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ABSTRACT Due to their favorable materials properties including

direct bandgap and high electron mobilities, epitaxially grown Ill—V

compound semiconductors such as gallium arsenide (GaAs) provide Tio, NP/ARC

unmatched performance over silicon in solar energy harvesting. 12 bare microcells

Nonetheless, their large-scale deployment in terrestrial photovoltaics
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cells. Here, we present a type of high efficiency, ultrathin GaAs solar cell that incorporates bifacial photon management enabled by techniques of transfer

remains challenging mainly due to the high cost of growing device
performance,
ultrathin GaAs |
solar microcells '
w/ TiO, nanoposts

quality epitaxial materials. In this regard, reducing the thickness of

constituent active materials under appropriate light management

schemes is a conceptually viable option to lower the cost of GaAs solar

printing to maximize the absorption and photovoltaic performance without compromising the optimized electronic configuration of planar devices.
Nanoimprint lithography and dry etching of titanium dioxide (Ti0,) deposited directly on the window layer of GaAs solar cells formed hexagonal arrays of
nanoscale posts that serve as lossless photonic nanostructures for antireflection, diffraction, and light trapping in conjunction with a co-integrated rear-

surface reflector. Systematic studies on optical and electrical properties and photovoltaic performance in experiments, as well as numerical modeling,

quantitatively describe the optimal design rules for ultrathin, nanostructured GaAs solar cells and their integrated modules.
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ingle-crystalline IllI—V compound semi-

conductors such as gallium arsenide

(GaAs) have been dominantly used for
ultrahigh efficiency solar cells owing to a
number of advantageous attributes includ-
ing direct bandgap, tunable bandgap en-
ergy against the solar spectrum, high elec-
tron mobility, low temperature coefficient,
as well as the ability to form monolithic
multijunction devices.'~7 Nevertheless, the
prohibitively high cost for epitaxially grow-
ing device-quality single-crystalline materi-
als, especially compared with silicon, has
been the major barrier for the practical
implementation of GaAs solar cells in ter-
restrial photovoltaics.®~'? One viable means
for lowering the cost of GaAs solar cells is
to reduce the thickness of active materials

LEE ET AL.

as it can improve the economics of the cell
fabrication by increasing the throughput
of the epitaxial growth while reducing the
consumption of high purity source materials.'
However, the performance of such opti-
cally thin GaAs solar cells is intrinsically
limited by the incomplete absorption of
incident photons near the bandgap en-
ergy,"* "¢ and optimized schemes of light
management are therefore critically impor-
tant to maintain the cost advantage from
the reduced materials utilization. While
many different kinds of nanophotonic
schemes for scattering and light trapping
have been explored in various solar cell
systems with optically thin absorbers,'” 23 it
has been particularly challenging to directly
implement such photonic nanostructures
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TABLE 1. Comparison of Photovoltaic Performance of Thin Film GaAs Solar Cells®

absorber thickness («m)”

Optically thin (this work) 0.2
Optically thin (Vandamme et al)'> 0.22
Optically thin (Yang et al)'* 03

Optically thick (Kayes et al.)*° -

“The thickness of emitter and base.

onto GaAs solar cells due to the stringent requirements
of surface passivation, optical transparency, and high
refractive index.*~2° To date, several approaches have
been successfully demonstrated using periodic®” or
randomly oriented®®?® nanoscale features of the
epitaxially grown AlysGag,As,>” amorphous titanium
dioxide (TiO,),?® or indium tin oxide (ITO).% In these
optically thick GaAs solar cells on growth wafers, the
primary optical effect of the nanostructured layer was
restricted to the suppression of front surface reflec-
tion due to the absorption loss in the substrate. On the
other hand, introducing a reflective element on a
back-side of GaAs solar cells is beneficial for improv-
ing the absorption of the near-bandgap photons in
optically thin devices'' or for collecting reemitted
photons from radiative recombination.>®*' Yang
et al. demonstrated 19.1%-efficient, 300 nm-thick
GaAs solar cells employing gold-coated, textured
Alosalng4sP as a reflective back scattering layer.'
However, the need for a thick (~5 um) Algs2Ing 4gP
layer degraded the cost benefit associated with the
use of thin active region. More recently, Vandamme
et al. reported 12.9%-efficient, 220 nm-thick GaAs
solar cells with a silver back mirror.”®> These ap-
proaches often involved a complete etching of the
growth substrate after bonding to the module sub-
strate, thereby limiting the cost-effectiveness, the
spatial layout of solar cells, and the choice of substrate
materials.

In this paper, we present alternative materials design
and fabrication strategies for high performance ultra-
thin GaAs solar cells by simultaneously exploiting
front-surface photonic nanostructure and rear-surface
reflector in ways that allow the reuse of growth wafer.
Ex situ fabricated nanoscale features of TiO, served as
optically transparent diffractive elements implemen-
ted directly on the window layer of GaAs solar cells
without compromising preexisting electronic config-
uration and optimized growth conditions. Transfer
printing provided a practical means to engineer the
front- and rear-surfaces of ultrathin, microscale GaAs
solar cells in a synergistic fashion to maximize the
performance, and also to distribute them over light-
weight, low-cost substrates such as glass and poly-
ethylene terephthalate (PET). The resulting GaAs solar
cells with 200 nm-thick absorber (i.e., emitter and
base) printed on a PET substrate exhibited maximum
one-sun efficiency of 16.2%, significantly improved
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Jc (mA/em?) Voc (V) FF 7 (%)
22.0 0.942 0.78 16.2
194 0.865 0.77 129
245 1.000 0.78 19.1
29.7 1122 0.87 288

compared with devices on the source wafer due to
the combined optical effects of antireflection, diffrac-
tion, and light trapping, as well as the use of thin
(~270 nm) bottom contact layer. Table 1 summarizes
photovoltaic performance of the reported system in
comparison with previous works on thin film GaAs
solar cells. Systematic studies on optical, electrical,
and morphological properties of GaAs solar cells in
various device configurations together with optical and
device modeling based on finite-difference time-
domain and finite element methods provided insights
into the underlying physics and materials science of
the reported system, together with optimal design
rules for nanostructured, transfer-printed GaAs solar
cells.

RESULTS AND DISCUSSION

Figure 1a schematically illustrates the processing
steps for our ultrathin, nanostructured GaAs solar cells,
which build on our previously reported procedures
with newly introduced schemes of TiO, nanofabri-
cation.'®""'® The epitaxial stacks grown by molecular
beam epitaxy (MBE) are composed of n™-GaAs top
contact (200 nm, Si-doped, 5 x 10'® cm™3), n-Alg 0.
GageoAs window (40 nm, Si-doped, 2 x 10'® cm™3),
n-GaAs emitter (50 nm, Si-doped, 2 x 10'® cm™3),
p-GaAs base (150 nm, Be-doped, 3 x 10" cm™3),
p-Alg30Gag 70As back-surface field (100 nm, Be-doped,
1 x 10" cm™3), p-GaAs bottom contact (1300 nm,
Be-doped, 4 x 10"° cm™3), and AlAs sacrificial layer
(200 nm, undoped), grown on a semi-insulating
GaAs wafer (Figure S1). The fabrication process began
with the patterning of a top contact layer through
a photolithography and wet chemical etching, fol-
lowed by the deposition of TiO, (~170 nm) by radio
frequency (RF) magnetron sputtering. Softimprint
lithography, dry etching, and electron beam evapora-
tion of metal formed hexagonally periodic Cr island
arrays that serve as an etch mask for subsequent
inductively coupled plasma reactive ion etching
(ICP-RIE)."® The resulting TiO, nanoposts (NPs) were
patterned into a rectangular region within the cell
boundary by photolithography and wet chemical
etching. Additional steps of timed wet etching using
photoresist masks formed a recessed bottom contact
and isolated arrays of individual microscale (~500 x
500 um?) devices, followed by the metallization
of n-type (AuGe/Ni/Au = 100/30/100 nm) and p-type
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Figure 1. (a) Schematic illustration of the fabrication procedures for ultrathin (~610 nm) GaAs solar microcells hetero-
geneously incorporating the front-surface TiO, NPs. (b) Tilt-view SEM image of the resulting GaAs solar microcells with
front-surface TiO, NPs on a source wafer. The inset presents a magnified view of the hexagonal arrays of TiO, NPs.
(c) Photograph and optical micrograph (inset) images of 7 x 7 arrays of ultrathin GaAs solar microcells with TiO, NPs printed

on a PET substrate.

(Cr/Au = 20/100 nm) ohmic contacts, and the selec-
tive removal of the sacrificial layer with photoresist
anchor structures.'®''*233 The undercut etched
microcells with 200 nm-thick absorber layers were
then released by an elastomeric stamp made of
polydimethylsiloxane (PDMS) and printed over a
glass or PET substrate using a photocured adhesive
layer.3%3* For a subset of samples before the print-
ing step, the exposed bottom contact layer was
additionally etched in a selective wet chemical etch-
ant (i.e., citric acid) to reduce its thickness from ~1300
to ~270 nm and therefore lower the parasitic loss
of photogenerated carriers in the heavily doped
layer. Complete details of the fabrication procedures
appear in the Supporting Information. Figure 1b de-
picts a tilt-view scanning electron microscope (SEM)
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image of completed GaAs microcells with front-
surface TiO, nanostructures (inset) on the growth
wafer. A photographic image of printed arrays of
nanostructured GaAs microcells on a PET substrate
also appears in Figure 1c, where a diffractive green
color is evident due to the integrated nanoscale fea-
tures of TiO,.

To identify optimal designs of TiO, nanostructures
that can maximize the absorption of optically thin GaAs
solar cells with the reduced thickness of the bottom
contact layer (i.e., ~ 270 nm), three-dimensional full-
wave numerical modeling based on a finite-difference
time-domain (FDTD) method was systematically per-
formed over geometric parameters including period
(p), diameter (D), and height (h) of the NPs, in which the
photon absorption (A(4)) only in the window, emitter,
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base, and back-surface field (BSF) layers was consid-
ered as the source of generated photocurrents. More
detailed information on numerical modeling and ma-
terials parameters is available in the Supporting Infor-
mation (Figure S2). For the quantitative evaluation of
solar cell performance with nanostructured GaAs solar
cells, the calculated absorption was integrated over
AM1.5G standard solar illumination (1000 W/m?
to obtain integrated solar flux absorption, S_abs,
given by'9%

873nm ;L
/ = A s6(2) 07
S-abs (%) = 4Oonsn;anm y
/ 1 soth) 4
. C

400nm

x 100 (1)

where h, ¢, I 56, and 4 are Planck's constant, the speed
of light, the standard solar irradiance (AM 1.5G; ASTM
G-173), and wavelength, respectively. In all calcula-
tions, air (n = 1.0) and polymer (n = 1.5) were used as
semi-infinite media above and below the printed GaAs
microcell, respectively. Figure 2a presents a contour
plot of calculated S_abs as a function of D and h of TiO,
(n = 2.5) NPs at a fixed NP period (500 nm), from which
the maximum integrated absorption and correspond-
ing optimal geometries were identified at each NP
period (e.g., D =330 nm, h=150 nm at p = 500 nm). In
a similar fashion, we examined the integrated absorp-
tion of nanostructured GaAs solar cells at various refrac-
tive indices of the dielectric NPs (Figures S3—S9),
in which the absorption by the NP itself was assumed
zero (i.e., Im[n] = 0). Figure 2b shows a summary plot
of the maximum S_abs as a function of NP period
(p = 100—800 nm) at various refractive indices of NPs.
As the refractive index of NP gets larger, a peak value
of the maximum S_abs at an optimal period also
increases but eventually decreases again when the
refractive index is higher than the GaAs (n ~ 4.0)
(Figure S10). The maximum integrated absorption of
nanostructured GaAs solar cells at NP's refractive in-
dices of 2.5, 3.0, 3.5, and 4.0 are 61.1, 62.2, 62.8, and
63.2%, respectively, all of which exceed the perfor-
mance with optimal double layer antireflection coating
(DLARC, TiO,/SiO, = 60/100 nm, S_abs = 58.3%), opti-
mal single layer ARC (SLARC, SiO, = 90 nm, S_abs =
52.7%), and no ARC (S_abs = 39.8%) (Figure S11). On
the basis of these calculations, the use of TiO, as a
material for the front-surface NP is well justified due to
its high refractive index and minimum optical losses
(i.e., Im[n] ~ 0) among currently available materials
(Figure S12). The integrated absorption of GaAs solar
cells with TiO, NPs can be further increased by incor-
porating a SLARC (SiO, = 70 nm (Figure S13)) over the
TiO, layer and specular back-side reflector (s-BSR,
silver) underneath the substrate to additionally sup-
press reflection losses at wavelengths below ~500 nm
and trap weakly absorbed photons near the bandgap,
respectively, which is captured in the corresponding
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absorption and reflectance spectra (Figure 2c). Nota-
bly, the values of S_abs for GaAs solar cells with TiO,
NPs/SLARC (62.8% at p = 500 nm), TiO, NPs/s-BSR
(63.9% at p = 400 nm), and TiO, NPs/SLARC/s-BSR
(64.5% at p = 500 nm) are all higher than those of
devices with DLARC/s-BSR (61.4%) mainly due to the
strong effects of diffraction and light trapping in addition
to the broad antireflection (Figures S14—S17). The con-
tribution of respective optical processes to the absorp-
tion of ultrathin GaAs solar cells was also examined
from the spatial distribution of absorbed power density
(Paps) Nnormalized by the power (Py) of the light source
according to the following equation:'®

Pabs(T, 2)/Ps = (wc/D|E (¥, )P ImleD)]/Ps  (2)

where |E| and ¢ are electric field intensity and the
permittivity of constituent materials of GaAs solar cells,
respectively. Figure 2d shows contour plots of normal-
ized absorbed power density (paps/Ps) of printed
bare GaAs solar cells (left), GaAs solar cells with DLARC/
s-BSR (middle), and with TiO, NPs/SLARC/s-BSR (right),
respectively, at wavelengths of 400, 550, 700, and
850 nm. The spatially modulated intensity distribution
of absorbed power density is evident for GaAs solar
cells with TiO, NPs compared to the other two cases as
a result of nonzeroth order diffraction of the incident
solar radiation. It is also noteworthy that the absorbed
power density is more strongly concentrated near the
pn-junction for devices incorporating TiO, NPs, which
increases the probability of carrier collection and there-
fore contributes to the higher photogenerated current.
The comparative advantage of TiO, NPs in light trap-
ping over normal ARCs in ultrathin GaAs solar cells can
be also appreciated in the calculated normalized total
absorption (A/(1 — R); A,=1 — R — T, total absorption
(in the window, emitter, base, BSF, and bottom contact
layers); R, reflectance; T, transmittance),'®** which pro-
vides the fraction of absorbed photons among those
that enter the solar cell. As shown in Figure 2e, the
normalized absorption of GaAs solar cells was signifi-
cantly enhanced by adding TiO, NPs or both TiO, NPs
and SLARC owing to the increased optical path length
by diffraction and total internal reflection, while the
implementation of DLARC makes negligible difference
from the bare GaAs solar cell. On the other hand, the role
and effectiveness of TiO, NPs are also closely related to
the thickness of the underlying absorber layer and its
absorption strength. To examine this aspect, we calcu-
lated the integrated absorption of a single layer of bare
GaAs and GaAs with DLARC, DLARC/s-BSR, TiO, NPs, and
TiO, NPs/SLARC/s-BSR, respectively (Figure 2f). As ex-
pected, in the optically thick regime (e.g., >1 um) of
GaAs, the TiO, NPs mainly act as an ARC, where the
S_abs of GaAs with TiO, NPs (red) is therefore compar-
able to that with DLARC (green). As the GaAs becomes
thinner, however, GaAs with TiO, NPs starts to outperform
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Figure 2. (a) Contour plot of the integrated solar flux absorption (S_abs) in window (n-Aly 4Gag 6As, 40 nm), emitter (n-GaAs,
50 nm), base (p-GaAs, 150 nm), and back-surface field (BSF; p*-Alo 3Gao7As, 100 nm) layers of a ultrathin GaAs solar cell
incorporating TiO, NPs printed on a glass substrate as a function of diameter (D) and height (h) of NPs at a period (p) of
500 nm. The inset schematically illustrates a model for FDTD calculations. (b) Maximum integrated solar flux absorption of
ultrathin GaAs solar cells with various refractive indices (n = 2.0—4.0) of NPs as a function of the NP period. The values of solar
flux absorption for bare GaAs solar cell and GaAs solar cells with optimal single-layer antireflection coating (SLARG; tsjo; =
90 nm) and with optimal double-layer antireflection coating (DLARC; triox/tsio; = 60/100 nm) are also presented for
comparison. (c) Reflection (R, thick lines) and absorption (A, thin lines) spectra in window, emitter, base, and BSF layers for
a bare GaAs solar cell (black) and GaAs solar cells with DLARC (orange), with TiO, NPs (p = 500 nm, D =300 nm, h = 150 nm) (red),
with TiO, NPs and SLARC (p = 500 nm, D = 350 nm, h = 350 nm, ts;o, = 70 nm) (blue), and with TiO, NPs, SLARC, and a specular
back-surface reflector (s-BSR) (p = 500 nm, D = 300 nm, h = 300 nm, ts;o, = 70 nm) (green), where each configuration has its own
optimal design to maximize the S_abs. (d) Contour plots of absorbed power per unit volume (p,,s) normalized by source power
(Ps) for bare GaAs solar cell (left column), and GaAs solar cells with DLARC and s-BSR (middle column) and with TiO, NPs and both
SLARC and s-BSR (right column) at wavelengths of 400, 550, 700, and 850 nm. (e) Normalized total absorption spectra (A;/(1 — R))
of bare GaAs solar cell (black) and GaAs solar cells with DLARC (green), with TiO, NPs (red), and with TiO, NPs and SLARC (blue).
(f) Integrated solar flux absorption of a single layer GaAs (black) and GaAs with DLARC (green), with DLARC and s-BSR (orange),
with TiO, NPs (red), and with TiO, NPs and both SLARC and s-BSR (blue) as a function of the GaAs thickness.

GaAs with DLARC owing to the effect of the increased
optical path length by nonzeroth order diffraction and
light trapping. When combined with s-BSR and SLARC,
the absorption of GaAs with TiO, NPs also well exceeds
that with DLARC or DLARC/s-BSR in this optically thin
regime. On the other hand, due to the fast saturation of
S_abs with respect to the GaAs thickness, the corre-
sponding integrated absorption normalized by the
total cost (Cy) of epitaxial growth gradually increases
with the decreasing thickness and reaches a maximum
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value in the thickness below 1 um, in which the cost-
normalized absorption of GaAs with TiO, NPs/SLARC/
s-BSR is nearly two times higher than that of bare
GaAs (Supporting Note in the Supporting Information,
Figure S18).

Building on the outcomes of these computational
studies, ultrathin GaAs solar microcells with near-optimal
design of TiO, NPs (p = ~500 nm, D = ~370 nm,

= ~140 nm) were fabricated on a glass substrate by
transfer printing at various device configurations. Here,
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Figure 3. (a) Optical micrographs of GaAs solar microcells
with (top-right) and without (top-left) TiO, NPs on the
source wafer, and printed GaAs microcells on a glass sub-
strate with TiO, NPs (bottom-left) and with TiO, NPs and
SLARC (bottom-right). The bottom contact of the printed
GaAs microcells was thinned down to ~270 nm by wet
chemical etching after the release from the growth wafer.
Measured (thick lines) and calculated (thin lines) reflectance
(R) and total absorption (A;) spectra of GaAs solar microcells
printed on a glass substrate with (b) thin (~270 nm) and
(c) thick (~1300 nm) bottom contact layers, respectively,
including bare GaAs microcell (black/orange for R/A,) and
microcells with DLARC (green/yellow; tyiox/tsio2 = 60/100 nm),
with TiO, NPs (red/cyan; p = ~500 nm, D = ~370 nm,
h = ~140 nm), and with TiO, NPs and SLARC (blue/purple;
tsioo = ~70 nm).

a plain TiO, “base layer” (~30 nm) was introduced
between the Alg40GageoAs window layer and TiO, NPs
to minimize adverse effects upon the window layer
during the fabrication of TiO, NPs, which makes little
difference in optical properties compared with the case
without the base layer as confirmed by the calculation
(Figure S19). Figure 3a shows optical micrographs of
GaAs microcells on the source wafer with and without
TiO, NPs, printed GaAs microcells with TiO, NPs and
TiO, NPs/SLARC (SiO, = ~70 nm), respectively. The
GaAs microcell on the source wafer with TiO, NPs
exhibited a black-colored surface, while the printed
microcell with TiO, NPs appeared slightly brighter,
possibly due to the incomplete antireflection in the
short wavelength range as well as the reflection of

LEE ET AL.

longer wavelength photons from the bottom surface
of the microcell. Depositing an additional layer of SiO,
(i.e., SLARC) yielded a darker surface and improved the
antireflection behavior. The corresponding measured
(thick line) and calculated (thin line) reflectance (R)
and total absorption (A; =1 — R — T) spectra of printed
ultrathin GaAs microcells with thin (~270 nm) and
thick (~1300 nm) bottom contact layers are shown in
Figure 3, panels b and c, respectively. For microcells
having a thin bottom contact layer (Figure 3b), device
configurations with TiO, NPs and TiO, NPs/SLARC
exhibited similar antireflection behaviors to the case
with DLARC in the wavelength range (A = 500—873 nm)
for measurements, while their absorption was notice-
ably higher due to the increased optical path length by
diffraction and light trapping. For microcells with a
thick bottom contact layer (Figure 3c), the increase of
total absorber thickness resulted in reduced reflec-
tance and increased absorption. However, the magni-
tude of absorption enhancement by TiO, NPs over
DLARC is much smaller in cells with a thick bottom
contact layer due to the reduced effectiveness of light
trapping in the optically thick absorber as discussed in
Figure 2f.

Although ultrathin GaAs microcells with a thick
bottom contact layer can absorb more photons than
those with a thin bottom contact layer, their photo-
voltaic performance is inferior to devices with a thin
bottom contact layer. That is because absorbed
photons in the heavily doped GaAs bottom contact
layer makes little contribution to the photogenerated
current due to the Auger recombination and severely
restricted minority carrier diffusion length. To quanti-
tatively examine the effect of the bottom contact
thickness upon the device performance, the photo-
voltaic characteristics of GaAs microcells were numeri-
cally modeled using a device simulator based on a
finite element method (FEM) (DEVICE 4.5, Lumerical
Solutions). As illustrated in the calculated energy band
structure of GaAs solar cells considered in this study
(Figure 4a), the energy barrier at the BSF layer is partially
responsible for the inhibited transport and collection of
photogenerated electrons from the p-type bottom
contact layer to the junction, in addition to the limited
minority carrier lifetime arising from the high doping
concentration. On the other hand, minority carriers
generated in p*-AlysGag-,As BSF (ie., electrons) and
n-Alg4GaggAs window (i.e., holes) layers are able to
diffuse to the junction and participate in the photo-
current generation due to the lack of such barriers.
To quantitatively evaluate the contribution of photon
absorption in each epitaxial layer to the current gen-
eration of printed GaAs microcells, we performed
calculations to obtain the spatial distribution of the
number of generated electron—hole pairs per unit
volume and time (ge.,) under AM1.5G standard solar
illumination through the FDTD simulation assuming
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Figure 4. (a) Calculated energy band structure of an ultrathin GaAs solar cell as a function of the distance from the top surface
of a window (n-Aly 4Gag 6As) layer. (b) Contour plots of calculated number of generated electron—hole pairs per unit volume
and time (g..,) in an ultrathin GaAs solar cells under AM1.5G standard solar illumination (1000 W/m?) at various cell
configurations (bare, DLARC, TiO, NPs/SLARC) with a thin (~270 nm) bottom contact layer. Calculated values of generated
charge density per unit area and time (G._;,) and short-circuit current density (J;.) in each epitaxial layer are also displayed for
comparison. Representative current density (J)—voltage (V) curves of printed ultrathin GaAs solar microcells with (c) thin
(~270 nm) and (d) thick (~1300 nm) bottom contact layers at various cell configurations, including bare microcell (black) and
microcells with DLARC (green), with a diffuse back-surface reflector (d-BSR) (blue), with DLARC and d-BSR (cyan), with TiO, NPs
(red), with TiO, NPs and SLARC (orange), with TiO, NPs and d-BSR (purple), and with TiO, NPs, SLARC, and d-BSR (yellow)

measured under AM 1.5G standard solar illumination.

the generation of one electron—hole pair per one
absorbed photon, which is given by

Gen(T) = / [/ h)Paos(F, 2)/Ps)lr s6(A)Snc] di - (3)

where p,,s/Ps and Si,c denote normalized absorbed
power density obtained from eq 2 and the area illumi-
nated by the incident light source, respectively. The
calculated distribution of g, as illustrated in the contour
plot of Figure 4b was then imported into the FEM-based
device simulator to obtain the short-circuit current
density (Jsc) of the solar cell, where Auger (recombina-
tion coefficient =7 x 107>° cm®/s for both electrons and
holes in GaAs and Al,Ga;_,As (x = 0.3 and 04)) and
radiative (recombination coefficient=5 x 10~ cm?®/sin
GaAs and 14 x 1072 cm¥/s in Al,Ga;_,As (x = 0.3 and
0.4)) recombinations, and ohmic contacts were assumed
at room temperature with negligible surface and Shock-
ley—Read—Hall recombinations. Subsequently, the cal-
culated J;c was compared with the integrated charge
density per unit area and time (G..,) evaluated by

Ger = (1/Sin) / Gern(F) dV @
v

where the integration was performed over an entire
range of the cell volume. The calculated G, provides
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the maximum photocurrent density from the absorbed
photons without any parasitic losses. As expected,
photogenerated carriers in the emitter and base layers
mostly translated into the output current due to
the relatively short distance to the junction and the
built-in electric field, whereas those from the bottom
contact layer rarely contributed due to severe recombi-
nation losses and the presence of an energy barrier
(Figure 4b). Not surprisingly, minority carriers from the
window and BSF layers made a partial contribution
to the current generation. Such nonuniform collection
efficiency of photogenerated carriers in each epitaxial
layer of GaAs solar cells suggests that the spatial dis-
tribution of the absorbed photon flux can play an
important role for maximizing the photovoltaic perfor-
mance if the amount of total absorption is fixed. In this
regard, GaAs solar cells with TiO, NPs/SLARC provide an
additional advantage in absorption over the case
of bare GaAs or GaAs with DLARC due to the effect of
field confinement near the junction as illustrated in
Figure 2d. Panels c and d of Figure 4 show the measured
photovoltaic performance of printed GaAs microcells
with thin (~270 nm) and thick (~1300 nm) bottom
contact layers, respectively, at various cell configurations,
where the data with a diffuse back-side reflector (d-BSR)
are included. The data with a specular reflector (s-BSR)
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Figure 5. (a) Photographic image of the mechanically flex-
ible solar module comprising 7 x 7 ultrathin GaAs solar
microcells (cell size = ~500 x 500 um?, cell-to-cell spacing =
~100 «m) with front-surface TiO, NPs and thin (~270 nm)
bottom contact layer on a PET substrate (inset: optical
micrograph of the interconnected GaAs microcells).
(b) Representative current (/)—voltage (V) curves of inter-
connected 7 microcells with or without a s-BSR at unbent
and bent (bending radius (r) = 2.5 mm) states. The inset
shows the corresponding maximum power of the intercon-
nected microcells at various bending radii.

were also measured and are available in the Supporting
Information (Figure S20, Tables S2 and S3). First of all,
it is clearly shown that the TiO, NPs implemented on
the window layer made no detrimental effects upon the
device performance owing to the preserved efficacy of
surface passivation, as supported by the unchanged
open-circuit voltage (V,o) and fill-factor (FF). For GaAs
microcells with a thick bottom contact layer, the effect of
the d-BSR is relatively limited as a result of high degrees
of parasitic losses for photogenerated carriers in the
bottom contact layer. The comparatively lower Js. im-
provement (~30%) in microcells with TiO, NPs against
bare microcells than in those with DLARC (~37%) is
attributed to the incomplete coverage (~90%) of TiO, on
the cell surface and associated reflection loss. The addi-
tion of a SLARC to TiO, NPs yielded considerably higher
Jsc improvement (~54%) due to the broadened antire-
flection behavior as well as the full areal coverage of
SLARC, which is also close to the calculated maximum
enhancement of the S_abs (~58%). On the other hand,
the performance of microcells with a thin bottom con-
tact layer was more strongly enhanced by the d-BSR
owing to the decreased level of recombination in the
bottom contact layer. The experimental J,. enhance-
ment by the d-BSR is comparatively greater than
the calculated absorption (S_abs) enhancement (e.g.,
Js(d-BSR)/Js(bare) = 1.38, S_abs(s-BSR)/S_abs(bare) =
1.07 for bare GaAs; J,.(NPs/d-BSR)/J,.(NPs) = 1.33,
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S_abs(NPs/s-BSR)/S_abs(NPs) = 1.04 for nanostruc-
tured GaAs), due to the contribution of additional
photon flux by the light that is incident on areas
outside the printed microcells, reflected, and wave-
guided to the cell through a substrate and a printing
medium. Itis also notable that a diffuse BSR used in the
measurements is more effective than a specular BSR
used in the calculation for making such waveguiding
effects and the indirect photon flux. As expected, the
highest photovoltaic performance was obtained from
microcells with a thin bottom contact layer and TiO,
NPs/SLARC/d-BSR owing to the synergistic effects of
antireflection, diffraction, light trapping, as well as
reduced parasitic losses in the bottom contact layer,
where the J;, Vo, FF, and 57 were 22.0 mA/cm?,0.942V,
0.78, and 16.2%, respectively, which is superior to other
configurations such as GaAs microcells with a thin
bottom contact and DLARC/d-BSR (Jsc = 18.7 mA/cm?,
Voc = 0932V, FF = 0.77, 7 = ~13.5%) or with thick
bottom contact and TiO, NPs/SLARC/d-BSR (Jsc =
19.1 mA/cm?, Voe = 0906 V, FF = 0.78, 5 = ~13.4%).
More details of the photovoltaic performance charac-
teristics at various cell configurations are available in the
Supporting Information (Figure S21, Tables S2 and S3).

The reported ultrathin (~610 nm) GaAs microcells
are also an attractive device platform for constructing
mechanically flexible solar modules due to the sub-
stantially reduced flexural rigidity.3® Figure 5a shows a
photographic image of 7 x 7 arrays of ultrathin GaAs
microcells having a thin bottom contact layer and
TiO, NPs printed on a PET (~50 um) substrate, where
microcells were connected in parallel by electron-
beam evaporated metal (Cr/Ag/Au = 15/1000/30 nm)
lines. As shown in the corresponding current (/)—voltage
(V) curves of 7 parallel-connected microcells (Figure 5b),
the performance of the flexible solar module remained
invariant at the bending radius of as small as ~5 mm
even without the encapsulation layer to implement
neutral mechanical plane schemes.'® Slight degrada-
tion of performance at bending radii below 5 mm is
attributed to the decreased incident solar flux upon
bending (Figure S22) as well as angle-dependent
nature of diffraction-induced antireflection effect that
degrades at large incidence angles. When a silver layer
(~300 nm) as a specular BSR was introduced to the
back surface of the PET substrate, the maximum
output power was enhanced by ~32.0% at unbent
states. However, its bent-state performance with a
s-BSR decreased more steeply at bending radii below
5 mm possibly due to photons that are reflected by
the BSR at off-normal angles and not captured by the
microcells.

CONCLUSION

In conclusion, we studied cost-effective, high per-
formance GaAs solar cells by exploiting bifacial photon
management schemes that incorporate front-surface
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dielectric photonic nanostructures and rear-surface
specular or diffuse reflectors with 200 nm-thick absor-
ber layers. The hexagonally periodic TiO, nanoposts
implemented directly on the window layer of ultrathin
GaAs solar cells, combined with the BSR on the rear
surface of the module substrate, provided synergistic
effects of antireflection, diffraction, and light trapping,
which allowed superior absorption and enhanced
photovoltaic performance to devices with conven-
tional DLARC while drastically reducing the thickness
of the epitaxial materials. The ultrathin GaAs microcells
printed on a flexible PET substrate, when configured

METHODS

Fabrication of Ultrathin GaAs Solar Microcells with Front-Surface Ti0,
Nanoposts. With epitaxial stacks of GaAs solar cells grown by
MBE, the fabrication of ultrathin GaAs solar microcells with TiO,
NPs started with the patterning of a GaAs top contact layer to
expose a window layer except the region for a n-type ohmic
contact by wet chemical etching in the solution of citric acid
(Ce¢HgO7) and hydrogen peroxide (H,0,) (4:1 by volume). After
the deposition of TiO, (~170 nm) by RF magnetron sputtering
(Orion 5, AJA International), soft-imprint lithography and oxy-
gen reactive ion etching (RIE, Plasmalab) of SU-8 were carried
out to form hexagonally periodic nanohole arrays, followed by
electron beam evaporation (Temescal) and liftoff of Cr (~8 nm).
The resulting Crislands were then used as a mask for inductively
coupled plasma reactive ion etching (ICP-RIE, Plasmalab system
100, Oxford) to yield hexagonally periodic TiO, NPs, followed by
the wet chemical etching of Cr and TiO, (CR-7, Cyantek for Cr
etching, HF/H,0; 1:10 by volume for TiO, etching) to produce
TiO, NPs lithographically defined within the cell area. Additional
steps of photolithography and wet chemical etching in phos-
phoric acid (H3P0O,4)/H,0,/H,0 (1:12:11 by volume) and CgHgO-/
H,0, (20:1 by volume) formed a recessed bottom contact and
isolated arrays of microcells (~500 x 500 um?). Subsequently,
n-type (AuGe/Ni/Au = 100/30/100 nm) and p-type (Cr/Au = 20/
100 nm) ohmic contacts were formed by electron beam eva-
poration and liftoff processes. Selective etching of the sacrificial
layer (i.e., AlAs) was performed in HCI/H,O (3:1 by volume) with a
photoresist anchor structure.>® The undercut-etched microcells
were then released by an elastomeric stamp made of polydi-
methylsiloxane (PDMS, Sylguard 184, Dow Corning), in which
the exposed bottom contact was wet-chemically etched in
CgHgO,/H,0; (4:1 by volume) to decrease the thickness from
~1300 to ~270 nm. Last, the retrieved microcells were printed
on a glass or PET substrate using a photocurable adhesive
(~1 ,um).“ More details of the fabrication processes are avail-
able in the Supporting Information.

Optical and Photovoltaic Characterization of GaAs Solar Microcells.
The reflection and transmission spectra were measured by a
homemade optical setup consisting of a white light source and
fiber-optic spectrometer (USB 4000, Ocean Optics). A fiber-
coupled light source was collimated by an achromatic doublet
lens (f=19 mm, N.A. = 0.42) and subsequently focused on the
cell region (beam diameter = ~50 um) through an objective
lens (50%, N.A. = 0.4). The reflected light was gathered by the
same objective lens and guided to the spectrometer through
a multimode fiber, whereas the transmitted light was collected
by another objective lens (10x, N.A. = 0.26). As a 100% calibra-
tion standard, a silver mirror and a transparent substrate coated
with a printing medium were employed in reflectance and
transmittance measurements, respectively. The photovoltaic
performance was characterized using a semiconductor param-
eter analyzer (4156C, Agilent Technologies) and a full-spectrum
solar simulator (94042A, Oriel). For photovoltaic measurements
of flexible modules, cylindrical supports were used to define the
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with TiO, NPs/SLARC/d-BSR, exhibited maximum effi-
ciency of ~16.2% and stable operation at bending
radius of as small as ~5 mm. The materials design
and fabrication strategies reported in this study repre-
sents important progress toward cost-competitive
lI—V solar cells in terrestrial applications. We anticipate
similar optical and electronic design principles can be
readily applicable to other [ll—-V materials systems and/
or multijunction devices. Epitaxial and optical designs
that simultaneously maximize light trapping, photon
recycling, and charge carrier collection of ultrathin
GaAs solar cells are interesting topics for future studies.

bending radii, where microcells at the center of the arrays were
illuminated at a normal incidence angle.

Optical and Electrical Modeling of GaAs Solar Cells. Optical simula-
tion for GaAs solar cells with front-surface dielectric nanostruc-
tures was implemented through the FDTD method (FDTD
Solutions 8, Lumerical Solutions). A 3D simulation volume
comprising epitaxial layers identical to the experimental GaAs
solar cell was defined, where periodic boundary condition in
x-and y-directions and 'perfectly matched layers (PML)' boundary
condition in z-direction were applied. A continuous plane-wave
source with a broad Gaussian frequency spectrum (330—
750 THz) was normally incident in (—)z-direction to the simula-
tion volume. On the basis of the calculated electric field (E),
distribution of absorbed power per unit volume (p,,s) normal-
ized by the source power (P,) was obtained. Electrical simulation
for GaAs solar cells was conducted with FEM-based software
(DEVICE 4.5, Lumerical Solutions), where the same layer speci-
fications as those in the experimental system was implemented.
To calculate the short-circuit current density generated by
optical absorption in constituent layers, distribution of the
number of generated electron—hole pairs per unit volume
and time (ge.n) under AM1.5G standard solar illumination
was calculated by ge»h(’) = f[(l/hc)(pabs(rri)/'os)h_SG(l)Sinc] di
(h, Planck's constant; /; 5, standard AM1.5G solar irradiance; Si,.c,
illumination area) using the FDTD optical simulation, and sub-
sequently imported into the FEM device simulator, with as-
sumptions including unity quantum efficiency, room tempera-
ture operation, Auger and radiative recombination, and perfect
ohmic contacts. Details of material constants used in optical and
electrical simulations are available in the Supporting Informa-
tion (Figure S2, Table S1).
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