ideal
behavior (no low parallel resistance, no low breakthrough volt-
age) and excluding luminescence coupling effects. JSC values
are calculated using a step size of 0.02 in all metric parameters
resulting in discrete points in the measurement area.

In a first case, a current matched triple-junction device under
the reference spectrum is assumed, where all three sub-cells
generate a photocurrent density of 13mA cm�2 (Figure 2a).
The point with the highest JSC (current matching point) is, by

definition, at the point (1,1,1) corresponding to the reference
spectrum. From this point, the current decreases outward in a
triangular pattern.

In a second case, a triple-junction solar cell with one strongly
limiting sub-cell is considered. This is realized in the calculation
by assuming a current density of 6.5 mA cm�2 for one sub-cell
under the reference spectrum while the remaining two are
kept at 13mA cm�2. Thus, the JSC of the triple-junction solar cell
under the reference spectrum at the point (1,1,1) is 6.5 mA cm�2.
When the top cell is limiting, the current matching point (the
origin of the triangular pattern) is shifted toward the corner of
the plane of measurement where A= 3. For the strong limitation
in this example, it is far outside the hexagonal measurement
area, within which only vertical lines of the same color are visible
(Figure 2b). Similarly, when the current is strongly limited by the
middle cell, the current matching point is shifted toward the cor-
ner of the measurement plane where B= 3 and only horizontal
lines of the same color are visible in the measurement area
(Figure S1a, Supporting Information). Lastly, if the bottom cell
is strongly limiting, the current matching point shifts toward the
corner where C= 3 and only diagonal lines of the same color
parallel to the B= 3�A line are visible in the measurement plane
(Figure S1b, Supporting Information).

In a third case, we consider a current density of 13mA cm�2 for
one sub-cell and 6.5mA cm�2 for the other two under the reference
spectrum (the JSC of the triple-junction solar cell is 6.5mA cm�2 at
the reference spectrum). Again, the values were chosen in a way
that the current matching point is outside the measurement area.
Inside the area, only one corner of the triangular pattern is
visible. Exemplarily this is shown for jtop= 13mA cm�2 and
jmid= jbot= 6.5mA cm�2 in Figure 2c. The other scenarios are
shown in Figure S1c,d, Supporting Information.

4. Application of Spectrometric Characterization
to a Triple-Junction Solar Cell

A spectrometric characterization was applied to a 4 cm2

GaInP/GaAs//Si triple-junction solar cell using the AM 1.5 g

Figure 1. a) Plane of measurement defined by the boundary conditions A,B,C> 0 and Aþ Bþ C= 3. b) Plane of measurement projected on the
A–B plane. C is constant for lines parallel to the B= 3�A line. Restricting A (blue vertical lines), B (green horizontal lines), and C (red diagonal lines)
to xmin= 0.8 and xmax= 1.2 leads to the highlighted hexagonal measurement area.
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spectrum as the reference spectrum. The Ga0.51In0.49 P top cell,
the GaAs middle cell, and the silicon bottom cell have bandgaps
of 1.90, 1.43, and 1.12 eV, respectively. The III–V sub-cells were
epitaxially grown on each other and connected to the silicon solar
cell via wafer bonding. For this work, a solar cell without rear-side
light-trapping structure is used. More details can be found in the
publication by Cariou et al.[26]

For the measurement, an LED-based solar simulator
(Wavelabs, Sinus 220[27]) was used. Spectral adjustment was per-
formed using the procedure described by Chojniak et al.[28]

Using this procedure, all spectral settings within the measure-
ment area have been calculated in advance based on the relative
spectral responsivities of the three sub-cells. The EQEs are dis-
played in Figure S2, Supporting Information. Based on the pre-
viously determined simulator settings, the full spectrometric
characterization was conducted automatically using continuous
illumination, without the need for repeated subsequent manual
spectral adjustment. A custom software was used to control the
light engine of the solar simulator.

For the investigation of the triple-junction solar cell, the metric
parameters A, B, and C were restricted to a measurement area
defined by xmin= 0.84 and xmax= 1.16. The measurement area
was chosen smaller than the one used for the derivation of the
method which is due to intensity limitations of the LED solar
simulator. All metric parameters were varied with a step size
of 0.02, resulting in 217 spectra for the measurement.

The JSC values obtained from the spectrometric characteriza-
tion are presented in Figure 3. The maximum JSC is reached for
A*= 0.96, B*= 0.96, and C*= 1.08 (black þ). This means that
the current of the top cell and middle cell needs to be decreased
and the current of the bottom cell needs to be increased
compared to the AM 1.5 g conditions to reach a current
match of all three sub-cells. Thus, at AM 1.5 g conditions
(A= B=C= 1) the silicon bottom solar cell limits the current
of the triple-junction device. The open-circuit voltage is almost
independent on the spectral condition (Figure S3a, Supporting
Information). As expected, the fill factor shows a minimum at
the point where the highest JSC was measured (Figure S3b,
Supporting Information), which is the case for high-quality solar
cells. Poor-quality solar cells, e.g., with high parallel resistance
can show a different behavior.[18]

Figure 2. Simulated spectrometric characterization results for different
current-matching scenarios. The metric parameters A, B, and C are
restricted to xmin= 0.8 and xmax= 1.2 and the step size is chosen to be
0.02. a) Current-matched device under the reference spectrum
( jtop= jmid= jbot= 13mA cm�2). A triangular pattern around the cur-
rent-matching point (marked with black þ) is visible. b) Strongly limiting
top cell ( jtop= 6.5 mA cm�2, jmid= jbot= 13mA cm�2 under reference
spectrum). The current matching point is outside the measurement area.
Within the area only vertical lines of the same color are visible. c) Limiting
middle and bottom cells ( jtop= 13mA cm�2, jmid= jbot= 6.5 mA cm�2

under reference spectrum). Again, the current matching point is outside
the measurement area where one corner of the triangular pattern is visible.

Figure 3. Short-circuit current density ( JSC) values obtained from spectro-
metric characterization of a GaInP/GaAs//Si triple-junction solar cell.
The highest JSC (marked with a black þ) is obtained under the spectral
condition defined by A*= 0.96, B*= 0.96, and C*= 1.08, i.e., the silicon
bottom cell is limiting the current at AM 1.5 g conditions. The grey dot
represents the fitted current-matching point. The grey-dashed lines from
the current matching point toward the corners of the triangular measure-
ment plane divide the plane in three sections. For spectral conditions in
the blue-, green-, and red-shaded sections, the top, middle, and bottom
cells are current limiting, respectively.
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The plane of measurement (Figure 1b) can be divided into
three sections by drawing three lines from the current matching
point (grey dot in Figure 3) to the corners of the plane of
measurement where one of the metric parameters is equal to 3.
This representation helps to identify at first view, which sub-cell
is limiting the current at a certain spectral condition. In the blue-
shaded section of the plane (left part), the top cell is limiting; in
the green-shaded section (lower part), the middle cell is limiting;
and in the red-shaded section (upper right part), the bottom cell
is limiting. Figure S4, Supporting Information, shows these sec-
tions in the entire plane of measurement. The current matching
point, representing the center of the resulting sections, is calcu-
lated in the following.

As the metric parameters were varied in steps of 0.02, the mea-
surement area is divided into discrete measurement points with a
limited resolution. The actual current matching point could there-
fore lie in between several measurement points and does not nec-
essarily have to be identical to the point with the highest measured
current. Using a 3D representation in which the measured current
is plotted against the parameters A and B, the measured data
points can be divided into three areas based on the sub-cell limi-
tation. By applying 2D fits to each set of data points, three planar
functions would be defined. The intersection of these functions
can be determined as the current matching point.

To facilitate the evaluation of measurements, we propose a
simplified method for approximating the current matching
point. Therefore, the current matching point is approximated
from the mean value of three intersection points of linear fits.

This procedure is similar to the one applied for spectrometric
characterization of dual-junction solar cells[22] but has been
extended for triple-junction devices as explained in the following.
The application of this routine is described based on the mea-
surement results represented in Figure 3. First, parameter A
is fixed to A= A* = 0.96. This corresponds to the vertical line
through the point with the highest measured JSC. The JSC values
along that line are represented in Figure 4a (note that for a fixed
parameter A= A*, B, and C are not independent as for each
value of B and C is clearly defined by C= 3�A*� B according
to Equation (7).) The position of the highest JSC value along this
line is determined by the intersection point of two linear fits. This
procedure is repeated for a fixed parameter B= B*= 0.96 corre-
sponding to a horizontal line though the point with highest JSC
(Figure 4b) and for a fixed parameter C=C*= 1.08 correspond-
ing to a diagonal line through the point with highest JSC
(Figure 4c). Metric parameters of the three intersection points
are listed in Table S1, Supporting Information. The current
matching point is approximated by averaging the non-fixed
parameters of the three intersection points and is found for met-
ric parameters A= 0.958, B= 0.954, and C= 1.088. The three
intersection points and the resulting current-matching point
are represented together with the surrounding measurement
points in Figure 4d.

This procedure leads to an approximated current matching
point which deviates from the real current matching point by
a maximum of 0.005 as determined by the simulation shown
in Figure S5, Supporting Information.

Figure 4. Determination of the current-matching point. JSC values from Figure 3 are plotted along the lines with a) constant A, b) constant B, and
c) constant C through the point with the highest measured JSC. d) Intersection points of linear fits and calculated current-matching point in the plane
of measurement. Grey dots mark the discrete measurement points, the black � the position of highest measured JSC.
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To check reproducibility the spectrometric characterization
was repeated two times on different days. The point with the
highest current was the same in all three measurements and the
deviations in the calculated current-matching point were <0.006
in all metric parameters (Table S1, Supporting Information). Also,
the deviations in JSC were small (maximum 1.8%, but mostly
�0.5%) for all metric points (Figure S6, Supporting Information).

Additionally, a measurement was performed with a smaller
step size of 0.005 for all metric parameters closely around the
current matching point (Figure S7, Supporting Information).
This measurement was also repeated a second time. The posi-
tions of the maximum JSC of these measurements and the cal-
culated current matching points are in good agreement with the
current matching points calculated from the measurements
conducted with a lower resolution of metric points (Table S1,
Supporting Information). This shows that using a step size of
0.02 for the spectrometric characterization and fitting the current
matching point with the routine described earlier leads to reliable
results.

5. Relevance of Used Spectral Conditions for
Outdoor Performance

In spectrometric characterization, the triple-junction solar cell is
measured under different spectral conditions. Under real-field
conditions, the solar spectrum is changing permanently depend-
ing on the season, the time of the day, and the weather. Following
the principle of the previously introduced metric parameters,
each outdoor spectrum can be defined by a set of outdoor param-
eters A 0, B 0, and C 0 according to

joutdoortop ¼ A0 jAM1.5g
top (8)

joutdoormid ¼ B0 jAM1.5g
mid (9)

joutdoorbot ¼ C0 jAM1.5g
bot (10)

Therefore, the sub-cell current densities resulting under a
given spectrum E(λ) are calculated via

j ¼
Z

SRðλÞEðλÞdλ (11)

The outdoor parameters can be determined if the outdoor
spectrum and the spectral responsivities SR of the sub-cells
are known. Note that only the relative spectral response is needed
for the determination of A 0, B 0, and C 0, as it appears on both
sides of Equation (8)–(10).[18]

The outdoor spectra are not necessarily lying on the plane of
measurement as defined earlier and as shown in Figure 1, as
A 0 þ B 0 þC 0 6¼ 3 in general. However, they can be projected
on the plane of measurement using

A
B
C

0
@

1
A ¼ 3

A0 þ B0 þ C0

A0

B0

C0

0
@

1
A (12)

which maintains the current ratios between the sub-cells. Thus,
we check whether the sub-cell current balancing investigated

within the spectrometric characterization also occurs in outdoor
applications of the multi-junction solar cell.

As an example, global outdoor spectra from one clear-sky day
(18.05.2022) in Freiburg/Germany (48.01°N, 7.83°E), measured
every 15min using a spectroradiometer, were analyzed. Outdoor
parameters A 0, B 0, and C 0 were determined using the spectral
responsivities of the GaInP/GaAs//Si triple-junction solar cell
utilized for the spectrometric measurement and projected to
the plane of measurement by Equation (12) (Figure 5). Each cir-
cle plotted in the graph corresponds to one spectrum, while the
color of the circle is connected to the corresponding global irra-
diance. Most of the spectra are lying within the measurement
area (1� 0.16). Only a few spectra are outside. However, these
are spectra measured in the early morning and late evening
which have a comparable low overall irradiance and thus do
not significantly contribute to the power generation of the solar
cell throughout the day. This shows that the spectral conditions
used for spectrometric characterization not only allow for deter-
mination of the current matching situation but also have a rele-
vance for outdoor applications and can therefore serve as input
for energy yield analysis.

During the course of the day, the global irradiance increases
until around 12:30 p.m. and afterward decreases again. Also, a
clear shift in the spectrum, mainly affecting parameter A, is
visible in parallel. There are three main parameters affecting
the outdoor spectral conditions: AM, aerosol optical depth,
and precipitable water.[29] Throughout the day, AM changes sig-
nificantly based on the position of the sun. Since changes in AM
mainly affect the short-wavelength range of the solar spectrum,
increasing AM leads to less high energy photons reaching the
solar cell.[29] Thus, variations in AM are primarily visible in
the current of the top cell and therefore parameter A. In contrast
aerosol optical depth, mainly affecting parameters A and B, and

Figure 5. Metric parameters for the GaInP/GaAs//Si triple-junction solar
cell obtained from global outdoor spectra measured during 1 day
(18.05.2022) in Freiburg/Germany (48.01°N, 7.83°E) projected on the
plane of measurement. The marked grey area corresponds to the measure-
ment area used for the spectrometric characterization in this work. Almost
all outdoor conditions during the investigated day are covered by the
measurement area (1� 0.16). The color of the circles indicates the global
irradiance G.
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the amount of precipitable water, mainly affecting parameters B
and C, did not change significantly throughout the investigated
day. Accordingly, variations in B and C are small compared to A.

6. Summary and Conclusion

In this work, the method of spectrometric characterization
described in detail for dual-junction solar cells by Meusel et al.[18]

has been extended and applied to triple-junction solar cells. As a
key aspect of the introduced approach, it was explained how
clearly defined measurement conditions are derived which all
lie on a plane of measurement. This results in consistent
measurement conditions allowing for characterization and com-
parison of different triple-junction solar cells. A spectrometric
measurement has been conducted for a III–V on Si triple-
junction solar cell using an LED-based solar simulator. The spec-
tral conditions utilized for the measurement were calculated in
advance and automatically adjusted. As it is not feasible to cover
the whole plane of measurement, an area of measurement
around the AM 1.5 g spectrum was defined. To accurately deter-
mine the current matching point from the discrete measurement
points in the plane, a fit routine has been proposed. The result of
this fitting procedure has been compared to a measurement with
high resolution around the current matching point. A good
agreement between both values has been shown, proving the
applicability of the introduced fitting approach. Finally, it has
been exemplarily shown that the spectra within the measure-
ment area also represent relevant outdoor conditions, which
underlines the relevance of the presented characterization proce-
dure exceeding the mere determination of a multi-junction cell’s
current matching condition.

The measurement was described for a III–V on Si triple-
junction solar cell under the AM 1.5 g spectrum. However, it
is not limited to this case. Other reference spectra and other types
of solar cells could be used. Especially for perovskite-based triple-
junction solar cells this method could be beneficial as integrating
measured EQEs can lead to strong misinterpretations of the
current-matching situation due to dynamic effects. However, a
certain stability of the devices is required as a high number of
IV sweeps (in this example: 217) have to be conducted.

In this work, the principle of the method was derived and a
stable solar cell with nearly ideal IV properties was chosen for
a proof of concept. If subcells with nonideal IV curves (low par-
allel resistance or low reverse breakdown voltage) are involved,
the evaluation gets more complex as not the triple-junction
JSC, but rather the JSC of the subcells should be considered
for determining the current-matching point. Nevertheless, the
method presented in this work provides new possibilities for
the detailed characterization of all types of multi-junction solar
cells, enabling valuable insights to the characteristics and inter-
action of the sub-cells involved.
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