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The application of transparent conducting indium-tin-oxide (ITO) film as full front electrode replacing the conven-
tional bus-bar metal electrode in III-V compound GalnP solar cell was proposed. A high-quality, non-rectifying contact
between ITO and 10 nm N*-GaAs contact layer was formed, which is benefiting from a high carrier concentration of the
terrilium-doped N*-GaAs layer, up to 2x10'® cm™3. A good device performance of the GaInP solar cell with the ITO
electrode was observed. This result indicates a great potential of transparent conducting films in the future fabrication of

larger area flexible III-V solar cell.
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1. Introduction

III-V compound multi-junction solar cells have been
extensively researched and achieved ultrahigh conversion
efficiency due to their wide spectral absorption of solar
energy.!') Numerous studies have been conducted with dif-
ferent epitaxial growth techniques and differently designed de-
vice structures to improve their performances.*°! To reduce
the shadow loss and to increase the current extraction capabil-
ity, the transparent conducting film was proposed to replace
bus-bar metals in the III-V compound solar cells as the new
electrode.”!

The indium-tin-oxide (ITO) film has been widely utilized
as the transparent conducting electrode in various optoelec-
tronic devices because of its excellent electrical and optical
properties. [¥-1%1 However, it is difficult to form good ohmic
contact between ITO film and III-V semiconductor. In addi-
tion, the specific resistance of the ITO film is higher than that
of the AuGeNi/Au metal normally used for the III-V com-
pound solar cells.!'!l Therefore, a hybrid electrode structure
consisting of metal contact pads and ITO films is universally
employed to enhance the device performance.!!>!3 But such
a hybrid structure increases the complexity of the device fab-
rication procedure. An easy way to fabricate the device with
only ITO as the electrode is therefore highly anticipated.!'*!3]

In this paper, we propose the application of transparent
conducting ITO film as the new full front electrode to replace
the conventional bus-bar metals in the III-V compound GalnP
solar cell. The ITO film effectively transports carriers in a
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way similar to the bus-bar of the conventional metal electrode.
By inserting a 10 nm highly Te-doped N"-GaAs between ITO
and AlInP window layer, a high-quality non-rectifying contact
between ITO and 10 nm NT-GaAs contact layer was formed.
The successful operation of the full ITO electrode not only
simplifies the device fabrication process, but also gives great
promise to the future application of transparent conducting
films in larger area flexible III-V solar cell fabrication.

2. Experiments

The epitaxial material of the GalnP solar cell was grown
on a p-type GaAs substrate by all solid-state molecular beam
expitaxy (MBE). The structure of the GalnP solar cell grown
on the p-type GaAs substrate includes a p-GalnP base layer
(650 nm with the carrier concentration of 3.5x10'® cm~3), an
nt-GalnP emitter layer (80 nm with 4x 10'8 cm’3), an Al-
GalnP back surface field layer (30 nm with 4x10'8 cm~3) |
and an AlInP window layer (20 nm with 4x10'7 cm™3) to
decrease the surface recombination. During the growth, a typ-
ical temperature of about 530 °C was used. The V/III ratio
was approximately 80 and the growth rate was 1 pm/h. After
the growth of the AlInP window layer, a 10 nm heavily-doped
GaAs layer with the solid-state Te as the n-type dopant was
grown to form a good ohmic contact with the ITO film. Fig-
ure 1 shows the schematic structure of the device.

Before the ITO deposition, the surface of the device was
cleaned with acetone, isopropanol, and deionized water and
blown dry using nitrogen gas. The ITO films with 100 nm
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thickness were deposited onto the 10 nm nt-GaAs contact
layer via an optical thin film coater (OTFC-900). The ITO
target composition in this work was 95% In;O3 and 5% SnO,
in weight. To obtain the best ohmic contact between the ITO
film and the n*-GaAs layer, the sample was annealed at dif-
ferent temperatures for 3 min in ambient N,. The circular
transmission line model (c-TLM) patterns made of photore-
sist were formed using standard photolithography to measure
the contacting resistance.['®! The back electrode Pd/Zn/Pd/Au
(5 nm/10 nm/20 nm/200 nm) was deposited onto the p-type
GaAs substrate using a DC magnetron sputtering equipment.
After the sputtering, annealing was performed at 400 °C for
3 min in ambient N,. The optical properties of the ITO film
were measured by PekinElmer LAMBDA 750 UV/Vis/NIR
spectrophotometer. The devices were processed following the
standard III-V solar cell device art. The size of the device was
2.5 mmx2.5 mm. No other anti-reflector coating (ARC) layer
was deposited on the test devices. The typical current—voltage
(I-V) characteristics were measured under air mass 1.5-global
(AM1.5G) illumination using a Keithley 2440 source meter.
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p-GaAs(Be) buffer 2x1018 300 nm
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Fig. 1. (color online) Schematic structure of the GalnP solar cell with
the full ITO film electrode.

3. Results and discussion

To achieve a good ohmic contact between III-V semi-
conductor and ITO film, high doping concentrations of both
materials are critical and necessary, so that the carriers can
tunnel more easily between GaAs and ITO. Therefore, contin-
uous effort to decrease the contacting resistance relies highly
on increasing the carrier concentration of GaAs. However, for
Si-doped GaAs, when the dopant concentration is higher than
5x10'"® cm™3, it suffers from a significant self-compensation

problem due to the amphoteric dopant nature of Si. Te, how-
ever, has been proved to be a perfect n-type dopant for the high
electron concentration owing to its low diffusion coefficient
and high doping reachability. There are a few reports on Te-
doped GaAs. PbTe is usually used as the dopant source.!!”! In
our study, we chose solid-state elemental Te instead of PbTe
as the dopant source because it is environmentally friendly,
considering the carcinogenic effect of Pb. The solid-state Te
source was loaded into a two-zone thermal cell. The crucible
with a small hole on the cap was used for the Te source to
enable the accurate control of the dopant flux, which helps to
reduce the memory effect significantly. A high carrier concen-
tration of 2x 10" cm™3 was obtained for GaAs:Te.!!718] The
surface of this highly Te-doped sample was still very smooth
because the surfactant effect of Te promotes a smooth surface
by enhancing the adatom attachment. The high Te incorpo-
ration changed the photoluminescene (PL) behavior of the
GaAs film. Figure 2(a) shows the PL spectrum of GaAs:Te. A
Gaussian shape was observed. Its PL peak was broadened but
symmetric. Compared to the PL peak of the GaAs substrate at
870 nm, the PL peak maximum shifted approximately 110 nm
towards higher energy because of the Berstein—Moss shift and
the band-shrinkage, which is consistent with the result re-
ported by Jiang desheng er al.!') In addition, Te has a larger
atomic size than arsenic, so it adds a compressive strain to
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Fig. 2. (a) PL spectrum of GaAs:Te layer with a carrier concentration
of 2.5% 10" cm ™3, (b) the corresponding (004) XRD @ /20 scans.
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the GaAs substrate. Figure 2(b) shows the XRD spectrum of
Te-doped GaAs, the diffraction angle of GaAs:Te is shifted by
nearly 0.06° from that of the substrate; but it has little effect
on the device performance, since the stress layer is on the top
of the whole structure.

Figure 3 presents the contacting resistance of n-GaAs
with ITO for different carrier concentrations of n-GaAs. With
increasing concentration, the contact resistance decreased. In
the case of Te-doped GaAs with the carrier concentration of
2x10' cm™3, the resistance was as low as 2x 107> Q-cm?,
which is comparable to that of metal contact. The inset shows
the room temperature Hall mobility of n-type GaAs as a func-
tion of the carrier concentration. The mobility as a function
of the doping density of Te-doped GaAs shows a similar dis-
cipline to that of Si-doped GaAs, which indicates that the Te-
doped GaAs remains good material quality.
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Fig. 3. The contacting resistance of n-GaAs with ITO as a function of
the carrier concentration of n-GaAs. The inset shows room temperature
RT Hall mobility of n-type GaAs as a function of the carrier concentra-
tion.

A further study has shown that different annealing con-
ditions have significant effect on the contact resistance. Dur-
ing annealing, the indium, tin, and oxygen diffusions all play
important roles in the contact resistance of ITO/GaAs inter-
face.
7.6x10'8 ¢cm™3, the contact resistance of ITO/n-GaAs under
different rapid thermal annealing in ambient N, is given in

When the carrier concentration of Si-doped GaAs is

Fig. 4, which was obtained by a high-precision probe station
based on c-TLM method.['! It can be found that the specific
contact resistance decreased with increasing annealed tem-
perature at first, and then increased. With the samples an-
nealed at 480 °C for 3 min, a good ohmic contact between
the ITO film and the n-GaAs layer with a low resistivity of
7.x107 Q-cm? was obtained. Under the same annealing con-
dition, the lowest resistance between ITO film and Te-doped
GaAs was 2x 1075 Q.cm?.

On the basis of the success contact between GaAs and
ITO films, a GalnP solar cell with the ITO as the contact layer

was fabricated. Figure 5 shows the current density—voltage (J—
V) characteristics of the GalnP solar cell with the full ITO film
electrode under AM1.5G illumination condition. The short-
circuit current density (Ji), open-circuit voltage (Vi.), and
fill factor (FF) are 10.51 mA/cm?2, 1.24 V, and 80%, respec-
tively, corresponding to a total power conversion efficiency
of 10.42%. The lower V, is due to the imperfect material
quality of GaInP as well as its doping.[?"! The total photocur-
rent was lower comparable to our previous reported value in
references,?>!1 which is due to the absorption loss of the
ITO film and the absence of anti-reflectance film deposition.
The inset shows the absorption of pure ITO film. The aver-
age absorption loss is less than 5%, corresponding to a current
density loss of 0.5 mA/cm? of the GalnP solar cell. Because
of the relatively thin ITO film, the absorption loss of ITO did
not have a significant effect on the current density. The main
reason is the reflectivity of the ITO film.
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Fig. 4. The contact resistance between ITO and GaAs versus the an-
nealing temperature in ambient N».
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Fig. 5. The typical current density—voltage characteristics of the GalnP
solar cells with the full ITO film electrode at 1 sun, AM1.5G. The inset
shows the absorption of pure ITO film.

The current density was partly benefiting from the nearly
zero shadowing loss of the ITO film, the high reflectivity of
ITO drives down this positive effect. Figure 6 shows the exter-
nal quantum efficiency (EQE) of this device. The calculated
Jse is about 10 mA/cm?, which is in good agreement with
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the measured value from the J-V characteristics. The lower
EQE is due to the higher surface reflection of the device. Be-
cause the ITO film and highly Te-doped GaAs contact layer
were direct contacted without ARC layer, the upper surface
of the device was covered by pure ITO film. Meanwhile, for
the conventional cell, ARC is deposited between the metal fin-
gers. The inset compares the reflectivity of the device with and
without ITO. The average reflectivity decreases from 41.0% to
14.5% after employing 100 nm thick ITO film, which indicates
that the ITO film could serve as a part of ARC while being
used as the electrode. However, even with the ITO deposition,
the reflectivity at about 400 nm is still quite high at about 30%.
As a result, a very low EQE at around this wavelength range
was observed.
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Fig. 6. Quantum efficiency of a GalnP solar cell with the full ITO film
electrode structure. The inset shows the reflectivity of the GalnP solar
cells with and without depositing the ITO thin film.

A low contact resistance is significantly important to the
concentrating application of the device. Figure 6 shows the
parameters of the GalnP solar cell with the full ITO electrode
under concentration. With increasing concentration, the Vi
of the solar cell keeps going up. The device with the full
ITO electrode shows a good performance with increasing con-
centration. This fact indicates that the ITO electrode has a
good lateral current expansion. A possible mechanism is that
the carriers can easily tunnel across the barrier between the
contact layer and the ITO film, because the contact layer is
highly doped and thin enough. In the conventional concen-
tration solar cell using metal electrode, in order to decrease
the lateral series resistance, we have to increase the thickness
of the electrode. In addition, the space of the comb electrode
must be smaller than the normal case, i.e., the shadow loss will
be increased. However, by using the ITO electrode, carriers
were directly collected by the ITO film instead of transporta-
tion through metal contact pads. We can reduce the resistance
without increasing its thickness and overcome the shadow loss
problem in the conventional metal electrode. In addition, the
easier fabrication of ITO will be helpful to the future fabrica-
tion of large area flexible III-V solar cells. A further study

to increase the performance of the ITO-based device will fo-
cus on making thinner ITO and combining it with the anti-
reflection coating.
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Fig. 7. Vi, FF, and efficiency as a function of concentration for the
GalnP solar cells with the full ITO film electrode.

4. Conclusion

We successfully applied the pure ITO film as the full
front electrode of the GalnP solar cell to replace the con-
ventional bus-bar metal electrode. The lowest contact resis-
tance of 2x 107> Q-cm? between ITO and 10 nm N*-GaAs
was obtained. This is benefiting from a highly Te-doped N*-
GaAs layer inserted between ITO and AllnP window layer
and a post-growth optimization of thermal annealing. By us-
ing the ITO electrode, the resistance could be reduced without
increasing its thickness and the shadow loss problem in the
conventional metal electrode was avoided. The successful op-
eration of the full ITO electrode not only simplifies the device
process, but also gives a great promise to the future application
of transparent conducting films in larger area flexible III-V so-
lar cell fabrication.
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