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Reuse of GaAs substrates for epitaxial lift-off by employing protection layers
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We demonstrate repeated use of GaAs wafers for multiple growths by employing lattice-matched
epitaxial protection layers to preserve the wafer surface in its original condition following their
etch removal after growth. The protection layers provide a regrowth surface that eliminates the
need for repolishing prior to subsequent growth. Between growths, the protection layers are
removed by wet chemical etching. The resulting surface quality is examined using atomic force
microscope and energy dispersive spectrometry. We show that the surface roughness, chemical
composition, morphology, and electronic properties of the GaAs surface after protection-layer
removal are comparable to that of the original substrate surface. We show that p-n junction GaAs
solar cells grown on original and reused wafers have nearly identical performance with power
conversion efficiencies of ~23%, under simulated 1 sun illumination, AM1.5 G. The high power
conversion efficiency of GaAs solar cells combined with reduced costs associated with multiple
parent wafer reuses promise cost competitiveness with incumbent solar cell technologies. © 2012
American Institute of Physics. [doi:10.1063/1.3684555]

. INTRODUCTION

GaAs-based epitaxial lift-off (ELO) solar cells exhibit
superior power conversion efficiency compared with alterna-
tive single-junction photovoltaic cell designs, such as those
based on crystalline Si, copper indium gallium sulfide
(CIGS), CdTe, and even comparable GaAs cells left on their
growth substrates.” The ELO process enables the bonding
of thin, single-crystal III-V active layers onto secondary sub-
strates (e.g., plastic) that are both lightweight and flexible.*”
A lifted-off solar cell with a reflective back contact requires
approximately half of the active region thickness to absorb
an equivalent amount of incident radiation compared to con-
ventional substrate-based solar cells, reducing materials con-
sumption and growth time of the epitaxial layers.®® Miller
et al. reported that the reflective back contact enables photon
recycling by light trapping while also concentrating the car-
riers in a thin layer that leads to an increased open circuit
voltage compared with equivalent, substrate-based solar
cells.'” Among these benefits, the major advantage is the
potential for wafer reuse following ELO of the solar cell
active region, which can enable significant manufacturing
cost reductions by minimizing the consumption of expensive
wafers.>!! Indeed, wafer reuse has recently been demon-
strated for InP-based solar cells. We extend this previous
work to investigate the feasibility of GaAs wafer reuse
following lift-off by employing a combination of epitaxial
protection layers and materials etchants to preserve the wafer
surface for subsequent epitaxial layer growth.

It is widely observed that the conventional ELO process
results in significant wafer surface roughening and accumula-
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tion of contaminants.”>!" To eliminate these defects in prepara-
tion for subsequent epitaxial growth, a polishing etch process
is typically employed. However, this process does not gener-
ally provide a high quality regrowth interface; thus device
layers grown on a chemically polished surface after ELO
results in dramatic performance degradation of subsequently
fabricated solar cells.'' To ameliorate this problem, chemo-
mechanical wafer repolishing is required; however, this
consumes tens of microns of material from the top surface of
the wafer while often inflicting additional surface and edge
damage, thereby limiting the potential number of wafer reuses.

Here, we employ lattice-matched epitaxial protection
layers to preserve the original GaAs wafer surface in its epi-
ready condition, thereby providing a high-quality regrowth
interface without polishing. The methods used are analogous
to those reported for InP wafer reuse.” In this case, however,
we employed Ing49Gag 5P as a surface protection layer to
provide an As-free surface adjacent to the AlAs sacrificial
layer that is ultimately removed via a material-selective etch-
ant (hydrofluoric acid) to part the epitaxy from the substrate.
Since Al-free III-V alloys are also etched slowly in HF, the
protection layer surface is damaged. Therefore, an
Ing 490Gag 5,P/GaAs/Ing 40Gag 5, P lattice-matched protection
layer system is employed. The InGaP layer adjacent to the
AlAs protects the GaAs layer from HF, and then selective
removal of GaAs and the other InGaP layers provides the
required high quality, epi-ready growth interface. The
sequential removal of the three protection layers assists in
removing surface residues and particulates that cannot be
eliminated with only a single protection layer etch.

We test the ELO protection layer sequence and removal
processes by exposing the protected wafer to an HF-based
solution for extended periods. The morphology and chemistry
of the surface of the original wafer, and that of the wafer after

© 2012 American Institute of Physics
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protection layer removal (referred to as the surface-protected
wafer) are found to be nearly identical. Furthermore, the prop-
erties of the GaAs solar cells fabricated on layers grown on
both wafer sets, have similar power conversion efficiencies of
approximately 23%. Optical and materials analysis of the
original and regrown layers also indicate little or no change
between growths. The high power conversion efficiency of
GaAs solar cells combined with multiple reuses of the parent
wafer promise cost-competitiveness with other photovoltaic
materials systems, such as Si, CIGS, and CdTe.

This paper is organized as follows: in Sec. II we give
details of our experimental methods, in Sec. III our results and
discussion of the initial and subsequent epitaxial layer growths
are provided, and in Sec. IV we provide conclusions.

Il. EXPERIMENTAL

The layer structures were grown by gas-source molecu-
lar beam epitaxy (GSMBE) on Zn-doped, (100) p-GaAs sub-
strates. All growths started with a 0.2 um thick 2 x 10'®
cm > Be-doped GaAs buffer layer. For the reference photo-
voltaic cells, the layer structure is as follows (see Fig. 1(a)):
0.2 um thick, 2 x 10'® cm ™ Be-doped GaAs buffer layer, 75
nm thick, 4 x 10" cm™? Be-doped Ing49GagsP back-
surface field (BSF) layer, 3.5 um thick, 2 x 10" ¢cm > Be-
doped p-GaAs base layer, 0.15 um thick, 1x 10"® cm™>
Si-doped n-GaAs emitter layer, 25 nm thick, 2 x 10" em ™3
Si-doped AlysIngsP window layer, and a 0.2 um thick,
5% 10" cm? Si-doped n-GaAs ohmic contact layer. The
protection trilayer consists of 0.1 um thick, Ing 40Gag 5,P, 0.1
um thick GaAs layer, and a second 0.1 pm thick
Ing 40Gag 5P layer. All protection layers are undoped. To
simulate the epitaxial lift-off process, samples with protec-
tion and 60 nm thick undoped AlAs sacrificial layers (Fig.
1(b)) are then exposed to a 7.5% HF : H,O solution for 48 h.
After epitaxial layer removal, the Ing49GagsP and GaAs
protection layers are selectively removed by etching in

5%10'8cm-3 (Si) GaAs (0.2 um)
2x10'8 cm3 (Si) Alg 50INg 50P (25 nm)
1x10'8 cm-3 (Si) GaAs (0.15 um)

(@)

2x10'7 cm-3 (Be) GaAs (3.5 um)

4x10'7 cm-2 (Be) Ing 49Gag 51P (75 nm)
2x10'8 cm-3 (Be) GaAs buffer (0.2 um)

Zn-doped GaAs wafer

(b) Undoped AlAs (60 nm)
Undoped Ing 46Gag 51P (0.1 um)
Undoped GaAs (0.1 um)
Undoped Ing 40Gag 5P (0.1 um)
2x10'8 cm-3 (Be) GaAs buffer (0.2 um)

Zn-doped GaAs wafer

FIG. 1. (Color online) Schematic diagram of (a) the GaAs solar cell layer
structure, and (b) the trilayer epitaxial protection scheme including the AlAs
sacrificial layer.
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H5PO,4 : HCI (1 : 1) for 1 min, followed by H3PO, : H,0, :
H>O (3 : 1 : 25) for 30 s. Subsequently, etching in H;POy, :
HCl : H,O (1 : 1 : 1) and then HCI : H,O (1 : 1) for 1 min
each removes the final Ing49Gag 5P protection layer. The
substrate is loaded back into the GSMBE chamber and
degassed. A second or third sample cell is then grown on the
original parent substrate with structures identical to that of
the reference device.

After photolithographically defining 5 X 5 mm mesas, a
4 um deep wet etch of the epitaxial layers in H;PO, : H,O, :
H,O (3:1:25) for 11 min was followed by 1 min in H3POy,:
HCI (1 : 1). Then, a Ni (5 nm)/Ge (32 nm)/Au (65 nm)/Ti
(20 nm)/Au (1000 nm) n-type contact metal grid was
deposited using e-beam evaporation, photolithographically
defined, followed by photoresist lift-off. The aperture of the
metal grid with 75 um wide bus bars and 3 um wide fingers
was 94%. The p-type contact consisting of Pd (5 nm)/Zn
(20 nm)/Pd (20 nm)/Au (1000 nm) was next deposited on
the reverse side of the wafer. For ohmic contact formation,
both metal alloys were rapidly annealed at 410 °C for 60 s
followed by contact layer removal by BCIl; and Ar-based
chemically assisted physical plasma etching. Finally, a
ZnS /MgF, bilayer was deposited on the top surface to mini-
mize optical reflections.

To assess the material quality, Hall-effect measurements
were made on 1 um thick, Si-doped GaAs layers grown on
both the original and used wafer surfaces following epitaxial
and protection layer removal. For cross-sectional scanning
transmission electron microscopy (STEM) images obtained

10 nm

Original wafer

RMS = 0.20 nm

» ° M 4
Wnprotected wafery
A Y - o .
! . A ’ 14,
| . x

RN 0,97 1

Protected wafer

RMS = 0.21 nm

Sum

FIG. 2. (Color online) AFM images of the original epi-ready GaAs substrate
surface, HF exposed GaAs substrate surface after the epitaxial growth, and
removal of protection layers, and the surface without a protection layer. (b)
SEM image of an HF exposed wafer surface without protection layers.
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with a JOEL 2100 F TEM with a probe corrector in the high-
angle annular dark-field imaging mode, 0.5 um thick,
undoped GaAs layers were grown on both original, first, and
second epitaxies. A 1 um thick, undoped GaAs/Al,;Gag3As
double heterostructure was grown for photoluminescence
measurements on both the original and used wafers. Further-
more, to investigate the effectiveness of the protection layer
scheme in preventing surface damage, a 0.2 um thick GaAs
buffer layer was grown on an original wafer without a pro-
tection layer, and was then examined as described above.
The morphology and chemical composition of the surfaces
of the original, surface-protected and unprotected wafers
were compared using atomic force microscopy (AFM), scan-
ning electron microscopy (SEM), three-dimensional laser
microscopy, energy dispersive spectrometry (EDS), and x-
ray photoelectron spectrometry (XPS).

lll. RESULTS AND DISCUSSION

To use the same wafer for multiple growths, it is essential
to preserve the original surface morphology and chemistry at
all steps throughout the process. The AFM images (Fig. 2(a))
show a root-mean-square roughness of RMS =0.20 nm for
the original wafer surface, RMS = 0.97 nm after ELO on the
unprotected surface, and RMS =0.21 nm for the surface after
the Ing49Gags,P/GaAs/Ing 40Gag s P trilayer was removed
from the protected substrate. The surface roughness of GaAs
exposed directly to dilute HF increases fivefold from that of
the original wafer, whereas the protected wafer shows no
change. Additionally, three-dimensional laser microscopy and

Original wafer

J. Appl. Phys. 111, 033527 (2012)

surface profile measurements (not shown) over larger areas
(128 x 128 um and 3 x 3 mm, respectively) indicate that the
RMS surface roughness is > 20 nm for the unprotected wafer,
which is two orders of magnitude larger than the original
wafer due to the formation of a high concentration of micron
size particles over the wafer surface. Figure 2(b) shows these
particles as observed by SEM. The rough, particle-covered
surface prevents the subsequent growth of layers of the same
quality as on the original surface, and eventually results in the
degradation of regrown photovoltaic device performance.'' In
contrast, the pristine condition of the protected substrate after
layer removal suggests the feasibility of wafer reuse. More-
over, protection layer removal does not consume the original
wafer material; hence, the number of wafer reuses is poten-
tially unlimited.

To compare the surface chemistry and effectiveness of
protection layers on exposure to etchants with that of the
as-grown surface, EDS data for the surfaces of fresh, unpro-
tected, and protected wafers were obtained. Figure 3 shows
EDS maps of O, Ga, and As for the surfaces of the three dif-
ferent samples. Original and surface-protected wafers show
nearly identical chemical compositions, whereas surfaces
exposed to HF while lacking a protection layer exhibit
locally concentrated oxygen with a corresponding deficiency
of elemental Ga. The shape of the oxidized feature is consist-
ent with the presence of a micron-scale particle as shown in
Fig. 2(b), inset. This suggests the formation of As,Os on the
surface during the etch process.

Figure 4 shows the EDS data for the same samples as in
Fig. 3. The concentrations of O extracted from the spectra for

FIG. 3. (Color online) Hybrid mapping of elemental oxygen, gallium, arsenic near the surface of original, surface protected, and unprotected wafers after the
protection layers were removed. The elemental compositions are shown in each image.
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FIG. 4. (Color online) Energy dispersive spectra of wafers in Fig. 2.

the original, protected and unprotected wafers over the surface
were 2.2%, 0.7%, and 25.6%, respectively. Also, the atomic
ratios of Ga to As were 48.3% : 49.5%, 49.5% : 50.3%, and
33.2% : 41.2% with £0.4% error, respectively. The fresh and
protected samples show similar Ga : As ratios with low oxy-
gen concentration. Using P-based protection layers, the forma-
tion of As,Os on the surface during etching is prevented,
which is not the case when using As-containing layers. This
conclusion is supported by the XPS data in Fig. 5. Original
and protected wafer surfaces exhibit nearly identical As and
As,Os peak intensities at 41 eV and 45 eV, respectively, how-
ever, the unprotected surface shows a weak As and strong
As,05 peak intensity. Moreover, the XPS measurements (not
shown) indicate a negligible difference between original and
regrown wafer surfaces following protection layer removal
without the appearance of additional peaks, indicative of a
chemically unchanged surface before and after protection
layer removal and regrowth.

Figure 6 shows cross-sectional, high angle annular dark
field images of an undoped GaAs layer at the growth interface.
The reference epitaxial layer was grown on the original, epi-
ready wafer, and identical structures were grown on protected
and etched wafer surfaces that have been exposed to this cycle
twice, with the surface protection layers removed following
each growth sequence. The cross-sectional, atomic resolution
STEM image shows the nearly perfect crystalline growth

—— Original wafer
5000 + Protected wafer
Unprotected wafer
__ 4000+
2
c
3
o 3000
oy
2
k5 2000
£
1000 |
0 T T T T T ¥ T ¥ T L T ¥ T

36 38 40 42 44 46 48 50
Binding Energy (eV)

FIG. 5. (Color online) X-ray photoelectron emission spectra of the samples
in Fig. 2.

J. Appl. Phys. 111, 033527 (2012)

Growth oh original wafe"r_-

FIG. 6. (Color online) Atomic resolution cross-sectional transmission elec-
tron microscope images of the growth interface between the wafer and epi-
taxial GaAs layer grown on (a) original, (b) first epitaxial, and (c) second
epitaxial growth steps. Dotted lines indicate the starting growth interfaces.
Insets show details of the growth interfaces.

without any apparent defects for all samples. This indicates
that the quality at the growth interface after protection layer re-
moval is unchanged from that of the original wafer.

The Hall effect doping concentrations of the Si-doped,
1 um thick GaAs layers of the original and regrown samples
were (1.62 +0.05) x 10'® cm™ and (1. 66 =0.12) x 10'®
cm*3, respectively, and the Hall mobilities were 2030 = 80
em?/V s and 2050 + 120 cm?/V s, respectively. The small
differences between samples are due to run-to-run variations.

Photoluminescence (PL) spectra of the samples were
compared using a 20 mW, A=473 nm wavelength diode
pump laser. Figure 7 shows the PL intensity between
A=2820 nm and 4 =900 nm for three samples consisting of a
0.1 pum thick undoped Alj;Gag3As, a 1um thick undoped
GaAs, and a 0.1 um thick undoped Alj;Gag3As double het-
erostructure grown on an original (reference), protected and
unprotected wafer. The data indicate that losses due to non-
radiative recombination are comparable between the layers
grown on the fresh and used protected wafer. However, the
weak PL intensity of the structure grown on the unprotected
substrate is further evidence of a degraded surface. The inset
provides the reflection high energy electron diffraction
(RHEED) patterns obtained from the wafer surface in the
GSMBE chamber. The original wafer clearly exhibits a
2 x 4 reconstruction after 100 monolayers of buffer layer
growth. The nearly identical streak pattern after ~100 mono-
layers of growth after epitaxial protection layer removal indi-
cates that the surface roughness is unchanged from that of

Downloaded 16 Nov 2012 to 141.213.10.126. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



033527-5 Lee etal.
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FIG. 7. (Color online) Photoluminescence spectra at room temperature (300
K) from an Al 7Gag3As/GaAs/ Aly,Gag3As heterostructure on an original
and reused wafer. Insets: The 2x and 4x surface reconstruction patterns
obtained by reflection high-energy electron diffraction for the original and
etched substrate surfaces with and without a protection trilayer.

the reference. However, the RHEED patterns for the unpro-
tected surface exhibits a spotty chevron-shaped pattern, once
more indicative of a roughened surface.

Finally, solar cell epitaxial structures were grown on
both the original and reused substrates, and fabricated as in
Sec. II. Figure 8 shows the fourth quadrant current density
versus voltage (J-V) characteristics of the reference and
regrown photovoltaic cells measured under simulated
Atmospheric Mass 1.5 Global (AM 1.5 G) illumination at 1
sun (1 kW/mz) intensity. The optical power intensity was
calibrated using a National Renewable Energy Laboratory
certified Si reference photovoltaic cell. The measured short
circuit current and open circuit voltage, fill factor and power
conversion efficiency (PCE) for both devices are nearly iden-
tical (inset, Fig. 8). In addition, the external quantum effi-
ciencies (EQE) for the devices were measured from A =400
to 900 nm (Fig. 9) using a tungsten lamp, monochromator,
light chopper, and lock-in amplifier. Integration of the EQE
spectrum with the AM1.5 G spectrum estimates a short cir-

-0.030
-0.025 -
“«—
&
i\‘. -0.020 - Jee (MA/CM2)| Vo (V) | FF (%) | PCE (%)
> Grown on
& At 83.4 231
@ _0.015-| original 27.7+£ 0.5 1.0
g wafer +0.7 +0.6
- Grown on
§ 00104 veused |280+04 | 10 | F6 | 28
g wafer i i
[$]
-0.005 4 Grown on original wafer
—— Grown on reused wafer
0.000 T T T

T T
04 -02 00 02 04 06 08 1.0
Bias (V)

FIG. 8. (Color online) Current density vs voltage (/-V) characteristics under
1 sun, AML1.5 G simulated solar illumination of the GaAs solar cells grown
and fabricated on original and reused wafers using protection layers. Inset:
Device performance parameters. Here, J,. is the short circuit current, V,,. the
open circuit voltage, FF the fill factor, and PCE is the power conversion
efficiency.
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100
80 |-
Integration of EQE over 1 sun solar spectrum
60 (from 400 nm)
R Grown on original wafer 26.1mA/cm?
w
g 40}
Grown on reused wafer 26.5mA/cm?
B Grown on original wafer
Grown on reused wafer
0 T T T T
400 500 600 700 800 900

Wavelength (nm)

FIG. 9. (Color online) EQE of photovoltaic cells grown on original and
reused wafers as a function of wavelength. Inset: Short circuit current
obtained by integration of the EQE spectrum over a 1 sun, AM1.5 G solar
spectrum. Note that these are within experimental error of the directly meas-
ured currents in Fig. 8.

cuit current of J,.=26.1 mA/cm® and 26.5 mA/cm® for
GaAs solar cells grown on the original (reference) and used
substrates, respectively. The discrepancy between the inte-
grated short circuit current density and that measured
directly is primarily due to absorption at wavelengths
A <400 nm that is not accounted for in the former measure-
ment. Additionally, slight variations of device performance
possibly arise due to minor variations in fabrication from
run-to-run. Finally, we note that PCE=23.1 =0.6% and
22.8 20.5% for growth on the reference and used wafers,
respectively.

IV. CONCLUSIONS

In summary, we demonstrated multiple, high quality
epitaxial regrowths on a single GaAs wafer using a triple-
layer protection scheme that was removed without damage
to the original substrate surface. The substrate-growth inter-
face for original and used wafers with and without protection
layers were compared using several microscopic, morpho-
logical, and chemical probes, and indicates nearly identical
quality between the original and protected wafer surfaces.
Unprotected surfaces, however, show significant degradation
in roughness and stoichiometric composition due to oxygen
contamination during the etch process. Furthermore, the
electrical and optical properties of original and regrown
GaAs layers have been characterized and compared, with
similar results. Finally, photovoltaic cells grown on new and
reused wafers also show nearly identical performance with a
PCE of approximately 23%. The high power conversion effi-
ciencies of GaAs solar cells combined with multiple reuses
of the parent wafer promise cost competitiveness with other
solar cell technologies.
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