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A promising passivation method for the AlGaAs window layer of GaAs-based compound solar cells using photoelectrochemical
�PEC� oxidation process was investigated. The advantage of this passivation method was attributed to the reduction of interface
states between the window layer and oxide layer, and the decrease in original contaminants on the window layer surface by
self-oxidation. The conversion efficiency of the solar cell could be improved by more than 3.68% due to the PEC treatment. The
obtained results demonstrate that the PEC treatment is an effective low temperature technique for surface passivation, which
enhances the performance of GaAs-based compound solar cells.
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Recently, III–V compound solar cells have been extensively
studied.1-3 Owing to their high conversion efficiency and high radia-
tion hardness, III–V compound solar cells were widely used in space
and applied in the terrestrial concentrator photovoltaic systems.4,5

GaAs-based compound solar cells exhibit high conversion efficiency
under the global air mass �AM� 1.5 spectrum �100 mW/cm2� due to
its absorption matching well with the solar spectrum, and the use of
GaAs-based semiconductors has been widely recognized for obtain-
ing high conversion efficiency. However, to avoid the absorption of
illuminating sunlight by the contact layer of compound solar cells, a
selective etching procedure is usually performed in the fabrication
process, which would induce a high surface state density and hence
a high surface recombination rate. Consequently, the performances
of the resulting compound solar cells are degraded.6 Recently, vari-
ous passivation methods, such as sulfidation surface treatment and
chlorination surface treatment, have been investigated to improve
the performances of semiconductor devices.7-10 In this study, to pas-
sivate the window layer surface and to improve the conversion ef-
ficiency of GaAs-based compound solar cells, a photoelectrochemi-
cal �PEC� oxidation method was used to directly oxidize the AlGaAs
window layer. By measuring the associated dark current density, the
interface state density, and the conversion efficiency, the passivation
function of the direct oxidation method was studied and analyzed.
To focus the investigation of the function of PEC oxidation method,
the relative conversion efficiency was emphasized by using the same
single junction epitaxial structure of GaAs-based compound solar
cells.

Experimental

The single junction epitaxial structure of the GaAs-based solar
cells studied in this work was grown by a metallorganic chemical
vapor deposition system and is shown in Fig. 1. A 350 nm thick
p-GaAs �4 � 1017 cm−3� buffer layer was first grown on p-GaAs
substrates, and then a 100 nm thick p-Al0.3Ga0.7As �2
� 1018 cm−3� back surface field layer, a 2000 nm thick p-GaAs
�3 � 1017 cm−3� base layer, a 1000 nm thick undoped GaAs layer,
a 500 nm thick n-GaAs �2 � 1018 cm−3� emitter layer, a 30 nm
thick n-Al0.3Ga0.7As �1 � 1018 cm−3� window layer, and a 40 nm
thick n+-GaAs �5 � 1018 cm−3� contact layer were grown sequen-
tially. The n-Al0.3Ga0.7As is referred to as n-AlGaAs hereafter. The
bottom surface of the p-GaAs substrate was cleaned with chemical
solutions of trichloroethylene, acetone, and methanol. The back
electrode �Ag/Au, 25/150 nm� was immediately deposited on the

* Electrochemical Society Active Member.
z E-mail: ctlee@ee.ncku.edu.tw
ownloaded 21 Jun 2010 to 159.226.100.225. Redistribution subject to E
cleaned p-GaAs surface using an electron-beam deposition system.
To perform ohmic contact, the samples were then annealed in a H2
ambient at 450°C for 3 min. The surface of the n+-GaAs contact
layer was also cleaned with chemical solutions of trichloroethylene,
acetone, and methanol. A standard photolithography technique was
used to define the area of metal electrode, as shown in Fig. 1. The
top electrode �Au–Ge–Ni/Au, 200/100 nm� was immediately depos-
ited on the n+-GaAs contact layer using an electron-beam deposition
system. After using the lift-off technique to remove the deposited
metals outside of the defined electrode area, the samples were an-
nealed in a H2 ambient at 425°C for 3 min to perform ohmic con-
tact. The n+-GaAs contact layer beside the electrode area was etched
down to the surface of the n-AlGaAs window layer using a selective
etching solution of citric acid, H2O2, and H2O �18 g:2.5 mL:10 mL�.
The as-etched samples were divided into two groups for fabricating
solar cells without and with the PEC oxidation process, and the
resultant devices were named as solar cell A and solar cell B, re-
spectively, hereafter. For the fabrication of solar cell B, the as-etched
surface of the samples was treated using the PEC oxidation system,
as shown in Fig. 2. During the treatment, the samples were dipped in
a hydrochloric acid �HCl� electrolytic solution, of which the pH
value was adjusted to 3.5 measured using a Jenco 6007 digital pH
meter. A He–Ne laser with a wavelength of 632.8 nm was used as
the light source to create electrons and holes on the interface be-
tween the HCl electrolytic solution and the n-AlGaAs surface, and a
voltage of 1.5 V was applied for 2 min. The reaction was expressed
as

Figure 1. The schematic configuration of GaAs-based compound solar cells
with PEC oxidation treatment.
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20Al0.3Ga0.7As + 60H2O + 120h+ → 3Al2O3 + 7Ga2O3

+ 10As2O3 + 120H+ �1�

where h+ are holes. After using the PEC oxidation treatment, the
samples were rinsed with deionized water and were blown dry with
N2 immediately. TiO2/SiO2 �71/111 nm� antireflection coating lay-
ers were instantly deposited using an electron-beam deposition sys-
tem. A continuous solar simulator system under AM 1.5 global
�100 mW/cm2� was used as the light source for measuring the con-
version efficiency. Moreover, to further investigate the passivation
function of the PEC oxidation of the GaAs-based compound solar
cells, Al/TiO2/as-etched n-AlGaAs and Al/TiO2/PEC oxidized
n-AlGaAs metal-oxide-semiconductor �MOS� devices, as shown in
Fig. 3a and b, were fabricated using standard photolithography tech-
nique and lift-off technique. The ring electrode of Au–Ge–Ni/Au
�200/100 nm� with a radius of 150 �m was evaporated using an
electron-beam deposition system. To obtain ohmic contact perfor-
mance, the samples were annealed in a H2 ambient at 425°C for 3
min. The n+-GaAs contact layer beside the electrode area was etched
down to the surface of the n-AlGaAs window layer using a selective
etching solution of citric acid, H2O2, and H2O �18 g:2.5 mL:10 mL�.
After the etching process, a PEC oxide layer on the window region
of the n-AlGaAs was grown in a HCl electrolytic solution with a pH
value of 3.5 under the illumination of a He–Ne laser and an applied
voltage of 1.5 V for 2 min. A 50 nm thick TiO2 film was evaporated
using an electron-beam deposition system. A 200 nm thick Al circu-
lar pattern with a radius of 100 �m was defined at the center of the
window region using the photolithography technique and lift-off
technique. The associated interface state density was found from the
capacitance–voltage �C-V� characteristics measured at 1 MHz using
an HP 4280A.

Results and Discussion

The C-V characteristics of the Al/TiO2/as-etched n-AlGaAs
MOS devices and Al/TiO2/PEC oxidized n-AlGaAs MOS devices
are shown in Fig. 3a and b, respectively, when an applied voltage
was swept from 2 to �8 V and then swept back to 2 V. The corre-
sponding device structures are also shown in the insets of Fig. 3a

Figure 2. The schematic configuration of PEC oxidation system.
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and b, respectively. The threshold voltage shift �Vth is attributable
to the different charging conditions of the interface states between
the forward and reverse sweeps. The interface state density Dit could
be estimated as11,12

Dit =
�Cox�Vth�

�AqEg�
�2�

where Cox is the accumulation capacitance, A �=3.14 � 10−4 cm2�
is the gate area of the MOS devices, �Vth is the threshold voltage
shift, q is the electron charge, and Eg �=1.8 eV� is the bandgap of
n-AlGaAs. On the basis of the C-V characteristics shown in Fig. 3a
and b, the accumulation capacitance of 72.35 and 57.25 pF for the
Al/TiO2/as-etched n-AlGaAs and Al/TiO2/PEC-oxidized n-AlGaAs
MOS devices was measured, respectively. The smaller capacitance
of the latter was caused by its thicker insulator layer composed of a
TiO2 layer and an oxidized n-AlGaAs layer. The associated voltage
shifts of 1.02 and 0.50 V were obtained. Substituting those data in
Eq. 2, the corresponding interface state density Dit of 8.2 � 1011

and 3.1 � 1011 cm−2 eV−1 was calculated for the
Al/TiO2/as-etched n-AlGaAs and Al/TiO2/PEC-oxidized n-AlGaAs
structures, respectively. The reduction of interface state density
would result from the PEC oxidation passivation of the n-AlGaAs
layer.

To investigate the effects of the PEC passivation on the GaAs-
based solar cells, three kinds of devices with different surface treat-
ments on the n-AlGaAs window layer were fabricated. As men-
tioned above, the GaAs-based compound solar cells fabricated
without and with the PEC oxidation process were named as solar
cell A and solar cell B, respectively. For the one named solar cell C,
the n-AlGaAs window layer was first selectively etched and PEC
oxidized, and then the oxidized layer was removed using dilute HCl.
After the above-mentioned treatments on the n-AlGaAs window
layer were performed, all the three kinds of solar cells were coated
with a double antireflection layer composed of 71 nm thick TiO2 and
111 nm thick SiO2, as shown in Fig. 1. Figure 4 shows the reflec-
tivity of the three kinds of GaAs-based compound solar cells in the
wavelength region between 400 and 1000 nm, which was measured
by a Hitachi U-4100 spectrophotometer system.

The typical dark current density–forward bias voltage �dark J-V�
characteristics of the three GaAs-based compound solar cells mea-
sured by an HP 4156C semiconductor parameter analyzer are shown
in Fig. 5. The dark J-V characteristics of solar cells A and C are very
similar. The measured results of both optical reflectivity and electri-
cal performance indicated that the electrical and optical properties
were not obviously influenced by a slight thickness change in the
window layer.13 Compared with solar cells A and C, the dark current
of solar cell B was obviously reduced and the dark J-V curve shifted
to the larger forward bias voltage. This was due to the existence of
the PEC-oxidized AlGaAs layer between TiO2 and n-AlGaAs,
which passivated the AlGaAs surface and hence reduced the carrier
recombination rate through the interface states.14,15 From the above

Figure 3. �Color online� The C-V charac-
teristics of �a� Al/TiO2/as-etched
n+-AlGaAs and �b� Al/TiO2/PEC-
oxidized n+-AlGaAs MOS devices.
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experimental results, it was reasonable to deduce that the major
improvement in the dark current density was attributed to the passi-
vation function of the PEC oxidation treatment.

Figure 6 shows the current density vs voltage �J-V� curves under
the illumination of an AM 1.5 G spectrum for the above-mentioned
three kinds of GaAs-based compound solar cells. Based on the ex-

Figure 4. The reflectivity as a function of wavelength of GaAs-based com-
pound solar cells with various treated AlGaAs window layers.

Figure 5. The J-V characteristics for the GaAs-based compound solar cells
with various treated AlGaAs window layers.

Figure 6. The illuminated J-V characteristics under AM 1.5 G spectrum for
the GaAs-based compound solar cells with various treated AlGaAs window
layers.
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perimental results, the fill factor �FF�, conversion efficiency ���,
short-circuit current density �Jsc�, and open-circuit voltage �Voc�
were measured and are listed in Table I. The Jsc of 17.90, 21.88, and
18.21 mA/cm2 were obtained for solar cells A, B, and C, respec-
tively. The corresponding Voc of 0.89, 0.93, and 0.89 V were ob-
tained. The efficiency of 16.14% was obtained for solar cell B. The
improvement in efficiency compared to the value of 12.46% for
solar cell A could be ascribed to the passivation of the surface of the
AlGaAs window layer by PEC treatment. To see the influence of the
thickness of the window layer, solar cell C was fabricated to have
the same thickness of the AlGaAs window layer as the solar cell B.
The efficiency of solar cell C shows a slight increase compared to
solar cell A, which is due to the different thicknesses of the AlGaAs
window layer. However, the influence of the AlGaAs window layers
with slightly different thicknesses on the antireflectivity perfor-
mance was marginal, as shown in Fig. 4.

The spectral response of the GaAs-based compound solar cells,
measured from 400 to 1000 nm, is presented in Fig. 7. The enhanced
external quantum efficiency of solar cell B was attributed to the
reduction of interface state density caused by the PEC oxidation
treatment. The reduction of interface state density could decrease the
loss of photogenerated carriers passing through the AlGaAs window
layer. Because of the lower recombination rate of carriers, the carrier
extraction capability of the external circuit was improved. This phe-
nomenon verifies that the enhanced conversion efficiency can be
attributed to the improvement of the electrical properties of the solar
cells by using the PEC oxidation treatment.

Conclusions

In summary, the conversion efficiency improvement of a GaAs-
based compound solar cell with PEC treatment was about 3.68%
compared to the solar cells without PEC treatment. According to the
C-V measurement results, this improvement was attributed to the
passivation of dangling bonds and the reduction of the interface state
density, which reduced the recombination rate of the photoinduced
carriers. The PEC direct oxidation treatment is a promising simple
method to improve the performances of GaAs-based compound so-

Table I. Performances of GaAs-based compound solar cells with
various treated AlGaAs window layers.

Solar cell
Jsc

�mA�
Voc
�V� FF

�
�%�

A 17.90 0.89 0.782 12.46
B 21.88 0.93 0.793 16.14
C 18.21 0.89 0.782 12.67

Figure 7. The spectral responses of the GaAs-based compound solar cells
with various treated AlGaAs window layers.
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lar cells. In this work, the conversion efficiency improvement of the
PEC-treated solar cells was focused and demonstrated by using the
same single junction epitaxial structure to fabricate solar cells with
and without the PEC oxidation treatment.
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