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We demonstrate a compact amorphous silicon (a-Si) solar module to be used as high-voltage power supply. In comparison with
the organic solar module, the main advantages of the a-Si solar module are its compatibility with photolithography techniques
and relatively high power conversion efficiency. The open circuit voltage of a-Si solar cells can be easily controlled by serially
interconnecting a-Si solar cells. Moreover, the a-Si solar module can be easily patterned by photolithography in any desired
shapes with high areal densities. Using the photolithographic technique, we fabricate a compact a-Si solar module with noticeable
photovoltaic characteristics as compared with the reported values for high-voltage power supplies.

1. Introduction

Since microelectromechanical system (MEMS) actuators
such as piezoelectric and electrostatic micropumps require
driving voltages of tens to hundreds of volts, additional
external high-voltage power sources are generally used in
MEMS devices [1–3]. A direct on-board or remote power
supply is needed for autonomous operation of many MEMS
devices. Solar cells are desirable to be used as a self-contained
high-voltage power supply for MEMS being an autonomous
power source since the open circuit voltage of the solar cells
can be easily scaled up by connecting cells in series [4].

Recently, high-voltage power sources based on organic
solar cells have been demonstrated owing to their advantages
such as the low fabrication cost and the compatibility between
different organic electronic devices [5, 6]. In order to fabricate
high-voltage sources using organic solar cells, individual cells
should be serially connected [7]. Various fabrication ap-
proaches for producing serially interconnected organic solar
cells have been demonstrated. Lewis et al. demonstrated a
high-voltage organic solar array with miniature cells inter-
connected in series [8]. Top electrodes were deposited and

patterned through a shadowmask for making the series con-
nections of the array. Although an open circuit voltage of 7.8V
and a power conversion efficiency of 0.06%were achieved in a
device area of 2.2 cm2 with an array of 18 cells, the fabrication
of small array devices is difficult since it is challenging
to align the shadow mask with the anode. In order to
achieve high voltages with a small area, direct high resolution
patterning of organic active layer using photolithography
techniques was introduced. Lim et al. demonstrated that
the photolithographic patterning using perfluorinated resor-
cinarene photoresist is effective for fabricating organic solar
cells, which exhibited an open circuit voltage of 90V and
a power conversion efficiency of 0.3% when 300 cells were
connected in series [9]. This fluorinated imaging material
can be used for patterning nonfluorinated organic materials
including poly(3-hexylthiophene) (P3HT), which is a widely
used active material in organic solar cells. However, it is
still challenging to pattern other organic semiconductors
by photolithography techniques since the solvents used in
photolithography could damage the organic semiconductors.
In order to overcome this obstacle in the patterning of
organic solar cells, Niggemann et al. demonstrated an organic
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photovoltaic nanomodule using a transparent nanostruc-
tured substrate [10]. To connect cells in a scale of several
hundred nanometers in series, anodes and cathodes were
deposited on the vertical walls of intralamellar structures
and photoactive components were sandwiched in a planar
configuration between the electrodes. An open circuit voltage
of 880V and a power conversion efficiency of 0.008% were
achieved for a nanomodule with a width of 17.4mm and
a length of 7.9mm. However, the production of lamellar
nanostructure substrates as well as the fabrication of parallel
solar cells with nanolamellar structures is rather difficult.
All the abovementioned approaches for the fabrication of
high-voltage power supplies with organic solar cells suffer
from disadvantages such as the chemical incompatibility
and complexity of the patterning process used in the serial
connection as well as the low power conversion efficiency
of the solar modules. Photolithography is a simple and
well-established technique used for patterning with a high
resolution and throughput [11, 12]. Therefore, it is desirable
to develop high-voltage power supplies using solar cells that
are compatible with photolithography techniques and exhibit
high power conversion efficiencies.

In this work, we demonstrate a compact amorphous
silicon (a-Si) solar module for high-voltage power supply
applications. The a-Si solar cell exhibits relatively improved
solar properties as compared with conventional organic solar
cells and can be easily patterned in desired shapes using pho-
tolithography techniques [13]. Unlike in the case of organic
solar cells with a parallel structure, there is no constraint
associated with the conventional deposition processes in the
fabrication of a-Si solar cell layers since photolithographic
techniques are employed, and hence the areal density can
be maximized through patterning in micrometer scale [14].
Therefore, stepping up the open circuit voltage can be easily
accomplished by controlling the number of interconnected
solar cells. Furthermore, a fewer number of a-Si solar cells
are needed in the serial connection to achieve the same
operation voltage with organic solar cells, due to the relatively
higher open circuit voltage obtained with the a-Si solar cells
than that of organic solar cells [15]. Using photolithographic
techniques, a single a-Si solar cell with a width of 450𝜇m is
fabricated with the interconnected 250𝜇m wide electrodes
patterned serially, and the whole device is fabricated in
an area of 2 cm [2]. Without any changes of conventional
fabrication process, the prepared compact a-Si solar module
exhibits enhanced solar properties as compared with organic
solar cells, and the prepared solarmodule can be used as high-
voltage solar supply owing to the achieved fill factor (FF),
max. power, and power conversion efficiency.

2. Materials and Methods

2.1. Fabrication of a-Si Solar Cell. Conventional soda-lime
glass was cut in the area of 2.5 × 2.5 cm2 followed by cleaning
the substrates with acetone, isopropyl alcohol, and deionized
water in a sonication bath. A hydrogenated a-Si layer and an
Al-doped zinc oxide (AZO) layer were deposited by employ-
ing cluster-type plasma-enhanced chemical vapor deposition
(PECVD) and sputtering for depositing the device layers in

situ under high-vacuum conditions. Initially, a 500 nm thick
AZO layer as the bottom electrode was deposited directly on
the substrate at 300∘C by sputtering. The p-type, n-type, and
intrinsic a-Si layers were deposited at 250∘C with thicknesses
of 13, 25.7, and 460 nm, respectively. A 300 nm thick AZO
layer was deposited at 300∘C by sputtering as the top contact
layer. Finally, a 100 nm thickAl layer to act as the top electrode
was deposited on the top AZO layer by thermal evaporation.

2.2. Fabrication of High-Voltage Solar Module. Microcells
were fabricated by patterning a-Si solar cells employing
photolithography and etching techniques.The top AZO layer
was etched with dilute HCl by using a photolithographically
patterned positive photoresist as an etching mask. A-Si layers
were etched by reactive ion etching with radiofrequency
power of 150W for 30min with a CF

4
/O
2
(95 : 5) mixture

using the top AZO layer as the etching mask. The bottom
AZO layer was patterned employing the same process. The
Al electrode with a thickness of 100 nm deposited by thermal
evaporation was patterned through a lift-off process. SU-8
was spin-coated on top of the solar cell layers, which was
patterned for serving as the encapsulation layer for each
single solar cell. To serve as an interconnection electrode,
Cr/Au layers were deposited by e-beam evaporator and
patterned by photolithography.

2.3. Measurements. Photocurrent and voltage measurements
were performed using a Keithly 2400 source meter under
one-sun illumination (AM 1.5, 100mW/cm2) at room tem-
perature.

3. Results and Discussion

Using the thin a-Si solar cell layers, we fabricated a high-
voltage a-Si solar module with a compact design. The struc-
tures of the single a-Si solar cell and the high-voltage solar
module are illustrated in Figures 1(a) and 1(b). Additionally,
Figure 1(c) shows detailed cross-sectional scanning electron
microscopic (SEM) image of the unit device. The bottom
500 nm thick AZO layer and the top 300 nm thick AZO
layer serve as the bottom and top electrodes of the a-Si solar
cell, respectively, and also as the etching mask of a-Si (p-i-n)
layer in reactive ion etching. The encapsulation layer of the
polymericmaterial, SU-8, was patterned by photolithography
with two via holes for forming interconnections between the
gold and aluminum electrodes.The SU-8 encapsulation layer
also prevents short circuits by covering the a-Si solar cell
layers beneath the interconnection electrode. In order to seri-
ally interconnect the a-Si solar cells, we patterned each single
cell by interchanging the top and bottom AZO electrodes.
Interconnection electrodes are patterned for connecting the
a-Si solar cells serially using photolithography techniques.

Before serially interconnecting the a-Si solar cells, we
estimated the photovoltaic characteristics of a single a-Si
solar cell (reference). Figure 2(a) shows the current density
versus voltage curve and the maximum power versus voltage
curve for a single a-Si solar cell. Light source irradiates from
the bottom of the high-voltage module since the aluminum
electrode is deposited on the top AZO layer. The aluminum
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Figure 1: Schematic of the compact amorphous silicon solar module for high-voltage power supply applications. (a) Configuration of a single
a-Si solar cell structure. (b) Top view of the interconnected high-voltage a-Si solar module with the gold electrode. (c) Cross-sectional SEM
image of unit device.
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Figure 2: (a) Current density versus voltage and maximum power versus voltage curves of a single a-Si solar cell. (b) Optical microscopic
image of single a-Si solar cell fabricated using photolithographic techniques.

electrode acts as a contact metal for lowering the contact
resistance and a back reflecting layer for each a-Si solar
cell. An open circuit voltage of 0.847V, short circuit current
density of 17.8mA/cm2, FF of 66.3%, and maximum power
of 8.76 𝜇W are achieved. Figure 2(b) shows the optical
microscopic image of a single a-Si solar cell patterned with

a width of 450𝜇m and a length of 1mm for each single cell
employing photolithography and etching techniques.

In order to increase the open circuit voltage, each single
solar cell was serially connected with gold electrodes. As
shown in Figure 3(a), the aluminum electrode for the bottom
contact of a single solar cell is connected to aluminum
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Figure 3: (a)Opticalmicroscopic image of integrated high-voltage solarmodule. Each single solar cell is connected by serially interconnecting
with the gold electrode. (b) Expanded opticalmicroscopic image of interconnected single a-Si solar cell. (c) Current-voltage curvewith respect
to the number of interconnected microcells (80 cells and 120 cells). (d) Output power and the operation voltage with different numbers of
interconnected microcells (single cell, 80 cells, and 120 cells).

electrode for the top contact of another single solar cell by
interconnecting the electrode to increase the open circuit
voltage. Gold electrodes are patterned on every cell serially to
increase the open circuit voltage. The magnified microscopic
image displays the top and bottom contacts of the a-Si solar
cell (Figure 3(b)).

Within an area of 2 × 2 cm2, we fabricated two types
of high-voltage solar modules for controlling the operation
voltage. Figure 3(c) shows the current density versus voltage
curves for the high-voltage solarmodules, whichwere serially
interconnected with 80 cells and 120 cells. For the a-Si high-
voltage solar module prepared with 120 cells, we achieve
an operation voltage of 100V, FF of 63.9%, and conversion
efficiency of 8.42%. Particularly, the output power reaches
a value of 1mW when 120 cells are connected to form the
high-voltagemodule. As shown in Figure 3(d), themaximum
power and the operation voltage increase linearly with an
increase in the number of interconnected microcells. On
comparing with the photovoltaic characteristics of a single
a-Si solar cell, no noticeable degradation in the FF and the
operation voltage can be observed. Moreover, the fabrication

of the whole device with diverse shapes and sizes even in a
small area of about 2 × 2 cm2 can be easily carried out by
employing photolithography techniques. A high areal density
and an enhanced operation voltage are achieved without
inducing any additional structural changes, such as by using
a parallel structure or interdigital electrodes, which were
employed in the high-voltage power suppliesmade of organic
solar cells.

Furthermore, we expect that the a-Si high-voltage solar
module could be used for fabricating integrated photovoltaic
(BIPV) systems [16]. The transmittance and the shapes of the
module patterns can be controlled using photolithographic
techniques. Besides, the high-voltage applications of the solar
cells compensate the power loss of the solar cells induced
by the sheet resistance of the transparent conductive oxide
(TCO) such as indium tin oxide (ITO) [7, 10]. As a result,
the fabrication of semitransparent high-voltage solar module
can be realized without degrading the output power. Figure 4
shows the semitransparent property of the high-voltage solar
module with 200 a-Si solar cells patterned in hundreds
of micrometers prepared by photolithographic patterning.



Journal of Nanomaterials 5

Figure 4: Photograph of a compact a-Si solar module for high-
voltage power supply applications. It indicates the semitransparent
characteristics of the individually micropatterned a-Si solar cells
(left) and those serially interconnected with gold electrodes (right).

Except for the Al electrode, all layers in the a-Si solar cells
exhibit relatively high transmittance. Even after depositing
of gold electrodes, the high-voltage solar module exhibits
semitransparent characteristics.

4. Conclusion

In this study, we fabricate compact a-Si solar modules for use
as high-voltage power supplies. By employing photolithogra-
phy techniques for patterning the solar module, we achieved
a high areal density without any change of conventional
fabrication methods comparing with the organic solar cells
employing parallel solar cell structure or interdigital nano-
electrodes. Consequently, we achieved an operation voltage
of 100V, FF of 63.9%, conversion efficiency of 8.42%, and
maximum output power of 1mW by connecting 120 solar
cells in a small area, indicating outstanding photovoltaic
properties as compared with the corresponding reported
values. In addition, we expect to graft the compact a-Si solar
module to a BIPV system to act as a power supply. The
high transparency and the controllability of forming various
patterns with inorganic material make the solar module
suitable for smart window applications in BIPV [17]. The
high open circuit voltage obtained without degrading the
output power implies that the prepared solar module could
be fascinating to be used in power supply applications.
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