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Flexible Solar Cells Based on GaAs/AlGaAs Heterostructure with
Improved Weight and Dimension Characteristics
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In this work, we propose and realize new design strategies for flexible solar cells based on the classical
GaAs/AlGaAs heterojunction. The InAlP layer was chosen as a sacrificial layer for lift-off process in order to
separate the heterostructure from the substrate, we also used poly (methyl methacrylate)membrane as a flexible
substrate. The combination of these design strategies made it possible to achieve relativley high specific power —
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Solar power engineering is the most promising line of de-
velopment of renewable energy resources. Heterostructures
based on GaAs with direct band gap with direct band gap
rank among the leaders in efficiency in the class of single-
junction solar cells (SCs) [1]. The mechanical properties
of thin layers of semiconductor AMBY compounds are
sufficient for their application in flexible SCs integrated
into wearable electronics, portable devices, automated cars
and, and drones [2]. In fact, record-high efficiencies of
GaAs-based SCs were obtained exactly for flexible lift-off
SCs the growth substrate [3]. In addition, ultrathin and
highly efficient GaAs-based SCs have been demonstrated
recently [4].

The required flexibility and lightness of SCs preclude one
from resorting to various traditional solutions and stimulate
the search for novel designs of transparent electrodes and
support layers compatible with flexible absorbing A"'BY
heterostructures. Flexible carriers are needed in order to
fabricate and utilize an SC lifted off the growth substrate.
Various materials (e.g., thin metal foils or organic polymers)
may serve as such carriers. Although metal foils have a
number of advantages, such as high electric and thermal
conductivity values and thermal and radiation resistance,
their high density contributes to an increase in mass of the
end product.

In the present study, we report the results of modeling
of the classical single-junction SC design with the highest
efficiency and the results of synthesis and examination
of photovoltaic parameters of a flexible SC based on a
GaAs/AlGaAs heterostructure lifted off the growth sub-
strate. InAlIP was used as a sacrificial layer for lifting
the heterostructure off the growth substrate. A polymethyl
methacrylate (PMMA) membrane, which provides both the
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needed mechanical flexibility and a high power/mass ratio
of an SC, was proposed to be used as a transparent flexible
carrier.

Numerical modeling of the SC operation modes was per-
formed in order to determine the optimum composition of
layers of a lift-off SC corresponding to the highest possible
efficiency. The absorption of light in the semiconductor
GaAs/AlGaAs heterostructure and the carrier separation as
a function of the composition, thickness, and doping level
of SC layers were taken into account in this modeling. The
propagation and absorption of light in the heterostructure
were examined in the wave optics approximation, and the
photocell operation was analyzed using the semiconductor
drift-diffusion model with Fermi—Dirac carrier statistics.
The classical geometry of a GaAs/AlGaAs SC with a single
p—n junction was examined (see the composition and
description of layers in the inset of Fig. 1, 5). The optical and
semiconductor material parameters were taken from [5,6].
Both modeled contacts were regarded as ideal Ohmic ones.
Additional antireflective coatings were not introduced into
the model.

At the first stage, the transport of photogenerated carriers
through wide-band SC barriers was examined in order to
determine the voltage drop across them as a function of
layer composition, type, and doping level. It was found
that a p-type barrier ensures the flow of photocurrent with
negligible voltage losses in the entire range of compositions
and is well-suited for the formation of a wide-band SC win-
dow within which the optical losses need to be minimized.
In contrast, an n-type barrier produces significant voltage
losses in compositions with more than 40% of aluminum,
and doping impurity densities in excess of 5 - 108 cm 2 are
needed to use it as a bottom potential barrier of an SC.
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Figure 1. ¢ — Band diagram of an SC with an emitter 500 nm in thickness and a base with a thickness of 3 um. b — SC efficiency
before and after lift-off. The composition of SC layers is presented in the inset.
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Figure 2. Optical image of the flexible SC on a polymer carrier.

At the second stage, the thickness and the doping level
of the base and the thickness of the emitter layer were
varied. The doping level of the emitter layer was fixed
at 10" cm—3, which is the highest value that does not
induce any significant reduction in the lifetime of minority
carriers. The thickness and the doping level of both barriers
were set to 20nm and 10cm™3. A ptype AlGaAs
barrier with an aluminum content of 80% was chosen to
be used as a wide-band window. The aluminum content
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of the bottom potential barrier layer was 20%. Operation
modes of the photocell under external illumination with
the AMI1.5G spectrum and under a voltage of 0-1.2V
varying in 10mV increments were numerical calculation
to estimate the efficiency of the structure. The sought-for
estimate was obtained by analyzing [-V curve and finding
the voltage that corresponds to the highest power. This
numerical calculation that the optimum doping level of the
base falls within the 6 - 10°—3-10'7 cm~3 range, and the
emitter layer thickness is 500nm.. Figure 1,a shows the
band diagram of an SC with a base thickness of 3 um.
Figure 1, b presents the results of numerical modeling of the
dependence of the SC efficiency (without an antireflective
coating) on the base thickness before and after lifting off the
growth substrate [7]. It can be seen that, following lift-off
SC and the formation of a metal contact on the back surface,
the photocell operation efficiency increases by 0.3 £ 0.1%
due to the additional absorption of light reflected from the
bottom contact.

A Veeco GEN-III molecular beam epitaxy system was
used to form SC heterostructures based on GaAs and Al-
GaAs and InAlP (sacrificial layer) solid solutions. Epitaxial
Si-doped n-type np ~ 108 cm=3 (001) GaAs wafers with a
diameter of 50 mm were used as substrates

A top mesh contact was formed next by contact pho-
tolithography. By vacuum thermal evaporation Cr/Au layers
(5nm/150nm) were deposited. Local selective wet etching
was performed to remove the contact GaAs layer.

A PMMA layer 20 um in thickness, which was deposited
using the spin coating method with subsequent thermal
treatment for polymerization, served as the carrier material.
The sacrificial InAIP layer was etched in a solution of
hydrochloric (5%) and orthophosphoric (85%) acids at
room temperature.  Following lift-off of the thin-film
SC heterostructure, a low-temperature continuous n-type
bottom contact was formed, since polymer carriers limit
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Figure 3. CVC - IV-curve under the AM1.5G spectrum (a) and spectrum of the external quantum efficiency (b) for planar and lift-off

SC samples.

the contact annealing temperature. Layers of Pd/Ge/Au
with a thickness of 10, 50, and 100 nm, respectively, were
deposited by vacuum thermal evaporation with subsequent
annealing at a temperature of 185°C for 1h [8]. Figure 2
presents the optical image of the fabricated flexible SC on a
PMMA carrier with an area of 0.3 cm?.

Figure 3,a shows the SC CVCs - IV-curves measured
under illumination with the standard AM1.5G solar spec-
trum before and after lifting off the growth substrate. The
calculated CVC - IV characteristic of a model SC is also
plotted for comparison. The external quantum efficiency
spectra of fabricated SCs are shown in Fig. 3,b. The
SC operation parameters before lift-off are satisfactory:
open-circuit voltage Vo = 900mV, short-circuit current
Jsc = 17.7mA/cm? and fill factor FF = 70%. Relatively
low values of the short-circuit current and the fill factor are
likely the result of formation of oval defects in the process
of epitaxial synthesis [9]. The external quantum efficiency
spectrum of the studied SC is characterized by a drop in the
short- and medium-wave regions (up to 600—700 nm). This
provides additional evidence of recombination of carriers in
the emitter region. The efficiency of this cell was 11%. The
short-circuit current and the fill factor decreased abruptly to
9.5mA/cm? and 43% after lift-off. the open-circuit voltage
did also decrease, although less significantly (to 850 mV).
Compared to the planar sample, the spectral characteristics
dropped additionally in the short-wave region. This is
attributable to the degradation of the top wide band gap
AlGaAs window in the lift-off process, which enhances the
recombination of minority carriers at the interface with the
emitter.

The calculated specific power (normalized to the mass of
the entire cell) for the lift-off SC on a PMMA carrier 20 um
in thickness was 750 W/kg. For comparison, the value of
this parameter corresponding to a carrier fabricated from
aluminum foil of the same thickness is 461 W/kg [10]. Thus,

the use of organic polymer carriers allows one to raise the
specific power significantly.

The optimum parameters of layers of a lift-off GaAs-
based SC providing the maximum efficiency of an SC of this
design without an antireflective coating were determined via
numerical modeling. SC heterostructures based on GaAs
and AlGaAs and InAIP solid solutions were synthesized
by molecular beam epitaxy. SC prototypes with thin
optically transparent PMMA carriers were fabricated. The
current-voltage curves and spectral characteristics of lift-
off and planar SCs were measured experimentally. It was
demonstrated that the use of organic polymer carriers allows
one to produce SCs with a high specific power, which is
especially important in the design of flexible SCs for drones
and ground vehicles.
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