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Single-junction GaAs solar cell structures were grown by low-pressure MOCVD on GaAs (100)
substrates. Micro-rod arrays with diameters of 2 um, 5 um, and 10 um were fabricated on the
surfaces of the GaAs solar cells via photolithography and wet chemical etching. The patterned sur-
faces were coated with Au nanoparticles using an Au colloidal solution. Characteristics of the GaAs
solar cells with and without the micro-rod arrays and Au nanoparticles were investigated. The short-
circuit current density of the GaAs solar cell with 2 um rod arrays and Au nanoparticles increased
up to 34.9% compared to that of the reference cell without micro-rod arrays and Au nanoparticles.
The conversion efficiency of the GaAs solar cell that was coated with Au nanoparticles on the pat-
terned surface with micro-rod arrays can be improved from 14.1% to 19.9% under 1 sun AM 1.5G
ilumination. These results show that micro-rod arrays and Au nanoparticle coating can be applied
together in surface patterning to achieve a novel cost-effective anti-reflection technology.
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surface because the effective surface area increases. Scat-
tering of the light on the patterned surface can also improve
the light absorption and conversion efficiency of the solar
cell. These technologies can also be applied to III-V solar
cells.* 10

The deposition of metal nanoparticles on the surface
of solar cells can be an alternaiive ARC technology. The
metal nanoparticles can act as subwavelength scattering
elements to trap the incident light. The light scattering
from the metal nanoparticles increases the effective optical
path length in the solar cells. Therefore, the short-circuit
current and the conversion efficiency of the solar cells can
be improved.''""* In addition, various deposition processes
of metal nanoparticles have been studied, and the process
cost has become lower.''¢

In this study, two techniques, surface patterning with
micro-rod arrays and Au nanoparticle coating were com-
bined using an Au colloidal solution to improve the light
absorption and conversion efficiency of single-junction
GaAs solar cells. The characteristics of the GaAs solar cells
with and without the micro-rod arrays and Au nanopar-
ticles were investigated to determine the anti-reflection
effect.

NTRODUCTION

ir cells based on III-V compound semiconductors can
chieve high conversion efficiency because of the bandgap
ability by the elemental compositions, the direct
deap property, and the smaller efficiency degradation by
. Recently, an over 40% efficiency of InGaP/GaAs/Ge
Jple-junction solar cells has been achieved using tan-
structures and concentration technologies.*~ The high
ractive index of the III-V compound semiconductor
aterials, however, causes more than a 30% incident light
be reflected from the surface of the solar cells. MgF,/ZnS
i “reflection coatings (ARCs) can be used to prevent the
8§§cti011, but they can peel off easily because of their poor
dhesion properties. In addition, the cost of the ARC depo-
on process in a high-vacuum condition is very high.*

Or this reason, surface patterning technologies such as
famidal texturing, micro-array patterning, and nanopat-
g have been studied for cost-effective ARC of Si solar
S}‘g When the surface of the solar cells is textured,
Teflectance of the incident light can be reduced on the
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p-contact| Ti/Pt/Au 500 nm
p-ohmic p*-GaAs 300 nm
Window. .. p*IngsGagsP.. 200 nm
Emitter.. .. p-GaAs 500, nm
Base n-GaAs 3,500 nm
BSE n*ng sGay g 50.nm
Buffer n-GaAs 200 nm
Substrate  n*-GaAs 350 ym
n-contact AuGe / Ni/ Au 500 nm

Fig. 1. Schematic of the fabricated GaAs single-junction solar cells.

2. EXPERIMENTAL DETAILS

The single-junction GaAs solar cell structures were grown
by metal-organic chemical vapor deposition (AIXTRON:
AIX2600G3 IC) on Si-doped n-type GaAs (100) sub-
strates with a misorientation of 2° toward the (111} plane.
Trimethylgallium (TMGa), trimetylindium (TMIn), arsine
(AsH3), and phosphine (PH;) were used for the group III
and V precursors. Silane (SiH,) and diethylzinc (DEZn)
were used for the n-type and p-type dopant precursors,
and hydrogen (H,) was used for the carrier gas. The reac-
tor pressure and temperature were kept at 50 mbar and
680 °C, respectively.

A schematic of the fabricated GaAs single-junction solar
cells is shown in Figure 1. The solar cell consisted of
GaAs p-n junction layers, highly doped Ing sGa, 5P lay-
ers for the back surface field (BSF) and the window layer,
a highly doped p*-GaAs cap layer for the ohmic contact,
and an n-GaAs buffer layer for high crystal quality. All
the grown layers were lattice-matched with the GaAs sub-
strates. Especially, the p*-In,;GaysP window layer was
grown to 200 nm for the surface patterning process.

The solar cell devices were fabricated via photolithog-
raphy, metal deposition, annealing, and wet chemical etch-
ing. The n-type and p-type contacts consisted of AuGe
(800 AYNi (200 A)YAu (4000 A) and Ti (200 A)Pt
(200 AY/Au (4600 A), respectively. The metal structures
were formed with an e-beam evaporator and annealed
using a rapid thermal annealing system. The p*-GaAs
cap layer was selectively etched in a citric acid solution

(a) (b)

Fig. 2. AFM images of the micro-rod arrays with diameters of (2) 2 wm, (b) 5 wm, and (c) 10 wm on the surface of the GaAs solar cell.
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(CA:H,0,:H,0 = 25:1:75). The solar cells were iy
with a dicing saw system. The aperture are, of
fabricated solar cell was 0.25 cm?.

Hexagonal micro-rod arrays were patterned op the st
face of the fabricated solar cell via photoliihogmphy @ sg
wet chemical etching. The diameters of the MiCro. g
were 2 um, 5 um, and 10 wm, and the disiance betwee;
the micro-rods was 2 pum. The micro-rod arrays e,
formed on top of the p*-InGaP window layer vig ®
etching by dipping them into an HCL:H;PO,:H,0 (ki;g
solution for 1 minute at 22 °C. The morphol
the patterned surface was investigated via atomi
microscopy (AFM), and the measured AFM images 4
shown in Figure 2. The diameters of the micio-rods Were
(a) 2 um, (b) 5 wm, and (c) 10 wm, and the etched depty
was about 40 nm. The micro-rods were not cylindricalg
shape because of the isotropic property of the wet chemieg]
etching process.

After the surface patterning, the patterned surface &
the solar cells was coated with Au nanoparticles, A sol
tion that contained colloidal Au nanoparticles (Nano %
was dropped on the patterned surface with a micro-pipette
and dried at room temperature. Figure 3 shows field emis
sion scanning electron microscope (FE-SEM) images ¢
the patterned surfaces of the solar cells with Au nanopar.
ticles. The size of the Au nanoparticles was from 10 i
to 20 nm, and the density of the Au nanoparticles on the

A

patterned surface was approximately 5.6 x 10° ¢m™2,

0gy g
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3. RESULTS AND DISCUSSION

The reflectance at the interface of the air and the sur-
face of the fabricated solar cell was measured with a UV-
VIS-NIR spectrophotometer (Varian: Cary 5000). Figure 4
shows the measured reflectance of the GaAs solar cell
with and without the micro-rod arrays and Au nanopar- -
ticles. It was observed that the reflection of the incident
light was reduced when the surface was patterned with the
micro-rod arrays on the surface of the GaAs solar cells.
The reflectance of the solar cell with 2 pm rod arrays
(c) was lower than that of the solar cell without a micro-
rod array (a), especially in the short-wavelength region.
The reduction in the reflectance at short wavelengths was
mainly due to the differences in the top surface reflections
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anoparticles.

from the solar cells.” The difference in the reflectance
according to the diameter of the micro-rod was clear in
(he wavelengths below 500 nm, and the reflectance of the
GaAs solar cell with 2 wm rod arrays was the lowest.
This means that the reflectance of the patterned solar cell
an be reduced more efficiently when the density of the
icro-rods increases, similar to the result of a previous
tudy.'”

The anti-reflection effect of the Au nanoparticle coat-
ng was also found in the comparison of the reflectances
of the solar cells with and without Au nanoparticles. The
eflectance of the solar cell with Au nanoparticles (b) was
ower than that of the solar cell without Au nanoparti-
les (a) throughout the entire 350 nm to 900 nm wave-
:ﬁhgth region. This is because of the light scattering from
he Au nanoparticles. When small metal nanoparticles
are placed close to the interface between two dielectrics,
ight scatters preferentially into the dielectric with the
arger permittivity.'* Therefore, the solar cell with Au
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90 |- 4
—a (a) without rod, Au NPs

80 - - (b} without rod, with Au NPs a
== (C) With 2 um rod, without Au NPs

70k g (d) with 2 pm rod, Au NPs n
—te-- (@) With 5 ymrod, Au NPs

80 F —a(f ) with 10 um rod, Au NPs R

Reflectance (%)
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i .
f‘h 4. Reflectance at the surface of the GaAs solar cell with and
out the micro-rod arrays and Au nanoparticles.
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Fig. 3. FE-SEM images of the patterned surfaces with (a), (d) 2 pm, (b). {e) 5 wm, and (c), {f) 10 wm rod arrays after the deposition of the Au

nanoparticles can absorb the additional light at incident
angles beyond the critical angle for reflection. Moreover,
the effective optical path length increases because light can
be trapped between the top surface with Au nanoparticles
and the metal back contact. The light scattering effect at
short wavelengths is smaller than at long wavelengths due
to the phase mismatch that is closely related to the polar-
izability of the particle."

Figure 5 shows the external quantum efficiency (EQE)
of the GaAs solar cell with and without the micro-rod
arrays and Au nanoparticles, which was measured with
the solar cell quantum efficiency measurement system (PV
Measurements: QEX7). Trends similar to those of the
reflectance can be found in the EQE of the solar cells.
Higher EQEs were observed clearly at long wavelengths
when the surface was patterned with the micro-rod arrays
and coated by the Au nanoparticles. This means that the
light absorption property of the solar cell improved with
the reduction in the surface reflection and the additional
carrier generation. The differences in the EQEs decreased

100 . T
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70 |-

—a— (@) without rod, Au NPs
() without rod, with Au NPs
—g— () with 2 pm rod, without AuNPs
o (d) with 2 um rod, Au NPs

e (@) with 5 um rod, Au NPs
w~gi— (f } with 10 um rod, Au NPs

L L 1 1

400 500 600 700 800 900
Wavelength {(nm)

External Quantum Efficiency (%)
g
T

Fig. 5. External quantum efficiency of the GaAs solar cell with and
without the micro-rod arrays and Au nanoparticles.
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Fig. 6. Photovoltaic /-V characteristics of the GaAs solar cells with and
without the micro-rod arrays and Au nanoparticles.

in the wavelengths below 660 nm, however, because of the
thermalization loss.

The photovoltaic current-voltage (/-V) characteristics
were measured with a solar simulator (McScience: K3000)
under 1 sun air-mass (AM) 1.5 global illumination with a
cell area of 0.25 cm®. Figure 6 shows the photovoltaic -V
characteristics of the GaAs solar cells with and without
the micro-rod arrays and Au nanoparticles, and the specific
measured device parameters are summarized in Table 1.
The short-circuit current density (Jgc) increased to up to
10.8%, 7.2%, and 6.9% when the 2 pm, 5 pwm, and 10 um
rod arrays were patterned on the surface of the GaAs solar
cell, respectively. Jg. also increased to over 20% when
the surface of the GaAs solar cell was coated with the
Au nanoparticles. The open-circuit voltage (Voe) and the
fill factor (FF) did not change significantly, compared to
Jsc- As a result, the maximum conversion efficiency )
of 19.9% was obtained in the GaAs solar cell with 2 Jom
rod arrays and Au nanoparticles. In comparison with the
GaAs solar cell without micro-rod arrays and Au nanopar-
ticles, the Jg¢, Voe, and FF increased to up to 34.9%, 3.3%,
and 1.4%, respectively. These prove that the increase in the
solar cell efficiency was mainly due to the improvement in
the light absorption property.

Table I. Characteristics of the GaAs solar cells with and without the
micro-rod arrays and Au nanoparticles.
Micro-rod = Voo (V) Jse (mA/ecm®)  FF 7 (%)
Without Au NPs  Without 0.91 20.78 0.74  14.10
2 pm 0.94 23.02 0.75 1636
5 pm 0.95 22.27 0.75 15.78
10 pm 0.94 22.22 072 15.05
With Au NPs Without 0.92 26.11 0.74 17.78
2 um 0.94 28.04 0.75 19.90
5 pm 0.96 26.99 0.75 19.24
10 um 0.94 26.68 0.73  18.33
5482

The micro-rod surface patterning and the Ay
ticle coating separately induced the anti-reflectio;
When the two ARC technologies were applieg togeth,
to the GaAs single-junction solar cells, the anti-reﬂgcﬁs
effect became large enough to replace the conv
expensive ARC techniques. In addition, further o
improvements can be achieved with surface nanop
technologies with optimized metal nanoparticles.

Nang
T elfecy,

eﬂtityné
fﬁcien@
attemi,;

4. CONCLUSIONS

Micro-rod arrays with different diameters were fabricateq
on the surfaces of GaAs single-junction solar cells, afier.
which the patterned surfaces were coated with Ay nanopgy.
ticles. The characteristics of the GaAs solar celis with ang
without the micro-rod patterns and Au nanoparticles were
investigated by measuring the reflectance, EQE. ang pho-
tovoltaic I-V curves. The reflection of the incident light
was reduced and the light absorption of the GaAs solar celi
improved. The GaAs solar cell with 2 pm rod arrays apd
Au nanoparticles showed the maximum conversion effi-
ciency of 19.9%. Jg. increased up to 34.9%, and the con-
version efficiency improved from 14.1% to 19.9% under
the AM 1.5G illumination. These results mean that both
the micro-rod surface patterning and the Au nanoparticle
coating improved the light absorption of the GaAs solar
cell. Therefore, they can be applied together for a novel
cost-effective anti-reflection technology.
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