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The dependence of light trapping effects in Ing3Gag;As/GaAs quantum-well solar cells on
wavelength and incident angle is experimentally characterized and analyzed. Separation of active
device layers from their epitaxial growth substrate enables integration of thin-film semiconductor
device layers with nanostructured metal/dielectric rear contacts to increase optical absorption
via coupling to both Fabry-Perot resonances and guided lateral propagation modes in the
semiconductor. The roles of Fabry-Perot resonances and coupling to guided modes are analyzed
via photocurrent response measurements and numerical modeling for light incident at angles of 0°
(normal incidence) to 30° off normal. Light trapping enables external quantum efficiency at long
wavelengths as high as 2.9% per quantum well to be achieved experimentally, substantially
exceeding the ~1% per quantum well level typically observed. Increased long wavelength
quantum efficiency is shown in experimental measurements to persist with increasing angle of
incidence and is explained as a consequence of the large number of guided modes available in the

device structure. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862931]

. INTRODUCTION

Light trapping in thin-film solar cells via engineered
surface morphology or device geometry, scattering by
subwavelength-scale photonic structures, and plasmonic
effects has emerged as a promising and highly effective
approach for improving optical absorption efficiency, and
hence short-circuit current as well as open-circuit voltage
via photon recycling effects.'™ For typical semiconductor
pn junction solar cells, increased optical absorption at long
wavelengths is of particular interest as semiconductor
absorption coefficients decrease with increasing wavelength.
Quantum-well solar cells,® in which long-wavelength
quantum-well absorption can enable increased photocurrent
and power conversion efficiency compared to a conven-
tional pn homojunction solar cell,”® are particularly amena-
ble to performance improvement via light trapping as the
optical absorption efficiency in the quantum-well regions is
generally low and can be increased to only a limited degree
by increasing the number of quantum wells incorporated
within the device structure.”'®

In this paper, we describe and demonstrate thin-film
quantum-well solar cells that are grown by molecular beam
epitaxy (MBE), separated from their epitaxial growth sub-
strate, and integrated with large-area, subwavelength-scale
metal and dielectric scattering structures on the rear side of
the device for long-wavelength light trapping. Such devices
exhibit optical absorption efficiency per quantum well sub-
stantially higher and at substantially longer wavelengths than
in typical quantum-well solar cells that do not exploit light
trapping. Furthermore, we present experimental measure-
ments of photocurrent response as a function of the angle at
which illumination is incident, and demonstrate that
increased absorption due to light trapping persists to angles
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of incidence at least as large as 30°. Numerical simulations
provide detailed insight into the contributions of Fabry-Perot
resonances and of scattering into guided optical modes to
increased long-wavelength optical absorption as a function
of wavelength and incident angle.

Il. EXPERIMENT

Sample structures were grown by solid-source MBE on
GaAs (001) n-type substrates and are shown schematically in
Figure 1(a). For each sample, a 105 nm n-type GaAs buffer
layer doped with ~2.5 x 10" cm ™ Si was grown, followed
by a 300nm n-type (n~2.5x10%cm ™) AlygsGag sAs
sacrificial etch stop layer and 200nm n-type (n~2.0
% 10" cm ™) GaAs. An unintentionally doped layer was
then grown consisting of either 84 nm GaAs (for the GaAs
pn homojunction structures) or three 4nm Ing;0Gag70As
quantum wells separated by 17 nm GaAs barriers with 21 nm
undoped GaAs layers immediately above and below the
quantum-well region (for the quantum-well solar cells). A
1500 nm p-type (Be-doped, p~5 x 10" cm ) GaAs layer
and a20nm p* (p ~5 x 10" cm ™) GaAs contact layer then
completed each epitaxial layer structure. The multiple quan-
tum well structure was designed so that the quantum wells
would remain below the critical thickness for strain relaxa-
tion.”> The growth temperature was kept above 500°C
throughout.

Key device fabrication processes are illustrated in
Figures 2(a) and 2(b). For devices with a planar metallic
back contact, as illustrated in Figure 2(a), 10 nm Cr/40 nm
Au/1200 nm In metallization was deposited on the p™ GaAs
surface, then bonded to a Si (001) wafer on which 10 nm
Cr/800 nm Au had been deposited by pressing the metalized
surfaces together at 180°C for 20 min. After bonding, the
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FIG. 1. Schematic diagrams of epitaxial layer structures for (left) GaAs pn
homojunction solar cell structure and (right) Ing30Gag70As/GaAs
quantum-well solar cell structure. Active device layers, etch stop layers, and
substrate/buffer layers labeled for each correspond to similarly labeled sam-
ple layers in Figure 2.
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GaAs substrate was removed by chemical etching in
NH4OH:H,0, (1:19) followed by 50% citric acid:H,O,
(4:1)."" The edges of the epitaxial wafer were covered with
black wax to prevent etching of the active device layers. The
Al gsGag 15As sacrificial etch stop layer was then removed
by etching in dilute hydrofluoric acid. 1 mm x I mm and
2mm x 2mm device mesas were fabricated by photolithog-
raphy and wet etching, and deposition of AuGe/Ni/Au n-type
Ohmic contact metallization completed the device fabrica-
tion process.

For devices with nanostructured back contacts for light
scattering and trapping, initial metallization of the epitaxially
grown p'-GaAs surface was preceded by e-beam evapora-
tion of 80 nm SiO, followed by patterning using nanosphere
lithography.'? In the nanosphere lithography process, illus-
trated schematically in Figure 2(b), 500 nm diameter poly-
styrene spheres were deposited on the SiO, surface in a
hexagonal array using a Langmuir-Blodgett process.'> An
oxygen plasma etch was used to reduce the sphere diameter
to 250 nm, followed by deposition of 15nm Cr, a liftoff

L
etch stop ’
layer

FIG. 2. (a) Key steps in process flow
for fabrication of solar cell devices
with a planar metallic rear contact. (b)
Key steps in process flow for fabrica-
tion of nanostructured metal/dielectric
rear contacts using nanosphere lithog-
raphy for patterning. These steps are
incorporated into the complete device
fabrication process as indicated by the
dashed line in (a). (c) Scanning elec-
tron micrograph of 500nm diameter
polystyrene spheres deposited by
Langmuir-Blodgett process for nano-
sphere lithography (top), and atomic
force microscope topograph of etched
hole array in SiO, just prior to deposi-
tion of contact metallization (bottom).
Scale bar for both images is 1 um.
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process in which the polystyrene spheres were dissolved in
toluene, and reactive ion etching of the SiO, with a CF4/O,
gas mixture. 10nm Cr/40nm Au/1200nm In metallization
was then deposited to form the nanostructured back contact;
the remainder of the device fabrication process was then the
same as that for devices with planar metal back contacts.
Figure 2(c) shows a scanning electron micrograph of poly-
styrene spheres deposited by the Langmuir-Blodgett process,
and an atomic force microscope topograph of an etched array
of holes in SiO, prior to metallization for a nanostructured
rear contact. Schematic diagrams of the resulting three types
of completed device structures are shown in Figure 3.

Current-voltage characteristics were measured using nor-
mally incident light from a Newport Oriel 96000 solar simu-
lator operating at 150 W with an airmass (AM) 1.5G filter.
Photocurrent response spectra were measured at zero bias
using a single grating monochromator based system from
Optronic Laboratories with AC lock in detection. Numerical
simulations were performed using the Rsoft DiffractMod
software package (Rsoft Design Group, Inc., Ossining, NY,
USA) and standard literature values for optical constants.'*
Incident light was assumed to be in the form of a plane wave
normally incident on the device surface. A simulated absorp-
tion spectrum A(4) was computed assuming optical absorp-
tion proportional to the square of the electric field amplitude,
and the simulated external quantum efficiency was computed
assuming 100% efficiency in photogenerated carrier collec-
tion.'® The simulated short-circuit current density, /., com-
puted for AM1.5G incident illumination, is given by

Jsean = eJA(i)]AMlAS(;L)d;L; (D

where e is the electron charge magnitude, and 14, 5(4) is the
AMI1.5G photon flux density. Quantum well absorption was
calculated following the approach given in Ref. 17, with
quantum confinement effects, heavy hole-light hole valence
band mixing, and excitonic absorption included explicitly in
the model. For the nanostructured rear contacts, an array
period of 500 nm and modulation depth of 80 nm were cho-
sen considering both device performance and fabrication
using the nanosphere lithography process.'®!”

contact metallization
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FIG. 3. Schematic diagrams of GaAs
pn homojunction reference solar cell
structure, InGaAs/GaAs quantum-well
solar cell with planar metallic rear con-
tact, and InGaAs/GaAs quantum-well
solar cell with nanostructured metal/di-
electric rear contact.

InGaAs/GaAs quantum
well solar cell,
nanostructured rear contact

lll. RESULTS AND DISCUSSION

Figure 4(a) shows current-voltage characteristics meas-
ured under AM1.5G illumination from a solar simulator for
the device structures shown schematically in Figure 3. The
measured short-circuit current density, Jy., increases signifi-
cantly from the GaAs homojunction reference device
(8.68 mA/cmz) to the GaAs/Ing30Gag70As quantum-well
solar cell with a planar rear contact (9.52 mA/cm2) to the
quantum-well solar cell with a nanostructured rear contact
(10.18 mA/cmz). These increases are associated with
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FIG. 4. (a) Current density-voltage characteristics measured under AM1.5G
1-sun illumination from a solar simulator for a GaAs pn homojunction refer-
ence device, and for GaAs/Ing 30Gag70As quantum-well solar cell devices
with either planar or nanostructured rear contacts for light trapping. (b)
Measured and simulated EQE for all three device types.
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absorption in the Ing30Gag 70As quantum wells that does not
occur in the GaAs reference device, and that is enhanced via
(i) Fabry-Perot resonances in the quantum-well device with a
planar rear contact, and (ii) both Fabry-Perot resonances and
coupling to thin-film guided modes that occur with a nano-
structured rear contact. A reduction in open-circuit voltage is
observed for the quantum-well solar cell devices, which we
attribute to a combination of the large conduction-band off-
set of the Ing 30Gag 70As quantum wells and the possibility of
partial strain relaxation; this reduction is undesirable, but
incidental to the demonstration and analysis of light trapping
effects presented here.

Figures 4(b) and 4(c) show external quantum efficiency
(EQE) measured experimentally and simulated numerically
for the same set of device structures. In the measured spectra,
EQE for all devices at wavelengths shorter than the GaAs
absorption edge at ~900 nm are very similar, and limited by
reflection from the semiconductor surface (for simplicity
antireflection coatings were not included), and by carrier
recombination at the top GaAs surface. At wavelengths
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longer than ~900nm, optical absorption occurs only in the
Ing30Gag 70As quantum wells. Peaks in the photocurrent
response spectra for quantum-well solar cell devices with
both planar and nanostructured rear contacts are observed,
and as described below are associated with Fabry-Perot
resonances (in both device structures) and scattering of light
into guided modes within the semiconductor layer (with the
nanostructured rear contact). We also note that the measured
EQE in the device with a nanostructured rear contact reaches
a value as high as 0.087—approximately three times higher
than the ~0.01 per quantum well level typically achieved in
quantum well solar cells.'® Furthermore, EQE of 1% per
quantum well is maintained via light trapping effects for
wavelengths as long as 1060 nm, substantially longer than in
prior studies with shallower quantum wells.'®

Several features are evident in the simulated spectra
shown in Figure 4(c). At wavelengths shorter than the GaAs
band gap at ~850 nm, the simulated EQE for all devices is
limited by surface reflectance; surface carrier recombination
is neglected in these simulations, and the difference between

E, 970nm

E, 970nm
FIG. 5. (a) Schematic diagram of inci-

dent field and device geometry for
simulations. (b)-(d) Plots of simulated
electric field distributions for light
incident on quantum-well solar cells
with either planar or nanostructured
rear contacts at 970nm or 990nm,
with the incident electric field polar-
ized along the y direction. (b) E, at
970nm for cell with planar metal rear
contact; E. is negligible in this situa-
tion. (¢) Ey and E. at 970nm for cell
with nanostructured rear contact; (d)
— E, and E. at 990 nm for cell with nano-
: structured rear contact. Scale bar for
all field plots is 200 nm.

E. 990nm
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the measured and simulated spectra at wavelengths <850 nm
is due primarily to surface recombination in the measure-
ments. Numerical estimates based on a standard drift-
diffusion analysis accounting for nonradiative surface
recombination indicate that the difference between the simu-
lated and measured spectra in this wavelength range can be
accounted for by a GaAs surface recombination velocity of
~10°cm/s, a reasonable value given the dopant concentra-
tion of 2.5 x 10"®cm > at the device surface.'” At wave-
lengths of ~700-850 nm, oscillations in the simulated EQE
with wavelength are observed; these arise from Fabry-Perot
resonances within the solar cell that occur because GaAs is
weakly absorbing at wavelengths near its band gap and mul-
tiple passes are required for complete absorption. With a
nanostructured rear contact, the resonances are shifted to
slightly longer wavelengths due to the presence of dielectric
material (SiO,) within the rear contact structure that
increases the effective thickness of the device.'® At longer
wavelengths, for which optical absorption occurs only in the
quantum wells, several peaks are observed. With a planar
rear contact, these are associated with Fabry-Perot resonan-
ces that enable increased absorption in the quantum
wells. Similar behavior has been observed previously in
quantum-well solar cells grown atop distributed Bragg
reflector multilayers.”® With a nanostructured rear contact,
the observed peaks and shoulders are associated with either
Fabry-Perot resonances or scattering of light into guided
optical modes within the device. Because of the existence of
strong Fabry-Perot and guided mode coupling effects, exci-
tonic peaks in the photocurrent response spectral are greatly
obscured in this situation.

Simulations provide insight into the origin of photocur-
rent response enhancement at different wavelengths and for
illumination at different angles of incidence. Figure 5 shows
simulated electric fields for light incident on quantum-well
solar cells with either planar or nanostructured rear contacts at
970nm or 990 nm, with the incident electric field polarized
along the y direction. At 970 nm, the electric fields in the semi-
conductor are predominantly along the y direction for devices
with both types of rear contacts, indicating that in both cases
the enhancement in simulated EQE at 970 nm is associated
with a Fabry-Perot resonance. With nanostructured contacts,
the variation along the y direction in £, and the nonzero ampli-
tude for E, at 970 nm, shown in Figure 5(c), arise from scatter-
ing by the nanostructured rear contact. A similar analysis has
confirmed that the simulated EQE peaks at 870 nm, 920 nm,
and 1030 nm for devices with both planar and nanostructured
rear contacts arise from Fabry-Perot resonances. At 990 nm,
Figure 5(d) shows that the electric field in the semiconductor
with a nanostructured rear contact is primarily in the z direc-
tion, indicating that at this wavelength the incident light is
strongly scattered into a guided optical mode and propagates
in a direction orthogonal to that of the incident light. A similar
analysis has confirmed that the simulated EQE peaks at
890nm and 940 nm for the device with a nanostructured rear
contact arises from similar scattering behavior. For the
quantum-well solar cell with a planar rear contact, peaks are
observed in measured EQE at 930 nm, 990 nm, and 1050 nm,
corresponding to the simulated peaks at 920 nm, 970 nm, and
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1030 nm; differences between the simulated and measured
peak positions are attributed to small differences between the
simulated and experimentally fabricated structures. With a
nanostructured rear contact, the measured EQE contains peaks
at 930nm, 980 nm, and 1040 nm, corresponding to combina-
tions of closely spaced Fabry-Perot and scattering peaks at
920940 nm, 970-990 nm, and 1030-1050 nm in the simulated
spectrum. The measured peaks are generally lower in ampli-
tude, but broader, than the simulated peaks, with the integrated
contributions to total photocurrent density being very similar
between simulation and experiment.

Comparison of the increases in Jy.,, upon introduction
of the Ing30Gag70As quantum wells and then the nanostruc-
tured rear contacts with experimentally measured values
demonstrates very good agreement between simulation and
experiment. J,.,, for the quantum-well solar cell with a
planar rear contact is 0.90mA/cm? higher than for the GaAs
reference homojunction device, in very good agreement with
the measured increase in J,. of 0.84 mA/cm?. Introduction of
the nanostructured rear contact leads to a further increase in
Jsen of 0.70 mA/cm?, again in very good agreement with
the measured value of 0.66mA/cm”. The combination of
Ing30Gag 70As quantum wells and nanostructured rear con-
tacts yields a measured increase in J,. of 1.50 mA/cm?, or
~17%, compared to the GaAs reference solar cell, in very
good agreement with an increase of 1.60 mA/cm? predicted
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FIG. 6. (a) Measured and (b) simulated EQE spectra of quantum-well solar
cell with nanostructured back contact under different incident angles.
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via simulations. These results confirm that such simulations
provide good guidance with regard to experimentally realiz-
able improvements achievable by these approaches, and ear-
lier simulation studies'’ have suggested that substantially
larger increases can be achieved via optimization of quantum
well composition and structure and of the period and compo-
sition of nanostructured rear contacts.

To further investigate the nature of the light trapping
mechanism for the devices with nanostructured rear contacts,
we simulated and measured EQE spectra as a function of
incident angle. Figure 6(a) shows measured EQE spectra for
angles of incidence from normal incidence up to 30-degree
off normal incidence, Over this range of incident angles,
three broad peaks are observed in the measured photocurrent
response at wavelengths >900nm, for which absorption
occurs primarily in the InGaAs quantum wells. Figure 6(b)
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shows simulated EQE spectra for the same angles of inci-
dence. The peaks in simulated photo-current response in the
sub-GaAs bandgap region can be seen to shift slightly in
wavelength with increasing angle of incidence. The shifts in
wavelengths of these peaks with incident angle can be
explained by mode dispersion relations based on the Bragg
coupling equations as described in more detail below.?'*
Figure 7 shows the simulated electric fields for light
incident at an angle of 10° off normal on the quantum-well
solar cell with nanostructured back contact at wavelengths of
960 nm or 990 nm with incident light polarized along the y
direction. At 960 nm, Figures 7(a) and 7(b) show that the
electric field in the semiconductor with the nanostructured
rear contact is primarily along the z-direction, indicating that
at this wavelength light is strongly guided into an optical
mode and propagates in a direction orthogonal to that of the

Is}
i)
[=
Q
5]
990nm
FIG. 7. (a)-(d) Representative plots of
simulated electric field distributions
G for light incident on quantum-well so-
M .
= lar cell with nanostructured back con-
8 tact at an angle of 10° off-normal

incidence and at wavelengths of
960nm or 990nm, with the incident
electric field polarized along the y
direction. (a) E, at 960nm; (b) E. at
960nm; (c) E, at 990nm; (d) E. at
990 nm. (e) Simulated EQE spectrum
under 10° off-normal incidence of the
quantum-well solar cell.

(e)
1.0 prevevevee> TrrerTTrTT prevrrrrY” TrevrrTrTe TrrrprTTTTTTTYRTYTRTYYTYTYTTY, 020
09 — 10-degree incidence jo18
08 4016
— 07 4014
- L
g os| qa12
E]
§ 05 4010
< 04 4008
i L
O o3 4006
m o
02 4004
01 4002
0.0 Il 'l A A i A N Q(D
400 500 600 700 800 900 1000 1100

Wavelength (nm)



044303-7 Li et al.

incident light; the corresponding peak in the simulated EQE
spectrum shown in Figure 7(e) is therefore interpreted as
arising from waveguide mode coupling effect. At 990 nm,
Figures 7(c) and 7(d) show that the electric field in the semi-
conductor is predominantly along the y direction, indicating
that the enhancement in the simulated EQE spectrum at this
wavelength is associated with Fabry-Perot resonance. The
variation along the y direction in E, and the non-zero ampli-
tude in E, arise from scattering by the nanostructured back
contact. A similar analysis applied to the simulated electric
field distributions and EQE spectra under different incident
angles enables the dependence of coupling to guided modes
and to Fabry-Perot resonances in the device structure on
wavelength and angle of incidence to be determined. These
dependences are summarized in Figure 8.

To complement the simulations of field distributions and
analyze more explicitly the relative roles of guided modes
and Fabry-Perot modes for off-normal incidence, we have
also calculated the dispersion curves for the guided modes in
our device with the nanostructured rear contacts using the
Bragg coupling equations.>' In Figure 8(a), branches corre-
sponding to modes coupling to incident light polarized along
the y direction are shown, folded back to the angular range
of interest by taking diffraction by the two-dimensional
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FIG. 8. Dispersion relations for (a) guided modes and (b) Fabry-Perot
modes. Symbols correspond to distinguishable peaks in the simulated EQE
spectrum with incident light polarized along the y direction.
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periodic scattering structure into account. In a similar way,
we also calculated dispersion curves for Fabry-Perot modes
with the same incident polarization, as shown in Figure 8(b).
Comparing these calculated dispersion curves with the peak
wavelengths in simulated photo-current response, we see
that the positions of sub-GaAs bandgap EQE peaks agree
well with the calculated mode dispersion. The simulated and
measured photoresponse for wavelengths shorter than the
GaAs band edge changes relatively little with increasing
angle of incidence because the increase in surface reflectivity
of s-polarized light with increasing incident angle is partially
cancelled by the decreased surface reflectivity of p-polarized
light as Brewster’s angle is approached.'® For wavelengths
longer than the GaAs bandgap, we observe that the coupling
of incident light into optically guided modes does not
degrade significantly with the increasing incidence angle,
due to the larger number of allowed waveguide modes at off-
normal incidence angle as deduced from Bragg coupling
condition.”” The robustness of the observed light trapping
effects to variations in angle of incidence is of particular sig-
nificance for applications both in concentrating photovol-
taics, for which concentrated sunlight is typically incident on
high-efficiency solar cells over a range of angles, and in non-
tracking solar systems in which the angle at which sunlight
is incident can vary substantially.

IV. SUMMARY

In summary, we have designed, fabricated, and charac-
terized GaAs/Ing30Gag70As quantum-well solar cells inte-
grated with nanostructured light trapping elements via
substrate removal and nanosphere lithography patterning
processes. Large increases in photocurrent response and high
optical absorption efficiency per quantum well can be
achieved and maintained to wavelengths well beyond
1000 nm, with very good agreement between measured and
simulated increases in short-circuit current density. Detailed
analysis of electric field distributions for light incident at dif-
ferent wavelengths provides insight into the relative contri-
butions to increased photocurrent response of Fabry-Perot
resonances and of scattering into guided optical modes both
at normal incidence and off-normal incidence, clearly reveal-
ing the nature of these effects in providing significant
increases in photocurrent response and short-circuit current
density.
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