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1 | INTRODUCTION

Photonic power converters (PPCs) are photovoltaic cells that convert
monochromatic light from laser or LED sources to -electricity.

Meghan N. Beattie»? © |
Gerald Siefer® |

S. Kasimir Reichmuth 13

Henning Helmers?

Abstract

Multi-junction photonic power converters (PPCs) are photovoltaic cells used in pho-
tonic power transmission systems that convert monochromatic light to electricity at
enhanced output voltages. The junctions of a multi-junction PPC have overlapping
spectral responsivity, which poses a unique challenge for spectrally resolved external
quantum efficiency (EQE) measurements. In this work, we present a novel EQE mea-
surement technique based on a wavelength-tunable laser system and characterize
the differential multi-junction device-level EQE (dEQE\;) as a function of the mono-
chromatic irradiance over seven orders of magnitude. The irradiance-dependent mea-
surements reveal three distinct irradiance regimes with different dEQEy;. For the
experimentally studied 2-junction GaAs-based device, at medium irradiance with
photocurrent densities between 0.3 and 90 mA/cm?, dEQEy, is independent of irra-
diance and follows the expected EQE of the current-limiting subcell across all wave-
lengths. At higher irradiance, nonlinear device response is observed and attributed to
luminescent coupling between the subcells. At lower irradiances, namely, in the range
of conventional EQE measurement systems, nonlinear effects appear, which mimic
luminescent coupling behavior but are instead attributed to finite shunt resistance
artifacts that artificially inflate dEQEp,. The results demonstrate the importance of
measuring the device-level dEQEy; in the relevant irradiance regime. We propose
that device-level measurements in the finite shunt artifact regime at low monochro-

matic irradiance should be avoided.

KEYWORDS

external quantum efficiency, IlI-V semiconductors, laser power converter, luminescence
coupling, multi-junction, nonlinearity, optical power transmission, photonic power converter,
power by light, spectral responsivity

Sometimes called optical or laser power converters, PPCs are used in
photonic power transmission systems, where power is transmitted
in the form of light through free space or over optical fiber. Full elec-

trical isolation makes these systems an attractive alternative to
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conventional power transmission over copper cabling for sensitive

electronics applications and in electrically noisy environments, and the
application space is rapidly growing.*™*

The simplest PPCs have a single p-n junction, converting mono-
chromatic light to electricity with an output voltage limited by the
bandgap of the absorbing semiconductor material. For example, single-
junction GaAs PPCs produce output voltages near 1 V. For many appli-
cations, however, higher voltages such as 3.3, 5, or 12V are desired.
State-of-the-art PPCs comprise multiple p-n junctions, monolithically
stacked and connected in series using tunnel diodes, boosting the
device voltage by summing the individual subcell voltages.>”® The
design of multi-junction PPCs differs from that of multi-junction solar
cells, which typically feature multiple (nearly) fully absorbing subcells
based on different bandgap materials to cover the broadband solar
spectrum. Instead, for optimal conversion of monochromatic light,
multi-junction PPCs consist of stacked subcells made from the same
material with a bandgap close to the photon energy.'® The serial con-
nection restricts the output current of the device to the smallest subcell
current. The subcell thicknesses are therefore optimized to achieve
“current-matching” by equally partitioning the monochromatic light
between them according to the Beer-Lambert exponential law of
absorption, resulting in a thin top cell, and increasing subcell thickness
towards a fully absorbing bottom subcell. The performance can be sen-
sitive to deviations from these current match conditions due to temper-
ature variations or a drift in laser wavelength,'* for example. In current
mismatched conditions, luminescent coupling from the overproducing
subcells into the limiting subcell can help to rebalance the current,
improving device performance at non-optimal wavelengths.**1?

As PPC technology continues to develop, optoelectronic charac-
terization methods including spectrally resolved external quantum
efficiency (EQE) measurements are essential to evaluate the device
performance, identify the wavelength of best current match, deter-
mine the sensitivity to spectral variations, and improve device designs.
The importance of luminescent coupling between subcells grows with

131419 and therefore, irradiance-resolved mea-

increasing irradiance,
surements are required to fully describe the device. Accurate EQE
measurement poses a unique challenge for multi-junction PPCs, as
standard measurement approaches originally developed for multi-
junction solar cells?° or nonlinear devices?* fall short.

In this work, we demonstrate the shortcomings of conventional
EQE measurement techniques for characterizing multi-junction PPCs
and present an improved measurement approach based on a
wavelength-tunable laser system to accurately characterize the differ-
ential multi-junction device-level EQE of PPCs with any number of
junctions and to quantify the impact of nonlinear processes such as

luminescent coupling as a function of the monochromatic irradiance.
1.1 | State-of-the-art measurement techniques
and limitations

The state of the art in EQE characterization for nonlinear single-

junction photovoltaic devices and semiconductor sensors is the

differential spectral responsivity measurement, introduced by Metz-
dorf.?! In most EQE measurement systems, monochromatic light is
generated with a broad-spectrum light source and a filter or grating
monochromator, though some systems use wavelength-tunable laser

2223 or |ight-emitting diodes.?* The photocurrent produced by

sources
the monochromatic light in conventional systems is much smaller than
the photocurrent produced during normal operation, and so a broad-
band bias light is used to evaluate the cell under near-standard oper-
ating conditions. The monochromatic probe light is modulated in
intensity, and the corresponding photocurrent signal is separated from
the photocurrent generated by the bias light using a lock-in amplifier.
The terminal voltage is fixed at O V to operate the device at short-
circuit current. Under constant bias irradiance, the wavelength of the
monochromatic light is scanned, allowing the differential spectral
responsivity (dSR), and therefore the differential EQE (dEQE), to be
characterized over a broad spectral range. To detect nonlinear behav-
jor, monochromatic wavelength scans are performed at different
known bias light intensities. Given the differential nature of the mea-
surement technique, the determination of the true spectral response
(SR) from the dSR requires iterative integration over the measured
photocurrent densities, as described by Metzdorf.?! In the case of a
device that behaves linearly with increasing photocurrent density,
dSR = SR. When applied to multi-junction PPCs, where all subcells are
connected in series, this technique measures the dEQE of the limiting
subcell under the bias illumination spectrum, rather than the multi-
junction device-level EQE (EQEp;), which is the EQE of the entire layer
stack as described in Section 2.

For multi-junction solar cells, designed to operate under the
broadband solar spectrum, the device-level EQEy; is of no interest as
the cell response to monochromatic irradiance without a white light
bias is equal or close to zero. As such, subcell-resolved EQE measure-
ments are the characterization method of choice.?%?>2¢ Since each
subcell is sensitive in a different wavelength regime, the individual
subcell dEQEs are acquired in separate measurements. For each mea-
surement, the spectrum of the bias light is shaped such that the sub-
cell under test limits the device current, whereas the other subcells
are overproducing. The bias voltage is adjusted so that the limiting
subcell operates near its corresponding short-circuit condition. The
subcell EQEs are the response functions to the incident monochro-
matic light for each individual subcell. Since internal radiative recombi-
nation is not accounted for, luminescent coupling from overproducing
subcells into the subcell under test increases the measured signal in
the wavelength regime overlapping with the radiative subcell and
decreases the signal in the response region of the limiting subcell. 2728
As the bias light does not reflect the operation conditions for the
device and distorts the shape of the measured dEQE, luminescent cou-
pling in subcell dEQE measurements is a measurement artifact and
corrected for, if possible.

For multi-junction PPCs, all subcells are sensitive in the same
wavelength region. Splitting up subcell measurements using different
spectral bias configurations for the current limitation of the
different subcells is complex.?’ For 2-junction PPCs, a subcell-

resolved dEQE measurement approach has successfully been
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d”** and can, in principle, be applied to PPCs with three

demonstrate
or more junctions.?’ However, achieving the correct light biasing con-
ditions to bring each subcell into current limitation becomes progres-
sively more complicated with increasing number of subcells, making it
highly impractical and nearly impossible for PPCs with many junctions.
Luminescent coupling between the subcells further complicates the

data interpretation.

1.2 | Device-level EQE of multi-junction PPCs
Conventional EQE measurement systems are typically based on
broadband continuous light sources and monochromators. They gen-
erate only low irradiances (~10~> W/cm?) corresponding to photo-
current densities in the order of uA/cm?. Therefore, they are not
useful to probe luminescent coupling behavior. Furthermore, finite
shunt resistances can cause measurement artifacts.?®

To overcome the limitations of the standard dEQE measurement
techniques when applied to multi-junction PPCs, we introduce a new
measurement approach in this work. Given the impracticality of
subcell-resolved measurements, we analyze the differential device-
level multi-junction EQE (dEQEy,;) that can be studied irrespective of
the number of subcells. To emulate the intended operation condition
under monochromatic irradiance, we use a tunable laser as both the
modulated monochromatic probe and as the bias illumination source
such that the wavelength of the bias light changes simultaneously
with that of the probe throughout the entire measurement range. The
measurement technique is described in detail in Section 3.3.

We compare the device-level dEQEy\; of a 2-junction PPC with
results from subcell-resolved dEQE measurements and investigate the
impact of monochromatic irradiance on dEQEw,.

2 | THEORY

The EQE of a photovoltaic device is given by the ratio of the gener-
ated electrons that contribute to the external current flow (n,) to the
incident photons (n,) as a function of the monochromatic illumination

wavelength (A):

EQE(2) ::f 1)

For a single-junction cell and for most multi-junction solar cell
subcells in wavelength regimes wherein the overlap between subcell
response is negligible, the upper limit for the EQE is 1. In contrast, for
multi-junction PPCs with N subcells, the upper limit is given by 1/N.
The EQE is related to the spectral responsivity (SR), defined as the
ratio of the output electrical current to the input optical power (A/W)
as follows:

9
= EQE()} @

where Ep, is the photon energy and g, h, and c are the electron charge,
Planck constant, and speed of light, respectively.

Figure 1 shows the individual subcell EQEs and the normalized
device-level EQEyy, determined from the subcell EQEs, for a
2-junction GaAs PPC. At shorter wavelengths, the top subcell
absorbs most of the photons, resulting in a higher top subcell EQE
(EQE;) compared with the bottom subcell (EQE,). With increasing
wavelength, the spectral absorptance in the top subcell decreases.
The transmitted light is absorbed by the thicker bottom subcell
and, consequently, EQE, increases. At 820 nm, the subcell EQEs
and, therefore, the currents of the top and bottom subcells match.
At even longer wavelengths, the top subcell becomes more trans-
parent and the bottom subcell EQE, peaks near the bandgap
before dropping to zero as the absorptance diminishes below the
bandgap.

For an N-junction PPC, the device-level EQEy, is given by the
minimum of the subcell EQEs:

EQEn;(2) =min(EQE1(A),... EQEn(2)) (3)

where EQEy is the subcell EQE of the N subcell. This results in a tri-
angular shape that reaches its maximum at the point of (best) current
match. Unlike with subcell EQEs, which can be integrated over a
broadband spectrum to find the short-circuit current of a
multi-junction device illuminated by that spectrum, the device-level
EQE; holds only for monochromatic irradiance. A similar device-level
interpretation for multi-junction PPCs under monochromatic irradi-
ance can be found in the literature.”141839-33 Device-level SR mea-

surements under varied irradiance at a single wavelength have been
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FIGURE 1 Comparison between the subcell-level and the multi-
junction device-level EQE for a 2-junction GaAs-based PPC. Symbols
represent the subcell EQEs of the top (blue triangles) and bottom
junction (red diamonds). The shaded region marks EQEy; of the
2-junction device. The scale is normalized, so that subcell EQEs sum
to 1 at the maximum point
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reported in the literature.?***1> However, wavelength-resolved mea-

surements over a range of monochromatic irradiances have yet to be

demonstrated.

3 | EXPERIMENTAL METHODS

3.1 | Device under test

The device used in this work is a 2-junction PPC based on GaAs,
described in Reichmuth et al.,** mounted on a metal heatsink for good
thermal management during measurements. The device has a nominal
designated area Anom = 0.876 mm? (excluding busbars) and front met-
allization with a grid coverage of approximately 7%, designed to oper-
ate at high current densities. Wire bonds connect the front
metallization to contact pads. A 400-nm, highly doped GalnP window
layer supports lateral current flow. A photograph of the device during
the EQE measurement at 700 nm is shown in Figure 2a.

3.2 | Subcell-level EQE

The subcell-level dEQE for the 2-junction PPC was measured using a
double-grating monochromator system®* with a spectral resolution of
10 nm. The standard differential spectral responsivity method?! was
used with broad-spectrum bias illumination that was filtered according
to the approach developed for multi-junction solar cells,?® light biasing

each subcell individually and measuring the dEQE of the current-

tunable
laser

optical fiber

heat sink device under

(A) | / test
|

| stage :

(B)

limiting subcell. The subcell response was linear such that
dEQE; = EQE,. Further details can be found in Schubert et al.” and
Reichmuth et al.**

3.3 | Device-level EQEp,

3.3.1 | Tunable laser measurement system

A wavelength-tunable laser system was used to measure the
differential device-level EQEnm, (dEQEn,)) at different irradiance levels.
A schematic of the setup is shown in Figure 2b. An ultrashort pulse
titanium-sapphire laser with a tunable wavelength in the range of
690 to 1100 nm was used as the light source. Using a beam sampler,
the laser beam was divided into two parts: the probe light and the bias
light. The probe light was modulated in intensity using a mechanical
chopper wheel with a frequency of 135 Hz. The intensity of the
steady-state beam, used for the bias illumination, was adjusted using
an iris diaphragm dimming element. The modulated and steady-state
beams were then merged and coupled into a monolithic fiber device,
designed to convert the 100 fs ultrashort laser pulses into continuous
wave light. The spectral bandwidth of the system was approximately
10 nm. The laser system is part of a measurement system in the accre-
dited calibration lab of Fraunhofer ISE, so all relevant measurands
(wavelength, intensity, bandwidth) are traceable to Sl units. Power
stability is given by monitoring and correcting with a monitor cell (sta-
bility during measurement + 1.2% @ 860 nm), the wavelength of the

laser system is internally controlled with a Michelson interferometer

O
EQE, (top) —— EQE,, low irradiance
EQE, (bottom) ~ —=— EQE,, medium irradiance
—— EQE,, high irradiance
60 T .

Laser power (a.u.)

Laser wévele'ngth‘rénge
[690 nm, 1100 nm] ;

o R NI SRS S P .
600 700 800 900

Wavelength (nm)
(C)

s b by s by

FIGURE 2 (a) Photograph of 2-junction PPC during dEQE measurement. An optical fiber positioned directly above the cell guides
monochromatic laser light to the device (here 700 nm). (b) Schematic of the tunable laser dEQE measurement system. (c) Device-level dEQEy,; of
the 2-junction GaAs PPC at bias light intensities corresponding to photocurrent densities of 5 pA/cm? (low, navy), 1 mA/cm? (medium, light blue),
and 9 A/cm? (high, red) at 820 nm. The laser power, and therefore the bias light intensity, is indicated on the secondary y-axis and changes by a
factor of 2.3 over the wavelength range. The arrows between the dEQE curves indicate increasing irradiance. For comparison, the subcell-level
EQEs of the top (gray triangles) and bottom (gray diamonds) are also shown.
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and externally traceable calibrated with a spectral radiometer, leading
to a wavelength accuracy better than 0.3 nm. A detailed description
of the technique to generate continuous wave light from ultrashort
laser pulses can be found in Mundus.??

Unlike in conventional EQE measurement systems, the wave-
length of the bias light was identical to and changed simultaneously
with that of the chopped probe light. For data acquisition, the current
signal of the device was converted by a trans-impedance amplifier
into a voltage signal containing a continuous part (direct current, DC)
and a modulated part (alternating current, AC). The DC part was mea-
sured with a digital multimeter. The AC part generated by the
chopped probe was measured with a lock-in amplifier.

The sample was mounted on a temperature-controlled measure-
ment chuck and the temperature was set to 25°C. A bias voltage was
applied using a voltage source built into the trans-impedance

amplifier.

3.3.2 | Measurement procedure

As with subcell-resolved dEQE measurements, the device-level
dEQEy,, is determined by the photocurrent (generally the short-circuit
current) of the current-limiting subcell. In consequence, overproducing
subcells generally operate close to their open-circuit voltage during
the measurement. The operating point for which the limiting subcell is
at short-circuit can be estimated by subtracting the open-circuit
voltages of all other subcells from that of the entire device. As the
open-circuit voltages of the subcells are approximately equal in a
mono-material device, the bias voltage (V,;.s) required to reach the

correct operating point for an N-junction PPC can be estimated as

Vbias # Voc — Voc /N (4)

where Vo is the open-circuit voltage of the entire device. This holds
irrespective of which subcell limits the device current. Therefore, no
changes to Vy,,s are required when the limiting subcell changes during
a measurement. Following (4), the bias voltage across the 2-junction
PPC was set to Voc/2 during dEQE\; measurements, though the EQE
was relatively insensitive to the bias voltage in the measurement
regime that we explored.

Wavelength scans were performed at three different irradiance
levels, corresponding to photocurrent densities at 820 nm spanning
more than six orders of magnitude, namely, 5 pA/cm? (low irradiance),
1 mA/cm? (medium irradiance), and 9 A/cm? (high irradiance). The
medium and high irradiance scans were performed using the tunable
laser system described above. The laser power, and therefore the bias
irradiance, changes by a factor of 2.3 over the measured wavelength
range. The low irradiance scan was performed using the conventional
double-grating monochromator system that was used to measure the
subcell dEQE.

In each case, the intensity of the test light for the respective
wavelengths was determined using a standard World Photovoltaic
Scale (WPVS) silicon reference cell calibrated by the Physikalisch-

Technische Bundesanstalt (PTB), the National Metrology Institute of
the Federal Republic of Germany. For both the reference cell and the
device under test, the illuminated area was smaller than the active ref-
erence cell area such that the entire beam was incident on the device.
During the measurements, a monitor cell was used to track intensity
fluctuations in the chopped probe light in real time. To account for
the inhomogeneity of the cell's front metallization and associated
uncertainty in absolute irradiance under inhomogeneous illumination,
a current-voltage measurement was performed at 820 nm in a homo-
geneous radiation field. The SR determined from the measured cur-
rent and calibrated irradiance was used to scale the inhomogeneous
EQE measurements to absolute values.

To better understand the nonlinear behavior in the low-
photocurrent and luminescent coupling regimes, device-level dEQE
scans were performed over a wide intensity range at five distinct
wavelengths (750, 780, 809, 820, and 860 nm). The modulated probe
light was held at near-constant intensity, whereas the intensity of the
continuous bias illumination was varied to access the different irradi-
ance levels and corresponding photocurrent densities. For each inten-
sity, the bias voltage was readjusted to maintain the target operating

point of Voc/2.

4 | RESULTS AND DISCUSSION

The differential multi-junction device-level EQE measured under three
different bias irradiances is shown in Figure 2c, together with the
measured subcell EQEs. The low irradiance dEQEy; was measured
using a conventional double-grating monochromator system, whereas
the medium and high irradiance measurements were performed with
the tunable laser system. Due to the nonlinear response of the cell,
the measured dEQE)y; is not true EQEwm,. Therefore, an integration
over current densities is required to extract the true device response.
The integration method used in this work is described in Section 4.1.

All measurements of dEQEy,; peak at 820 nm with a device-level
dEQE of 39.7%. This is also the current matching point, determined by
the balanced subcell EQEs. dEQE\; measured at medium bias irradi-
ance is equal to the EQE of the respective limiting subcells in accor-
dance with (3). For the high irradiance case, dEQEy, increases relative
to the medium irradiance case. The largest values of dEQEy; are seen
in the low irradiance case, with considerable broadening observed on
both sides of the current match point.

Figure 3a shows dEQE; as a function of the measured photocur-
rent density (Jimeas.) for five distinct wavelengths on a logarithmic cur-
rent density scale. The photocurrent density range spans more than
six orders of magnitude from 3 uA/cm? to 15 A/cm?. Three irradiance
regimes are identified—labeled as finite shunt, linear, and luminescent
coupling. The reason for this labeling will be explained in the following
sections.

In the linear regime, which spans nearly three orders of magni-
tude in current density from 0.3 to 90 mA/cm?, dEQEy, is stable to
within +1.2% (abs.) for all wavelengths. In this regime, the device-level
dEQE\m; = EQENmy and is well described by (3), wherein the
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(a) dEQE\, at five wavelengths measured over a wide range of bias irradiances (measured current densities J,ess.)- Three intensity

regimes can be identified, labeled as finite shunt, linear, and luminescent coupling. The colored bars indicate the current densities of the device-
level dEQE measurements in Figure 2c at low, medium, and high irradiance. (b) Coupling efficiency nc for 750, 780, 809, and 860 nm plotted as a
function of the monochromatic bias irradiance (G,) calculated from (5) for measurements in the linear and luminescent coupling regimes. The inset
shows an example of J-V curves with and without luminescent coupling, used to define the coupling efficiency in (7)

responsivity of the cell is independent of the irradiance and follows
that of the limiting subcell.

Qutside of the linear regime, the measured value of dEQEy,
grows with shrinking current density below 0.3 mA/cm? in the finite
shunt regime and with increasing current density above 90 mA/cm? in

the luminescent coupling regime.

4.1 | dEQEy; in the luminescent coupling regime

For higher photocurrent densities > 90 mA/cm?, the nonlinear
increase in the device-level dEQE\; with increasing photocurrent den-
sity (irradiance) can be attributed to luminescent coupling between
the subcells. Luminescent coupling occurs in multi-junction photovol-
taic devices when photons generated by radiative recombination in an
overproducing subcell are re-absorbed in another subcell. When the
radiated photons are re-absorbed in the limiting subcell, the photocur-
rent of this subcell, and thus the total device current, will increase.

This effect has been studied in multi-junction solar cells*317:2835-38

and is particularly important in multi-junction PPCs, 111471618 for
which all subcells absorb and emit photons at similar wavelengths.
When measuring dEQE in the nonlinear luminescent coupling
regime, it is important to consider the differential measurement
approach. The continuous bias light contains the main part of the irra-
diance whereas the modulated probe light determines the measured
spectral responsivity at that irradiance. The absolute monochromatic
irradiance (G,) of the laser at each photocurrent density (J,n) can be
found using the absolute current-resolved differential multi-junction
spectral responsivity (dSRy) of the device under test by integrating

over all currents, neglecting artifacts in the finite shunt regime:

G ,J"’”#w (5)
"o dSRwy (A dp) "

This equation yields the average monochromatic irradiance across
the solar cell area. Increasing the bias irradiance in the luminescent
coupling regime induces a nonlinear increase in the measured photo-
current, which manifests as an increase in the measured dEQEy;. As
such, (3) must be extended to include the gain due to luminescent
coupling, which depends on the wavelength (A) and the irradiance
(Ga):

Eph(2
ac, ©

=

EQEwy(1,G;) = min(EQE1 (2),...EQEN(A)) +LC(4,G;)

where LC is the gain in current density generated by luminescent cou-
pling and qG,/Epn represents the photo-generated current density for
an EQE of unity and is used to normalize current density to quantum
efficiency. The efficiency of the luminescent coupling process nc in
the 2-junction PPC investigated here is quantified by the relation:

LC
ic :B (7)

where LC is the gain in the current density of the limiting subcell pro-
duced by luminescent coupling and D is the absolute difference
between the current density under perfect current matching (Jom) and
that of the limiting subcell in the absence of luminescent coupling. A
schematic is shown in the top left corner of Figure 3b. In the case of
a 2-qjunction cell, LC o« EQEy —EQEsjjinear and D
(EQE1 + EQE2)/2 — EQE3) jinear SUch that nc can be computed from the
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subcell EQEs and the multi-junction EQE, where EQE5) jinear is the EQE
in the linear regime. When LC = 0, no coupling occurs, and therefore,
nc = 0. Conversely, when LC = D, the current of the limiting subcell
equals Jom and the coupling efficiency is maximized such that nc = 1.
This definition of nc differs from the definition given in Lopez et al.® in
that it yields a linear growth in efficiency as LC increases from O to D.

The increase in dEQEy; to either side of the current match point
under high irradiance, seen as broadening in Figure 2c, is caused by the
increasing contribution of luminescent coupling to the total photocur-
rent. Figure 3a confirms that the relative contribution of luminescent
coupling grows with increasing photocurrent density and has a larger
impact for wavelengths further from the current matching point, where
the difference in generation between the overproducing and the limit-
ing subcell is more significant. The ratio of J.,eas, to the current density
in the linear regime (Jiinear) i Jmeas./Jiinear > 1.2 for both 750 nm and
860 NM at Jmeas. ~ 10 A/cm?, which corresponds to an irradiance of
around 50 W/cm?. Conversely, for 809 nm and 820 nm, which are
close to the current match point, the enhancement due to luminescent
coupling is small, With Jmeas /Jiinear < 1.03 around 50 W/cm?.

Very little change is observed in dEQE, near the current match-
ing point at 820 nm, irrespective of the irradiance regime, although a
small increase in dEQE\,, appears at the higher photocurrent densities.
This is attributed to two effects: (i) the bandwidth of the measure-
ment light is approximately 10 nm and consequently the step width of
the measurement was chosen to be 10 nm. It can thus be expected
that the current match point is not exactly at 820 nm, which means
that at 820 nm measurable luminescent coupling still occurs in the
high irradiance regime; (ii) an increase in the junction temperature
under higher bias irradiance may induce a slight shift in the point of
best current match.>?

In Figure 3b, the coupling efficiency is plotted as a function of the
monochromatic irradiance G,, calculated from (5), for measurements
in the linear and luminescent coupling regimes only. The coupling effi-
ciency has no meaning at the current match point, for which D = 0,
and therefore, points for 820 nm are not shown in Figure 3b.

At low irradiances between 0.001 and 0.1 W/cm? the coupling
efficiency nc is close to O, indicating that the device behaves linearly.
Hence, we conclude that luminescent coupling is negligible for irradi-
ances below 0.1 W/cm?. The nonlinear behavior above 0.1 W/cm? is
attributed to enhanced luminescent coupling from subcells whose car-
rier recombination becomes increasingly dominated by radiative
recombination with increasing irradiance. As can be seen in Figure 3b,
Nc grows at a similar rate with increasing irradiance, irrespective of the
wavelength, exceeding 40% near 50 W/cm? at 750, 780, and 860 nm.
The observed trends are similar to those reported by Walker et al.*® as
radiative recombination processes become increasingly dominant. The

coupling efficiency is expected to saturate at higher irradiance.

4.2 | dEQEp; in the finite shunt regime

At very low irradiance, and correspondingly small photocurrents, the

measured EQE of multi-junction photovoltaic devices is known to be

susceptible to artifacts caused by finite shunt resistances during dif-
ferential measurements.24244! The low photocurrent regime is irrele-
vant for most photovoltaic device applications but is of interest here
because conventional EQE measurement systems often operate at
such low photocurrent densities in the order of pA/cm?.

An increase in the measured device-level dEQEy; at low irradi-
ance is observed in Figure 2c and for photocurrents < 0.3 mA/cm? in
Figure 3a. In contrast to the behavior observed in the high irradiance
luminescent coupling regime, an increase in the irradiance corre-
sponds to a nonlinear decrease in the measured device-level dEQEw;.
The measured value of dEQEw; reaches its minimum and levels off as
the irradiance enters the device's linear regime. Because of the differ-
ential measurement, we postulate that finite shunt resistances are
responsible for the apparent increase in dEQEy;, mimicking the shape
of device-level EQE curves produced in the luminescent coupling
regime. A detailed description of the shunt-driven artifact mechanism
in differential measurements is given in Siefer et al.*' There, the
chopped additional light induces a photocurrent in the non-limiting
subcells. This leads to an increase in the overall I-V curve voltage gen-
erated by the bias light, which in turn shifts the operating point of the
limiting cell. The transimpedance amplifier ensures that the operating
point of the overall device remains fixed. The shunt-induced reverse
characteristic of the limiting cell causes a change in current due to the
voltage change, resulting in an additional signal. This additional signal
contributes to the inflated measured device-level EQE.

This artifact mechanism was simulated using a simple circuit
model based on a serial connection between two subcells, each repre-
sented by a one-diode model. For each simulated EQE point, current
density-voltage (J-V) curves were generated for each subcell under
the bias light (B) with and without the added probe light (P). The
actual subcell EQE measurements are used to set the currents. These
subcell J-V curves are then used to generate multi-junction J-V curves
under the same illumination conditions. The magnitude of the differ-

ential multi-junction EQE is then calculated using:

Vbiass4) —JB(Vbias: 4)
Jpiim (4)

AEQEw, (2) = EQEsc im ()| 227 (®)

where EQEsc jim = dEQEsc im is the EQE of the limiting subcell, Jp i, is
the limiting current under only the probe light, Jg , p and Jg are the
device currents under the two illumination conditions, and
Vbias = Vocg/2 is the bias voltage calculated from the device Voc
under bias light only. Note that the bias voltage is fixed externally;
however, there is an internal shift in the operating point that is
induced by the modulated probe.

If the shunt resistances for each subcell are infinite, then Jg
+p —Jg=1Jsciim and therefore dEQEm; = EQEscim and there is no
artifact. For finite shunt resistances, however, Jg , p — Jg > Jscim and
an artifact occurs. Simulated dEQEy, curves for a device photocurrent
of 5 uA/cm? at 820 nm are shown in Figure 4 with both finite and
infinite shunt resistances along with the measured dEQEy,, in the low-
intensity regime (from Figure 2c) and the scaled top and bottom sub-

cell EQEs. The device parameters used for the simulations are given in
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FIGURE 4 Simulated dEQE\, for a photocurrent density of

~5 pA/cm? with finite and infinite subcell shunt resistances. The
measured dEQEp; at the same photocurrent density and the scaled
top and bottom subcell EQEs are shown for comparison. All curves
are normalized relative to their values at 820 nm.

TABLE 1 One-diode model parameters for simulating EQEwn;,
Top subcell Bottom subcell
Rsh (Q cm?) 35,000 40,000
Jo (A/cm?) 4 x 102 4 x 1072

Table 1. The simulated dEQEp; with finite shunt resistance agrees well
with the measured dEQEy; at the same photocurrent. For the case
with infinite shunt resistance, the measurement artifact vanishes and
the simulated dEQE\; follows the EQE of the limiting subcell accord-
ing to (3).

Comparing the low and medium irradiance measurements in
Figure 2c, the artifact doubles the measured device-level dEQEy; at
wavelengths < 700 nm. The finite shunt resistance has negligible
impact on the differential EQE measurement at higher photocurrent
densities (Jmeas. > 0.3 mA/cm?), and the finite shunt resistance artifact
disappears. Conversely, the effect of luminescent coupling grows with
increasing irradiance. These results demonstrate that it is essential to
measure the device in the correct photocurrent density regime
to record the device-level EQE accurately.

5 | CONCLUSION

We demonstrated irradiance-dependent measurements of device-
level dEQE\; for a 2-junction GaAs-based PPC using a tunable laser
as both the monochromatic probe and the bias illumination. The mea-
surement technique can be applied to multi-junction PPCs indepen-
dent of the number of subcells, as the photocurrent of the entire
device is inspected as opposed to the subcell-resolved responses usu-

ally analyzed for multi-junction solar cells. For medium irradiances,

corresponding to photocurrent densities in the range of 0.3 to
90 mA/cm? for this device, a linear regime was identified where
dEQE\; = EQEn; and is equivalent to the subcell EQE of the limiting
subcell for all investigated wavelengths. At the point of (best) current
match, the device-level dEQE\, reached its peak.

Distinct nonlinear regimes were identified at both lower and
higher irradiances. Despite having a similar effect on the measure-
ment, the cause for this nonlinear behavior is attributed to two
entirely different mechanisms. At high irradiance (G, > 0.1 W/cm? for
the 2-junction GaAs PPC measured here), luminescent coupling from
the overproducing subcell into the limiting subcell enhanced the mea-
sured photocurrent. This is a real effect, and its magnitude can give
insight into the radiative efficiency of the absorber material. For low
irradiances producing small photocurrent densities
(Umeas. < 0.3 mA/cm? for the PPC measured here), finite shunt resis-
tance artifacts artificially inflated the device response. This is a known
effect, solely related to the measurement technique, that should be
considered and, if possible, corrected for.

The magnitude of the nonlinear effects observed in the finite
shunt and luminescent coupling regimes are highly device dependent.
For some devices, the linear response regime may extend over a wider
range of current densities. For others, the linear regime may be very
narrow, or perhaps even non-existent if the finite shunt and lumines-
cent coupling regimes overlap. Irradiance-dependent measurements
are therefore necessary to correctly evaluate the linearity of the
device-level multi-junction PPC response.

Though the current densities required to measure in the linear
regime vary from device to device, conventional EQE measurement
systems designed for solar cell characterization under broadband bias
illumination typically cannot supply the monochromatic illumination
intensities required to access the linear and luminescent coupling
regimes of multi-junction PPCs. Hence, the device-level dEQEy; mea-
sured with conventional EQE systems is likely to be heavily influenced
by finite shunt resistance artifacts, which is probably the case for vari-
ous previous works.>716:1819.30-3342-44 |1 the ahsence of EQEwm,
measurements in the linear regime, these artifacts have been mistak-
enly attributed to luminescent coupling, leading to incorrect interpre-
tation of the device-level response.¢:1832

Our findings demonstrate that measurements in the irradiance
regimes relevant to PPC device operation are essential to correctly
interpret the device-level EQE of multi-junction PPCs. Measurement
systems based on high-intensity monochromatic sources, such as the
tunable laser system described here, are therefore valuable tools for
the characterization of multi-junction PPCs, allowing artifact-free
measurement of the device-level dEQEy; in the linear and lumines-

cent coupling regimes, which are highly relevant for device operation.
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