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1. Introduction

In recent years, photonic power converters (PPCs), also known as
photovoltaic cells for monochromatic light, laser power convert-
ers, or sometimes phototransducers, have received increasing
interest as they enable a growing number of optically powered
applications. Wireless or fiber-based optical power transmission
offers unique advantages such as inherent galvanic isolation,

avoidance of electromagnetic interference,
lightning protection, explosion protection,
compatibility with strong electromagnetic
fields, and the possibility of free-space
power beaming. Another key advantage is
the prospect of a purely optical power
and data transmission link when combined
with optical communication.[1–5] The appli-
cation space for this technology includes
sensors in special environments (structural
health monitoring of wind turbines,[6]

monitoring of high-voltage transmission
lines[7–10]), wireless powering of medical
implants,[11–15] optically isolated power
supply for electronic systems,[16–18] optical
powering of remote antenna units,[2,19–21]

optically powered networks,[22,23] Internet-
of-Things devices,[24] and optical wireless
power transfer.[25–29]

Several groups have demonstrated PPCs
based on III–V compound semiconductor
materials with remarkable power conver-
sion efficiencies well above 50%.[30–50]

To maximize performance, the tradeoff
between transmission and thermalization losses needs to be bal-
anced. As an example, when a 3 μm thick GaAs absorber
(bandgap energy Eg¼ 1.424 eV) is illuminated with 830 nm laser
light (photon energy Eph¼ 1.494 eV), 4.7% of the laser power is
lost by thermalization to the crystal lattice, whereas about 4.2% is
transmitted and lost due to limited absorptance. While increas-
ing absorber thickness shifts the optimum of this tradeoff toward
the bandgap,[39] insufficient minority carrier diffusion length in
the absorber counteracts this gain.

In this work, we alter the boundary conditions of this optimi-
zation problem; namely we introduce a back surface reflector
(BSR) beneath the active photovoltaic layers to trap photons in
the resulting optical cavity. On one hand, thereby we exploit
Fabry–Perot resonances in the cavity[51,52] to increase spectral
absorptance for otherwise weakly absorbed near-bandgap photon
energies. In turn, we maximize spectral response (SR) close to
the bandgap and, thus, simultaneously minimize both transmis-
sion and thermalization losses. On the other hand, the optical
cavity impacts the luminescence behavior of the device.
Photons generated internally by radiative recombination are
trapped inside the cavity. Given the back reflector, their only
escape route is the front side, where total internal reflection at
the semiconductor/air interface restricts the escape cone to
approximately 16� which yields 95.6% reflectance (assuming
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For solar cells operating under the broad-band solar spectrum, the photovoltaic
conversion efficiency is fundamentally limited by transmission and thermaliza-
tion losses. For monochromatic light, these losses can be minimized by matching
the photon energy and the absorber material’s bandgap energy. Furthermore, for
high-crystal-quality direct semiconductors, radiative recombination dominates
the minority carrier recombination. Light-trapping schemes can leverage reab-
sorption of thereby internally generated photons. Such photon recycling
increases the effective excess carrier concentration, which, in turn, increases
photovoltage and consequently conversion efficiency. Herein, a back surface
reflector underneath a GaAs/AlGaAs rear-heterojunction structure leverages
photon recycling to effectively reduce radiative recombination losses and
therefore boost the photovoltage. At the same time, resonance in the created
optical cavity is tailored to enhance near-bandgap absorption and, thus, minimize
thermalization loss. With a thin film process and a combined dielectric–metal
reflector, an unprecedented photovoltaic conversion efficiency of 68.9� 2.8%
under 858 nm monochromatic light at an irradiance of 11.4 W cm�2 is
demonstrated.
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isotropic internal emission). Consequently, despite weak absorp-
tion at the bandgap these photons are eventually mostly
reabsorbed. This effect, known as photon recycling,[53–56] is rele-
vant for direct semiconductors of sufficient material quality, i.e.,
where nonradiative recombination is small enough. It can be
equivalently regarded as an effective decrease in radiative recom-
bination, a prolongation of the effective carrier lifetime, and an
increase in internal photon density, which ultimately leads to a
boost in voltage. Overall, we exploit optical resonance and photon
recycling to benefit in current and voltage, respectively.

2. Results

We have fabricated thin-film PPCs (designated area
A¼ 0.054 cm2) with different back reflectors (Figure 1h).
A n-GaAs/p-AlGaAs rear-heterojunction (see Figure 1a and
Section 4 for details of the epitaxial structure) approach is
pursued to effectively suppress recombination in the space
charge region.[57,58] Apart from a reference sample on GaAs sub-
strate, we analyze two different back reflectors: one is formed by
direct gold deposition, the other by a combined dielectric–metal
stack of MgF2/AlOx/Ag. The processing scheme is shown in
Figure 1b–f and detailed in Section 4. The dielectric–metal reflec-
tor leverages total internal reflection at the low refractive index
dielectric for shallow angles, whereas for steeper angles still

specular reflection occurs at the subsequent metal layer.[58,59]

To realize low-ohmic semiconductor/metal contacts, for both
reflector types the electrical rear contact is established via point
contacts where locally the back reflector is opened and highly
conductive point contacts are formed (about 1.8% areal coverage;
Figure 1e).[52,58,60,61] Under illumination, therefore, the
generated current flows laterally toward these points. The top
of Figure 1g shows an electroluminescence image of the PPC
with Au reflector under forward bias, which reveals front and
rear side features. The current flow in the device is illustrated
by the lower three images in Figure 1g, which illustrate the volt-
age drop due to front grid and rear side point contacts in different
layers of the device.

The absorber thickness of 1750 nm does not suffice to fully
absorb photons with an energy close to the bandgap of the
GaAs absorber (Eg¼ 1.424 eV! λ¼ 871 nm) after single pass.
Consequently, the SR of the reference device without reflector
peaks at 830 nm (Figure 2a). In contrast, for the devices with back
reflector a fringe pattern is observed in the SR close to the
bandgap, resulting from Fabry–Perot resonances in the optical
cavity. Peak SR¼ 0.653 AW�1 is obtained with the combined
dielectric/metal reflector at λ¼ 858 nm (photon energy
hc/λ¼ 1.445 eV). Here, the related thermalization loss per pho-
ton reduces to 21meV or 1%rel. The corresponding external quan-
tum efficiency (EQE) is EQE (858 nm)¼ (SR)hc/(qλ)¼ 94.4%.
The spectral reflectance R reaches up to 93.7% and 95.5% for

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 1. Illustration of the fabrication steps to realize the thin film PPCs with BSR in this work (see Section 4 for details). a) Epitaxial layer structure of the
n-GaAs/p-AlGaAs rear-heterojunction device. b) Front side processing: grid metallization and antireflection coating (ARC). c) Transfer to handling wafer
and substrate removal. d) Hexagonal point contact pattern on the rear side. e) Deposition of the structured BSR and rear side contact metallization. f ) Cu
electroplating to provide mechanical stabilization and debonding from handling wafer. g) Top: infrared microscopy image of a PPC with Au BSR and local
point contacts under forward bias (V¼ 1180mV, Jinj¼ 0.44 A cm�2). The front metal grid lines prevent electroluminescence emission from underneath
leading to dark line features in the image. The rear point contacts are visible as darker circles as there is no reflector underneath. Bottom: the lower three
images illustrate the lateral voltage drop at the front and rear side due to metal front grid lines and rear point contacts, respectively, and at the junction
influenced by both features. The images are obtained from electrical network modeling and show a different image section than the microscopy image
above. h) Photography of a flexible 4 00 wafer after thin film processing with BSR on copper foil.
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PPCs with gold reflector and combined dielectric–silver reflector,
respectively (cf., Figure 2a). The observed fringe pattern for sub-
bandgap photons indicates the thin film interference. The back
reflector also affects the device’s electroluminescence emission
(Figure 2b). With increasing reflectance of the back mirror,
the electroluminescence intensity increases, namely, the peak
intensity increases by a factor of 2.9 for the Au mirror and by

a factor of 4.8 for the dielectric–silver mirror compared with
the reference on substrate.

Statistical analysis based on wafer-level I–V mapping under
broad band flash light of hundreds of PPCs per wafer enables
an assessment of how the back reflector changes the internal
and external luminescence of the devices. The observed voltage
gain (Figure 3a) corresponds with a drop in the median dark
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Figure 2. a) Calibrated SR at T¼ 25 �C and SR R of the PPCs with BSR in comparison with a similar cell on substrate. b) Electroluminescence emission
spectra of the cells under forward bias at an injection current density of Jinj¼ 18.5 A cm�2.

(a)

(d) (e)

(b) (c)

Figure 3. Box plots of a) open-circuit voltage (VOC), b) dark recombination current density J0, and c) experimental ERE based on statistical data from
wafer-level I–V mapping of PPCs on substrate and with BSRs, measured at short-circuit current densities of JSC¼ 10.1� 0.2 A cm�2 (substrate) and
JSC¼ 13.3� 0.1 A cm�2 (BSR). The samples sizes are 468 (substrate), 381 (Au BSR), and 410 (MgF2/AlOx/Ag BSR). Boxes represent the first and third
quartile with the median as central line. The mean value is plotted as a circle. Whiskers represent the 10th and 90th percentiles. d) VOC as a function of
short-circuit current (ISC) for PPCs on substrate and with BSRs. e) VOC, experimental ERE, equivalent monochromatic efficiency at 858 nm η858 nm, and FF
from light I–Vmeasurements as a function of equivalent monochromatic irradiance at 858 nm G858 nm. Open symbols in (d) and (e) represent measure-
ments under broad band illumination, namely, under a calibrated 1 sun broad band light source (lowest current and irradiance, respectively) and using a
Xenon flash bulb (rest). Solid symbols show data from I–V curves recorded under a pulsed 809 nm laser.[66] Further details can be found in Section 4.
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recombination current density J0 from 2.8� 10�20 A cm�2

for PPCs on substrate to 1.3� 10�20 A cm�2 and
8.1� 10�21 A cm�2 for gold and dielectric–silver reflectors,
respectively. Assuming inverse proportion between J0 and the
carrier lifetime τ,[62] we conclude that photon recycling leads
to a prolongation of the effective lifetimes in the n-type GaAs
absorber by a factor of 2.2 and 3.4, respectively. Note that the
dark recombination current density J0 of the GaAs/AlGaAs rear-
heterojunction on substrate is almost an order of magnitude
lower than that of high-quality GaAs homojunction cells.[39,63]

In fact, fitting measured ISC–VOC data to a one-diode model
yields ideality factors n of 1.08, 1.12, and 1.15 for the PPC on
substrate, with Au mirror, and with MgF2/AlOx/Ag mirror,
respectively (see Figure 3d). The proximity of the ideality factors
to unity for the entire current range reveals that charge carrier
recombination in the space charge region with n¼ 2 is negligible
compared with the already low recombination in the n-type GaAs
bulk. This can be explained with the absence of charge carrier
generation in the base and Al grading region and the higher con-
duction band of AlGaAs. The latter results in a strong carrier
selective field in the space charge region and, thus, further
minimizes the concentration of electrons needed in the recom-
bination process. The deviation from the expected logarithmic
increase at high currents is attributed to heating which is more
pronounced for the thin film wafers due to worse thermal
coupling to the measurement chuck compared with the PPCs
on stiff planar substrate and more pronounced for the broad
band measurements due to the higher excess energy resulting
in additional thermalization.

As to photon recycling, in an idealized cell the only remaining
radiative recombination is light that can leave the system.
Consequently, lowest recombination and thus highest voltage
are achieved when external radiative efficiency (ERE), i.e., the
percentage of recombination events that leads to an externally
emitted photon, is maximal. Thus, the ERE is a figure of merit
that not only describes the amount of radiative recombination
inside the device, but also the overall radiative losses inside
the optical system such as parasitic absorption in nonactive layers
and imperfect reflection at the back reflector. As shown in
Figure 3c, the median experimental ERE increases from 3.1%
for the PPCs on substrate to 7.0% and 10.8% for PPCs with gold
and dielectric–silver reflectors, respectively.

Finally, we determine the equivalent monochromatic
efficiency ηλ using the calibrated SR(λ) of the PPC (see
Section 4). Figure 3e shows experimental data of VOC, ERE,
ηλ, and fill factor (FF) plotted against the equivalent monochro-
matic irradiance at peak SR, G858 nm¼ Pin,858 nm/A, for the
champion PPC with MgF2/AlOx/Ag reflector. Note that despite
the different generation profiles in the absorber I–V data mea-
sured under laser light (solid symbols) and under broad band
spectrum (open symbols) are in very good agreement. With
increasing irradiance, the efficiency increases as a result of
the logarithmic increase in voltage until the peak efficiency of
η858 nm¼ 68.9� 2.8% is reached at G858 nm¼ 11.4W cm�2.
At higher irradiances, the performance is limited by ohmic
losses, which results in a drop in FF and consequently in effi-
ciency. Same as VOC, ERE steadily increases with increasing irra-
diance until its rise is impaired by heating at irradiances above
20W cm�2 and more pronounced under broad band light.

3. Conclusion

We have altered the boundary conditions for the tradeoff
between thermalization and transmission losses for PPCs.
By implementing a BSR to a thin film photovoltaic cell based
on a high-quality GaAs/AlGaAs rear-heterojunction, we intro-
duce an optical cavity to leverage optical resonance to increase
near-bandgap absorptance as well as boost the output voltage
due to photon recycling. Best performance is achieved with a
MgF2/AlOx/Ag reflector with which we have demonstrated an
optical-to-electrical photovoltaic power conversion efficiency of
68.9� 2.8% for operation under monochromatic irradiance of
11.4W cm�2 at 858 nm as determined using the equivalent
monochromatic efficiency based on the calibrated SR. Highly
efficient PPCs are a key ingredient to enable new and emerging
applications of optical power transmission in various domains.

4. Methods

Epitaxial Growth: The n-GaAs/p-AlGaAs rear-heterojunction layer struc-
ture (see Figure 1a) is grown by metalorganic vapor-phase epitaxy
(MOVPE) using an Aixtron AIX2800-G4-TM reactor with 8� 4 00 substrate
configuration. The layer structure is grown on 4 00 p-type (100) GaAs sub-
strates with 6� offcut toward 〈100〉B and a nominal thickness of 450 μm.
The epitaxial growth is based on the standard precursors arsine, phos-
phine, trimethylgallium, trimethylindium, and trimethylaluminium diluted
in hydrogen carrier gas. Silane, dimethylzinc, and carbontetrabromide
are used as doping sources. The pressure during growth is 50mbar,
process temperatures vary between 500 and 700 �C, and V/III ratios
between 2 and 35.

On the front side, the n-GaAs absorber (thickness d¼ 1750 and
2650 nm for the PPCs with BSR and on substrate, respectively,
n¼ 1� 1017 cm�3) is passivated with a 25 nm n-AlInP window layer acting
as a front surface field. A subsequent highly n-doped GaAs layer
(d¼ 400 nm, n¼ 5� 1018 cm�3) allows for low ohmic semiconductor/
metal contact formation on the front side. The heterojunction is created
by a gradual increase in the aluminum content below the n-type GaAs
absorber to the p-type Al0.30Ga0.70As base, which prevents from formation
of hole barriers at the interfaces in the band diagram.[57] The rear side is
passivated with an Al0.60Ga0.40As back surface field layer. Below the
photovoltaic cell structure, a p-Al0.10Ga0.90As layer (d¼ 1400 nm,
p¼ 5� 1018 cm�3) facilitates lateral majority carrier conduction towards
the point contacts. Last, a highly doped p-GaAs layer (d¼ 400 nm,
p¼ 1.4� 1019 cm�3) enables low ohmic contact formation at the rear
point contacts. A GaInP layer below this rear contact layer acts as an etch
stop layer during the wet chemical substrate removal process.

Device Fabrication: After epitaxial growth, the thin-film processing of the
wafers is conducted based on the following processing chain. First,
the front side is processed, including structured wet etching of the front
n-GaAs contact layer between the grid fingers and subsequent evaporation
and lift-off of a Pd/Au/Ge/Ti/Pd/Ag front contact metallization with a total
thickness of 3200 nm. The front grid features a comb structure with par-
allel fingers with a pitch of 146 μm. The grid fingers end on both sides in
250 μm wide busbars. The contacts are annealed for 1 min at 290 �C.
The specific contact resistivity determined with transmission line measure-
ments is in the range rc¼ 1–4� 10�6Ω cm2. In a selective mesa etching
step, trenches into the layer structure are etched between individual cells
until the p-Al0.60Ga0.40As back surface field layer is exposed. Phosphides
are etched using hydrochloride, and arsenides are etched with a citric acid:
hydrogen peroxide¼ 3:1 solution. Individual chip dimensions are nomi-
nally 2.23� 2.87mm2. The nominal designated area is A¼ 0.054 cm2.
The actual designated area, as measured by optical microscopy, deviates
by about 1–3% from the nominal value due to lateral etch variations in
the mesa etching process. At last, the front side is coated with a
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ZnS/YF3¼ 52/80 nm two-layer antireflection coating (ARC) (Ta2O5/
MgF2¼ 52/80 nm for the PPCs on substrate), which is lifted from the bus-
bars to allow for electrical contact (Figure 1b). Once the front side proc-
essing is completed, the wafer is temporarily bonded to a 4 00 sapphire
wafer. Then, the GaAs substrate is wet chemically removed with a hydro-
gen peroxide:33% aqueous ammonia¼ 5:1 solution. After substrate
removal, the GaInP etch stop layer is removed by dipping in hydrochloride
(Figure 1c). To realize the structured BSR first, a photolithography is con-
ducted to locally protect the small point areas (hexagonal pattern, 10 μm
diameter, 100 μm pitch). Then, the rear p-GaAs contact layer is etched and
subsequently either Au is evaporated or MgF2 is evaporated followed by
sputter deposition of AlOx and subsequently Ag. The rear side contact
points are then opened again by stripping the resist and lift-off. Finally,
a Pd/Zn/Pd/Au rear side metal contact is evaporated, i.e., on the reflector
as well as the exposed point contacts (Figure 1e). Last, a flexible
30 μm-thick Cu foil is electroplated on the rear to provide mechanical sta-
bilization. Afterward the now completed thin film structure is debonded
from the sapphire handling wafer (Figure 1f ).

Device Characterization: All measurements are conducted on wafer
level, i.e., no cell singulation is performed. Relative SR (SRrel) and
relative EQE (EQErel)¼ (SRrel)hc/(qλ) are measured using a grating mono-
chromator setup[64] with adjustable bias voltage and bias spectrum on a
temperature-controlled chuck (T¼ 25 �C). For most of the wavelength
range, the measurement is conducted in 10 nm steps (standard configu-
ration). To increase the accuracy in vicinity of the bandgap, in the range
780–890 nm the resolution is increased by decreasing the entrance and
exit slit widths of the grating monochromator (monochromatic light
with 3 nm full width at half maximum (FWHM)) and the measurement
is conducted in 2 nm steps. The actual designated area A is determined
using an optical microscope. One-sun I–V characteristics are measured on
a temperature-controlled chuck (T¼ 25 �C) under a spectrally adjustable
sun simulator to generate the same short-circuit current as under illumi-
nation with the AM1.5d (ASTM G173-03) spectrum E(λ)
(∫ Edλ¼ 1000Wm�2). The spectral irradiance of the sun simulator is
determined with a spectroradiometer which is calibrated using a standard
lamp. The intensity of the sun simulator is determined with a reference
solar cell. Both standard lamp and reference solar cell are calibrated at
the Physikalisch-Technische Bundesanstalt, the National Metrology
Institute of Germany, traceable to national standards and, thus, to the
international system of units (SI). The calibrated absolute SR is then deter-
mined as follows

SR ¼ ISC=AR
SRrelEdλ

SRrel (1)

Wafer-level I–V mapping is conducted on a temperature-controlled
chuck (T¼ 25 �C) using a broad band flash light (Xenon flash bulb)
based setup. The I–V curve is recorded within 600 μs at the peak of
the irradiance. The remaining irradiance variation during the measure-
ment is corrected for using a monitor cell. It is remarked that the I–V
mapping of the PPCs on substrate has been conducted at slightly
lower currents (ISC¼ 548� 12mA) than the PPCs with back reflector
(ISC¼ 718� 6mA). This current difference accounts for 8 mV of the dif-
ference in VOC in Figure 3a. In addition to the I–Vmapping, the irradiance-
dependent I–V characteristics of the champion cell are measured under a
different broad band flash light based setup (Xenon flash bulb, voltage
sweep time 1ms, temperature-controlled chuck T¼ 25 �C) and the irradi-
ance is varied by changing the distance between flash bulb and device
under test.[65] In this case, possible hysteresis effects are ruled out by
comparison of the I–V curves measured in forward (from ISC to VOC)
and backward (from VOC to ISC) direction. I–V parameters are determined
from the average of the two measurements. Further light I–V measure-
ments of individual cells are conducted using a laser-based transient
measurement setup with temperature-controlled chuck (T¼ 25 �C).[66]

Here, similar to broad band flash light measurements, I–V curves are
recorded within 1 ms during pulsed laser illumination (DILAS Compact-
Mini 50W; λ¼ 809 nm, 3 nm full width at halve maximum, homogenized

beam spot larger than the device under test), and I–V parameters are
determined from the average of forward and backward measurements.

For light I–V measurements, we can derive the corresponding equiva-
lent monochromatic input power Pin,λ¼ ISC/SR(λ). With Pmp being the
measured maximum output power, the equivalent monochromatic effi-
ciency ηλ is determined from measured quantities as follows

ηλ ¼
Pmp

Pin,λ
¼ PmpSRðλÞ

ISC
(2)

This ηλ is the efficiency of the PPC under monochromatic illumination
of wavelength λ;[67] sometimes also called spectral efficiency and
expressed by the derived quantity FF: ηλ¼ (SR)(VOC)(FF).

[68,69] Note that
this equivalent efficiency approach is only valid for devices where the
device response is linear with irradiance and where the EQE does not
depend on the minority carrier generation profile in the absorber, which
holds for decent passivated materials with sufficient diffusion lengths. The
agreement of the data in Figure 3e obtained from measurements under
different illumination spectra (809 nm laser light and broad band xenon
lamp emission) validates this assumption. It is emphasized that the afore-
mentioned assumptions typically do not hold, e.g., for lower quality devi-
ces and neither for multijunction devices. For the latter, the device current
strongly depends on the generation profile due to the series connection of
subcells; and in addition, luminescence coupling between the junctions
often leads to nonlinear behavior.

For the champion cell results shown in Figure 3e, an error propagation
analysis is conducted on Equation (2). The plotted error bars represent
uncertainties in the determination of Pmp, ISC, and SR.

The electroluminescence spectrum of the PPCs under forward bias is
measured using a fiber coupled spectrometer (Tec5 PDA). The data of
two Si-based CCD line sensors for the spectral ranges 300–720 nm and
695–1100 nm are merged by data processing after the measurement.
The fiber tips (600 μm) are positioned at the same distance above the
device; a stepper motor is used to place them at the same position.
The measurements have been performed with equal position and settings,
but without further calibration. Thus, the data are to be considered valid
only in relative terms. Electroluminescence imaging is performed using a
silicon CCD camera (Andor Luca EMCCD A-DL604M) positioned above
the device under test, while a current source injects current in forward bias
to operate the device in LED mode.

Derivation of J0 and ERE from I–V Data: From the one-diode model, we
can derive the dark recombination current density J0

J0 ¼
ISC

A
�
exp

�qVOC
nkT

�� 1
� (3)

with electron charge q, Boltzmann’s constant k, and temperature
T¼ 298.15 K. To enable valid comparison of J0 data of different devices,
for the determination of J0 data in Figure 3b an equal ideality factor of
n¼ 1 is assumed.

According to Rau’s reciprocity theorem[70] the ERE, i.e., the percentage
of recombination events that leads to an externally emitted photon, can be
deduced from ISC, VOC, and the EQE[71,72]

ERE ¼ Jrad0

J0
¼ A

ISC

2πq
h3c2

exp
�
qVOC

kT

�Z
EQEE2

expð E
kTÞ � 1

dE (4)

with Jrad0 being the radiative recombination current density, h Planck’s
constant, c the speed of light, and EQE the angular weighted EQE, which
for high-quality cells can be approximated with the near-perpendicular
EQE.[71]
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