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ABSTRACT

Dual-junction GaAs laser power converters optimized for one monochromatic wavelength are presented, and their
temperature dependence is experimentally evaluated. External quantum efficiency and irradiance-dependent current–
voltage measurements (10 to 104W/cm2) under monochromatic laser light (809 nm) have been undertaken to quantify
temperature- and irradiance-dependent effects on the performance. The temperature dependence of the current matching
of the two subcells, caused by the temperature-dependent absorbance, is quantified. Losses in performance due to variations
in operating temperature for different power-by-light applications are calculated to be between 16.2% and 21.0%. Future
potential enhancements in cell performance are discussed. For elevated temperatures, super-linear behavior of the spectral
response with increasing irradiance is observed, which is attributed to effective luminescent coupling from the top to the
bottom subcell as the device becomes more radiative limited. For low temperatures, where the bottom cell is overproducing,
no dependence on irradiance is found, which shows the influence of photon transport losses to the substrate. © 2016 The
Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd.
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1. INTRODUCTION

Laser power converters are photovoltaic (PV) cells
designed for the conversion of monochromatic irradiation
used in optical power transmission applications. The
concept of “power-by-light” is advantageous to overcome
restrictions of conventional copper cabling because it
inherently features galvanic isolation, avoidance of sparks,
and electromagnetic interference and even enables wireless
power transmission.

Application examples for this technology cover light-
ning safe structural health monitoring [1], high-voltage
transmission line sensors [2], fuel gauges in aircrafts, smart
implants [3], and rotating [4] or vacuum chamber systems.
Power-by-light systems are also interesting for optical

communication networks [5] and have the potential for
weight reduction, for example, in aircrafts and automo-
biles. Typically, the necessary power for sensor applica-
tions ranges from a few milliwatts to hundreds of
milliwatts. In case of actuators, the transmitted power can
also range in the watt level.

Applications for laser power converters require opera-
tion under a wide range of temperatures. For example,
structural health sensors in wind turbine rotor blades have
to work without failure from �30 to +65 °C. High-voltage
overhead lines and their galvanic isolated sensors have to
perform from �20 to +75 °C [6]. In addition to the
influence from ambient temperature, the actual operating
temperatures of the laser power converter also depend on
the system design. As opposed to the transmitter side,
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where laser diodes are typically actively cooled, the PV
converter at the receiver side features only passive cooling.
Depending on the heat sink concept of the system, a tem-
perature rise of the cell due to irradiation must be taken
into account. In concentrating PV for comparison, cells
are exposed to high irradiances and cooling is non-active
as well. There, temperature dependence on irradiation has
been investigated and a 4K temperature increase per
100W/m2 rise in direct normal irradiance was found [7].

1.1. Photovoltaic laser power converters

Very high opto-electrical conversion efficiencies can be
achieved with PV cells as power converters for monochro-
matic light, as the semiconductor material's bandgap can be
well matched to the energy of the photons [8]. GaAs is a
well-known semiconductor material that is frequently used
for laser power converters. It is well matched for the 800 to
850 nm wavelength range with a bandgap of 1.42 eV at
room temperature [9].

A drawback of PV cells regarding powering electronic
circuitry is the low output voltage of a single cell. For a
GaAs-based PV cell, the open circuit voltage is about 1V
under 0.1W/cm2 irradiance and increases to ~1.2V for
irradiances of 100W/cm2. In contrast, typical supply
voltages of electronic circuitry are in the range of 3 to
12V. However, increased voltages can be supplied by inte-
grating appropriate power electronics, namely, DC-to-DC
converters. A notable alternative solution is the series con-
nection of several PV cells, where the total voltage equals
the sum of the individual cell voltages. One way to do so is
using several optical links with similar PV cells as receiver
and interconnecting them in series. Another technological
approach is based on monolithic integration. This can be
implemented by lateral segmentation (multi-segment cell,
also known as monolithic interconnected module or
MIM) [10–12] or by vertical stacking of several subcells
(multi-junction cell) [11–14]. In this work, cells of the
latter approach are investigated, namely, vertically inter-
connected dual-junction cells realized by monolithic
growth of two subcells on top of each other.

In a series connection, the lowest current limits the
current of the entire string. For that reason, the device must
be carefully designed to achieve current matching, that is,
equal current generation in each subcell. For multi-junction
cells, current matching is achieved by precisely tuning the
thicknesses of the stacked subcells in a way that each

subcell absorbs the same fraction of the incident mono-
chromatic light [11]. Due to the Beer–Lambert law of
exponential absorption in parallel with the same bandgap
of each subcell, this design rule implies that the subcell
thickness decreases from bottom to top (and the upmost
subcell thickness decreases with increasing number of
junctions) [12]. Although optimizing the subcell thick-
nesses in this way raises a challenge, it fits for one temper-
ature. In real applications, the current and current matching
of the device is directly affected from the temperature
dependence of the absorption coefficient because the latter
is directly linked to the temperature-dependent bandgap of
the absorber material.

For this reason, an optimal system design which
accounts for the application-dependent operating condi-
tions requires an understanding of the impact of changing
temperature on the performance of multi-junction-based
PV laser power converter devices.

Therefore, in this work, the temperature dependence of
dual-junction GaAs laser power converters is studied based
on experimental data from cryostat measurements. The
focus of this study is a quantitative understanding of the
temperature-induced current mismatch of the two subcells
of two different dual-junction structures.

The results are mostly applicable for monochromatic
applications using dual-junction cells [11,13], yet they give
insight for devices with more junctions, as recently
presented in Ref. [14]. Other devices where a similar
temperature dependence influences the series connection
are multi-junction cells designed for the solar spectrum
where “2n” junctions are realized with only “n” bandgap
materials in order to boost the voltage and reduce the
current [15].

2. EXPERIMENTAL

2.1. Specimen

Two dual-junction GaAs PV cell structures with different
subcell thicknesses were investigated experimentally. Both
structures were grown by metal organic vapor phase
epitaxy. The subcell thicknesses are given in Table I. A
transparent lateral conduction layer made of Ga0.51In0.49P
(1.9 eV) is included in the device on top of the top cell.
The highly doped layer is a common feature of high-power
laser power converters as it decreases the ohmic sheet

Table I. Overview on the investigated GaAs-based dual-junction cells.

Top cell (GaAs) Bottom cell (GaAs) Measurements

Structure 1 540 nm 3.2 μm EQE sample (T= 298…423 K)
I–V sample (T= 150…423 K, G= 10–104W/cm2)

Structure 2 640 nm 3.7 μm EQE sample (T= 273…373 K)

The structures differ in subcell thicknesses. EQE measurements were performed on both, whereas I–V measurements under laser light of varying

irradiance G were solely performed on structure 1.
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resistance for the lateral carrier transport from the emitter
to the front contact grid fingers [16]. In between the
subcells, an AlGaAs/GaAs tunnel junction is implemented
to establish a low-loss series connection. Structure 2 has
been described in Ref. [11].

External quantum efficiency (EQE) measurements are
performed on 1 cm2 cells with 0.4% grid shading. For
high-irradiance current–voltage (I–V) measurements under
laser light, a circular 0.876mm2 cell of structure 1 with a
nominal grid shading of 6.9% is used. For the I–V mea-
surements, a large temperature range between 150 and
423K was chosen for detailed current mismatch evalua-
tion. The temperature-controlled measurements were per-
formed by using a nitrogen-cooled cryostat vacuum
chamber by CryoVac [17]. Temperatures down to 100K
can be reached. The glass cover has been characterized
for transmission and considered during measurements.
Before loading the test samples to the cryostat, they were
mounted on a planar Invar substrate to reduce mechanical
stress due to different thermal expansion.

2.2. Setup

2.2.1. External quantum efficiency measurements.
A double grating monochromator setup [17] was used

to measure the EQE with a spectral resolution of 10 nm.
Modulated quasi-monochromatic light combined with
spectrally adaptable continuous bias light is used (differen-
tial spectral responsivity method) [18]. The principle for
the measurement of multi-junction devices is to bring the
subcell under test into current limitation by using continu-
ous bias light [19], which in the case of the dual-junction
GaAs device requires precise filtering [11].

2.2.2. I–V measurements under monochromatic
light.

In contrast to (multi-junction) solar cells, which are
measured under spectrally distributed light (solar spec-
trum), meaningful characterization of PV laser power con-
verters requires monochromatic light. Especially in the
case of multi-junction cells with several subcells made of

one absorber material, a non-monochromatic spectrum
induces a strong current mismatch due to non-equivalent
absorption in the subcells, which is not representative for
the operation under monochromatic laser light. In the case
of the investigated dual-junction GaAs structure, the use of
a standard pulsed sun simulator with a Xenon flash bulb
results in the bottom cell limiting the current of the com-
plete device. Such spectrally induced current mismatch is
known to lead to an overestimation of the fill factor [20]
and, thus, leads to additional uncertainties for the determi-
nation of I–V parameters of these laser power converters.
To overcome this limitation, a laser-based setup has been
established to measure the I–V characteristics of PV laser
power converters under uniform monochromatic light, in
this case, 809 nm with a full width at half maximum
(FWHM) of 3 nm. A schematic is shown in Figure 1 (left).
In this setup, the entire I–V curve is measured within 1ms
to avoid heating of the device under test. A detailed
description on this setup is published elsewhere [21]. By
default, measurements are performed on a temperature-
controlled chuck. For this study, it is replaced by a cryostat.
In Figure 1 (right), a picture of the setup is shown.

3. RESULTS

3.1. EQE measurements

Figure 2 shows the experimental results of the temperature-
dependent EQE measurements of structure 1. Top and
bottom subcells are shown as solid and open symbols,
respectively, while the dotted lines represent the sum of
both. High-energy photons are preferentially absorbed in
the thin top cell due to the high absorption coefficient at
these energies. With decreasing energy, the penetration
depth increases. Thus, photons are absorbed increasingly
by the bottom cell. The intersections of the two subcell
curves define the point of current matching. As expected
from the bandgap decrease with increasing temperature
[22], all curves shift toward longer wavelengths (arrows
in the figure), which also holds for their intersections. Also

Figure 1. Left: Schematic of the laser setup for transient measurement of current–voltage curves for laser power converters at
809 nm. In this study, a cryostat has been added for temperature-dependent measurements over a broad temperature range. Right:
Picture of the cryostat with a mounted photovoltaic cell. The black cages of the homogenizer setup are visible in the upper left corner.
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visible in the EQE graphs is the short wavelength shift, as
indicated by arrow II. This is a result of the decreasing
transparency due to the bandgap shift of the GaInP lateral
conduction layer over temperature. The shift of the top cell
towards higher wavelengths due to the shift of the bandgap
influences the bottom cell correspondingly, as indicated by
arrow III.

3.2. Laser I–V measurements

Current–voltage measurements under monochromatic light
with a wavelength of 809 nm were carried out at various
temperatures from 150 to 423K and irradiances between
10 and 104W/cm2. As an example, Figure 3 shows the
measured temperature-dependent I–V curves for lowest
and highest measured irradiances. For other irradiances, a
similar behavior is observed. At 225K, the short-circuit
current reaches a maximum. For measurements at 298K
and above, the I–V curves have high fill factors as ex-
pected (81–88%). However, at lower temperatures, a kink
arises for voltages beyond the open circuit voltage which
in turn leads to a decrease in fill factor. At 150K, a second
kink between maximum power point and open circuit
voltage occurs.

4. DISCUSSION

4.1. EQE measurements

The behavior of the EQE data (Figure 2) is as expected and
agrees well with previously reported measurements at
298K [11]. The observed bandgap shift of �0.48meV/K
(0.3 nm/K) is in accordance with literature data for GaAs
and this temperature range [23]. EQE data at 810 nm have
been used to determine the temperature coefficient of the
short-circuit current density TC(Jsc) for bottom cell limita-
tion. It is listed in Table A1 in the Appendix to compare
with the measurements at the laser I–V setup. The value
is in agreement with the results of the I–V data.

The intersections of the subcell EQE curves, which
correspond to the wavelength where current matching
between the two subcells occurs, are extracted from the
EQE measurements and plotted in Figure 4 for the two
investigated structures. The plot maps the relationship
among incident wavelength, cell design, and operating
temperatures. For given temperature ranges, an ideal
combination of laser wavelength and laser power converter
can be identified. Measured data in Figure 4 are fitted
linearly, with almost identical slopes. The parallel shift
between the fitted curves can be understood by the main
difference in design of the two devices, namely, the top
cell thickness. Structure 2 has a 100 nm thicker top cell,
and thus has an increased absorption compared with
structure 1. This pushes the point of current matching for
structure 2 toward higher wavelengths. Also shown are
literature values for the bandgap of GaAs [23]. Despite
the nonlinear behavior with temperature of the bandgap
of GaAs, the plot shows that assumption of linear behavior
is approximately valid for the investigated temperature
range [22,23]. Additionally, in the plot, the temperature
range for an example power-by-light application is illus-
trated, namely, high-voltage transmission line sensors
(“high-voltage line”). Thus, temperature-dependent EQE
data can serve to approximately define optimal laser
wavelength and laser power converter for power-by-
light systems and their operational temperature ranges.
Yet, it should be noted that—opposed to the procedure
of using the point of current matching as a design

Figure 2. Temperature-dependent external quantum efficien-
cies of the GaAs/GaAs dual-junction device (structure 1). Top
and bottom subcell curves are plotted with solid and open sym-
bols, respectively. The dotted curves represent the sum of both
subcells. All measurements were performed in 10 nm steps.

Figure 3. Current–voltage curves measured at irradiances of 10W/cm2 (left) and 104W/cm2 (right) under 809 nmmonochromatic light
at temperatures from 150 to 423 K.

Dual-junction laser power converters S. K. Reichmuth et al.

© 2016 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd.
DOI: 10.1002/pip



criterion—thorough device optimization (with respect to
temperature and wavelength) should be related to the
maximum output power, that is, efficiency. Therefore,
detailed I–V measurements have to be undertaken.

4.2. I–V measurements

The evaluation of the I–V measurement results is affected
by a deformation of the I–V curve that occurs at low
temperatures (compare dotted I–V curves in Figure 3).
The observed deformation of the I–V curve occurs at a
temperature of 225K and below. Further, it becomes more
pronounced with decreasing temperature as well as
increasing irradiance, which a behavior is known to be
originating from a majority barrier in the structure. This ef-
fect has been already observed and described in literature
before [24–26]. An analogous band offset as in the refer-
ence is found in the back-surface field and the tunnel diode
of the device examined in this paper. Yet, even though this
effect affects the shape of the I–V curve around the open
circuit voltage and also significantly influences the fill
factor, the short-circuit current is not altered. Finally, for
typical temperature ranges of power-by-light applications,
this effect is considered irrelevant and is, thus, not
discussed further.

4.3. Open circuit voltage

The measured open circuit voltage (Voc) for the
temperatures above 225K is used to extract temperature
coefficients TC(Voc) that are listed in Table A1 in the
Appendix. Lower temperatures were neglected because of
the anomalous behavior described in the preceding texts.
The data reveal a decreasing influence of temperature with
increasing irradiance on Voc. Good agreement is found in

comparison with literature values of GaAs single-junction
concentrator cells. At same current densities, the relative
TC(Voc) of structure 1 fits well into the distribution of data
reported in Ref. [27]. Values of absolute TC(Voc) reported
in the reference range from �1.46 to �1.67mV/K
(corresponding to current densities measured at
10W/cm2) and �1.18 to �1.26mV/K (current densities
measured at 104W/cm2). For comparison of absolute
values, the series connection has to be considered; there-
fore, half of the absolute TC(Voc) for the dual-junction de-
vice is compared with the referenced values.

4.4. Short-circuit current density

Figure 5 shows the short-circuit current density Jsc
normalized to irradiance G versus temperature for different
irradiances. In this plot, the current matching between the
two subcells becomes visible as a peak function. The data
points are fitted linearly in order to analyze the differences
in slope for both sides of the peak. For low temperatures
(150–225K), the top cell limits the full device when
illuminated with 809 nm monochromatic light (compare
Figure 2). Here, the slopes of the corresponding fits are
almost identical and independent of irradiance. This is
not the case for high temperatures (298–423K), where
the bottom cell limits the current of the device. Here, the
slope—that is, the temperature sensitivity—is decreasing
with increasing irradiance. As discussed in the succeeding
texts, the temperature-induced current mismatch here is
counterbalanced by effective luminescence coupling
between the two subcells. It should be noted that the few
data points around the maximum do not allow for a clear
definition of the behavior, shape, and uncertainty around
the point of ideal current matching. Extrapolation of the
linear fits, though, indicates either an irradiance dependent

Figure 4. Plot of the temperature-dependent wavelengths at
which the two subcells of the dual-junction devices are current
matched. The data are extracted intersection points of the mea-
sured subcell external quantum efficiency. Dashed lines repre-
sent respective linear fits to guide the eye. For reference, the
bandgap energy of GaAs is shown [23]. An example tempera-
ture range of the power-by-light application for high-voltage

overhead lines is illustrated by vertical dotted lines.

Figure 5. Plot of the short-circuit current density normalized to
irradiance Jsc/G versus temperature. Different laser irradiances
are shown as different symbols. Linear fits are applied, and ex-
trapolations for highest and lowest irradiance are shown. For
low temperatures, the top cell limits the device current,
whereas for high temperatures, the bottom cell is the current
limiting subcell. All data at 274 K have been measured on the

Peltier-cooled chuck.
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position of the maximum or a nonlinear path of the curves
close to their maximum. In the case of structure 2, we
expect a very similar behavior. In Figure 4, it can be seen
that current matching for the same wavelength is shifted
in temperature. A similar peak is expected and shifted
toward lower temperatures regarding the data of structure
1. In comparison with these two dual-junction devices, a
single junction device (single segment or monolithic
interconnected module) illuminated with monochromatic
irradiance is expected to show almost no influence
regarding temperature variations, resulting in a TC(Jsc)
close to zero [12].

A different visualization of the same data is shown in
Figure 6, where the measured short-circuit current density
normalized by laser irradiance Jsc/G—which corresponds
to the spectral response at the laser wavelength—is plotted
versus irradiance for the investigated temperatures. For
150 to 298K, the spectral response is independent of
irradiance. No significant variations are noted. At higher
temperatures, where the top cell is increasingly
overproducing photo-generated carriers and the device
becomes increasingly limited by the bottom cell, a relative
gain in spectral response of 2% (350K) and 5% (423K) is
observed when increasing the irradiance from 10 to
104W/cm2.

This behavior can be understood from an increasing
luminescence coupling effect between the two subcells.
Due to the current mismatch, the photo-generated carriers
in the overproducing top cell are forced to recombine, in
high-quality material to a large extent radiatively. Even
though radiative recombination is a spontaneous and
isotropic process, the narrow escape cone at the front
surface (semiconductor/air interface) [28,29] results in an
effective redirection of most of the emitted photons toward
the bottom cell, where they are well absorbed due its
thickness. In the end, this effect leads to an improvement
in the current matching and, thus, to an increase in the
current of the total device. This “self-current matching
process” is super-linear with irradiance, as higher injection
causes a higher internal radiative efficiency [30]. On the
other hand, the gradient of the gain decreases with
increasing irradiance. At high irradiance, the data in
Figure 6 indicate a possible saturating behavior.

For top cell limitation (150–225K), no nonlinear
behavior is noted for the irradiance normalized current. It
is expected that for greater current mismatch (i.e., lower
temperatures), there is also an excess current generated in
the bottom cell which will lead to an increased radiative
recombination in the bottom cell as well. However, the
coupling from bottom to top cell is far less efficient as from
top to bottom. The isotropic emission in the bottom cell is
half transmitted directly into the substrate where parasitic
absorption occurs and the photons are lost. Furthermore,
the photons reaching the top cell are absorbed less effi-
ciently due to the weak absorption coefficient correspond-
ing to emission wavelengths centered around the bandgap
(see the top cell's low quantum efficiency in Figure 2),
even if there is a double path due to the total internal

reflection from the semiconductor/air interface. An effec-
tive backside mirror at the bottom cell would add to ab-
sorption and reduce losses into the substrate.

4.5. Maximum power point

Figure 7 shows the normalized power at maximum power
point (Pmp/G) versus temperature. It shows a similar be-
havior as the peak function of the normalized short-circuit
current in Figure 5. It is, however, affected by the behavior
of the open circuit voltage, which is decreasing with tem-
perature and increasing with irradiance. The maximum
power is further influenced by the fill factor, which is de-
creasing with irradiance for all measured temperatures

Figure 6. Short-circuit current density normalized to irradiance
Jsc/G versus irradiance G for structure 1, measured under 809-
nm laser light. The upper x-axis is calculated from irradiance,

and the designated cell area A = 0.00876 cm2.

Figure 7. Power at maximum power point normalized to irradi-
ance plotted versus temperature. Interpolated intersections are
close to the lower end of the examined power-by-light tempera-
ture ranges (high-voltage line: �20… + 75 °C, structural health
monitoring wind: �30… + 65 °C). Corresponding power varia-
tions for two power-by-light applications are given in the top of

the plot for lowest and highest measured irradiance.
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and irradiances above 26.5W/cm2 (Figure 3). In addition,
for temperatures of 225K and below, the aforementioned
majority carrier barrier is responsible for the S-shaped
kinks around Voc which dramatically deteriorate the fill
factor. For example, at 150K, the fill factor drops from
80% (10.4W/cm2) to 68% (103.9W/cm2), whereas at
423K, the fill factor only drops from 83% (10.4W/cm2)
to 79% (103.9W/cm2). Due to the majority carrier barrier
for lower temperatures, it leads to an inverted situation: In-
creasing irradiance leads to decreasing values in normal-
ized power in the bottom cell limitation regime, whereas
in the top cell limitation regime, increasing power values
are reached with increasing irradiance.

In the following, we discuss output power variations
due to changing operating temperatures for different
power-by-light example applications. This effect is impor-
tant to consider if laser power converters are used in real
applications. The data shown in Figure 7 were used to
quantify these output power variations according to the
respective operating temperature ranges. To calculate the
power variations, the maximum and minimum power value
in the considered temperature interval was taken. The
minimum power output is given in per cent relation to
the maximum power output. Because the experimentally
missing data around the peak do not allow for a clear
definition of the maximum, the extrapolated fit was used
to determine the maximum value. The results are shown
in the top right of Figure 7.

It should also be noted that, for power-by-light systems
where laser diodes are exposed to similar temperatures as
the laser power converter, the performance deterioration
due to temperature is expected to be softened because the
laser wavelength typically shifts in a similar manner as
the PV cell (e.g., 0.3 nm/K for 808-nm diode lasers).
Moreover, the internal structure of a laser power converter
can be optimized for the specific application. Conse-
quently, the presented analysis can be considered a
worst-case scenario but shows that temperature effects
must be considered in real system applications.

5. CONCLUSION

Vertically grown dual-junction GaAs/GaAs PV laser
power converters were investigated regarding their
temperature and irradiance dependencies. Quantum
efficiency measurements were conducted to analyze the
behavior of the two subcells at three different temperatures.
In particular, the point of current matching of these series-
connected cells has been discussed. The relation of optimal
laser wavelength to operational system temperature for two
dual-junction GaAs/GaAs structures differing in top cell
thickness is shown.

Extensive I–V measurements under monochromatic
light of one sample have been conducted over a wide
range of temperatures and irradiances. Extracted I–V
parameters show the influence of temperature-dependent
current matching on the performance of the device. For

bottom cell current limitation, a super-linear behavior is
observed due to luminescent coupling. This effect coun-
terbalances losses due to temperature-induced current
mismatch between the subcells and makes the device less
sensitive to changes in operating temperatures. For top
cell limitation, no significant influence from luminescent
coupling is observed for the investigated irradiances and
temperatures, which shows that the effective loss of
photons from radiative recombination to the substrate
significantly suppresses the luminescence coupling. The
results obtained in this paper clearly demonstrate the
necessity to characterize multi-junction laser power
converters under monochromatic laser light at different
irradiances, as only there the effects due to luminescence
coupling between the subcells can be quantified.

Temperature coefficients of the dual-junction device are
listed and show good agreement with expectations of
literature values for single-junction GaAs devices.
Extracted maximum power point values are used to
calculate the output power variations for two different
power-by-light applications and different irradiances. With
increasing irradiance, the output power variations decrease.
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APPENDIX: TEMPERATURE
COEFFICIENTS

The current–voltage data taken of structure 1 allow to ex-
tract temperature coefficients (TCs) for Voc, Jsc, and Pmp

for different laser irradiances, as shown in Table A1. For
single-junction GaAs devices, the temperature dependence
of the device performance is dominated by the open circuit
voltage. In contrast, multi-junction GaAs cells show a sig-
nificantly larger impact of the TC(Jsc) due to the
temperature-dependent current mismatch.

Additionally, the first line in Table A1 shows TC(Jsc)
extracted from the EQE data at 810 nm in bottom cell lim-
itation at low irradiance in the mW/cm2 range (precise
value not known). The value fits to the results determined
by the I–V measurements under laser light.
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