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Hybrid Photovoltaic Device Based on Nanoporous GaAs by Using
Ag Metal-Assisted Nanoscale Lithography

Cheng-Chiang Chen and Lung-Chien Chen ***

Department of Electro-Optical Engineering, National Taipei University of Technology, Taipei 106, Taiwan

This study presents a hybrid photovoltaic (PV) solar cell consisting of zinc phthalocyanine (ZnPc) on nanoporous gallium arsenide
(GaAs) substrates (NPGSs). NPGSs with a low reflectivity are prepared by metal-assisted nanoscale lithography. Au nanoparticles
(GNPs) are introduced into the nanoporous structure in organic/inorganic hybrid solar cells to enhance the perfornance of photovoltaic
devices. The optimal measured parameters of the PV cell with the ITO/ZnPc + I, + PMMA (ZIP)/GNPs/NPGS/In structure are Jg,
Voo, fill factor (FF), and power convert efficiency (PCE), which have values of 2.48 mA/cm?2, 0.55 V, 0.197, and 2.69%, respectively,

under irradiation by a 100 W xenon lamp.
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Organic/inorganic hybrid-structured solar cells are promising for
application in PV system owing to their low temperature and easy
fabrication.!”” In organic materials, zinc phthalocyanine (ZnPc) has
been extensively studied as organic materials for device applications,
including gas sensors, solar cells, and electroluminescence devices,
owing to its easy synthesization, non-toxicity to the surrounding,
strong absorption in the visible portion of the solar spectrum, and
electroluminescence properties.!%'> Therefore, in this study, a p-n
junction solar cell with n-type NPGS is constructed using ZnPc as a
p-type absorption layer.

Light trapping is an effective means of increasing the efficiency of
solar cells. Therefore, low antireflection is essential for manufactur-
ing highly efficient solar cells. Despite the availability of silicon-based
solar cells with a porous antireflective layer,'®!” organic/inorganic hy-
brid solar cells based on GaAs substrate with a light trapping layer
have not been studied. A previous study described the characteristic
photoluminescence of GaAs porous structures that are: produced by
polarization of the substrate in HCI solution.'® Nanostructured GaAs
hole arrays were also fabricated by either anodization in NH;OH
solution or use of a focused ion beam.!>? On the other hand, an-
other study suggested Ag-metal-assisted chemical etching on p-Si
to produce solar cells that are more efficient than those constructed
from conventional alkaline-treated Si wafers.?! Therefore, this study
demonstrated the feasibility of conducting metal-assisted chemical
etching of GaAs substrate by using HF 4+ H,0, + AgNO; solution,
as well as its effectiveness. The optical properties of nanoporous GaAs
substrates (NPGSs) prepared by metal-assisted nanoscale lithography
are also investigated, as well as the characteristics of the solar cells
with NPGS/ZnPc + I, + PMMA (ZIP) hybrid structure.

Experimental

Single crystalline (100) n-type GaAs substrates with a resistivity
of 10 Q2-cm were used in this work. In the metallization step, Ag
nanoparticles were deposited on GaAs substrates by immersion in
1.11 M HF and 4.7x 1072 M AgNOj; metallization aqueous solution
to form a nanoscale mask. Following electroless metallization, the
substrates were etched in aqueous solutions containing HF, H,0,, and
deionized (DI) water at volume ratios of 8:7:5 for various etching
times to form an NPGS. The Au nanoparticles (GNPs) with sizes
of approximately 20 nm were formed on the GaAs substrate with a
nanoporous structure by an immersion method at 120°C. According
to previous studies, GNPs facilitate the generation of charge carriers
and increase the photocurrent.”>>* As for the organic materials, ZnPc
were dissolved in a tetrahydrofuran solution (50 mL), in which ZnPc
(0.5 g), poly (methyl methacrylate) (PMMA) (0.2 g), and I, (0.2 g)
were mixed with a magnetic stirrer at room temperature, and were
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deposited on the front side of the GaAs substrate by spin coating to
form an ZnPc + I, + PMMA (ZIP) film with a thickness of around
200 nm. Figure 1 shows the schematic cross section of the complete
hybrid solar cell structure. The resulting morphologies were evaluated
by field emission scanning electron microscopy (FESEM). The inte-
grated total reflectance was measured at a nearly 0° and 45° incident
angle using an optical spectrometer (Hitachi U-4100). Additionally,
the current density—voltage (J-V) characteristics were determined us-
ing a Keithley 2420 programmable source meter under irradiation by
a 100 W xenon lamp. Finally, the irradiation power density on the
surface of the sample was calibrated as 100 W/m?.

Results and Discussion

Figure 2 shows the FESEM morphological images of the GaAs
substrate with various etching times. Remaining Ag nanoparticles
were observed, as shown in Fig. 2a, The Ag nanoparticles remaining
on the surface of the GaAs substrate is from the dissolved AgNOj;. Fol-
lowing metallization, when an Ag-loaded GaAs substrate is immersed
in an aqueous solution of HF and H,0,, gas evolving is observed to-
gether with time-evolution interferential colors at the beginning of
the treatment. The first stages of the etching are investigated by using
FESEM.

In less than 10 min, the Ag nanoparticles sink into the GaAs
substrate; in addition, pore openings with a diameter similar to that of
the nanoparticles are observed, as shown in Fig. 2a. The pore density
is identical to the nanoparticle density. For an etching time exceeding
15 min, the pore openings are larger and less clearly defined, indicating
a progressive dissolution of the GaAs walls at the surface, as shown in
Fig. 2b. The color changes are most likely owing to the formation of
a porous GaAs layer with a lower refractive index than that of GaAs
bulk.?26 According to Fig. 2c, metal-assisted chemical etching results
in a regular array of inverted pyramidal pits with facets at 38° to the
horizontal plane owing to the anisotropic etching properties of GaAs
in aqueous solution of HF-H,0,. Notably, {111} facets develop, as
the {111} planes are etched more slowly than other crystalline planes.

Figure 3 plots the reflectivity of samples with various etching
times, while Figs. 3a and 3b show the reflectivity spectra measured at
nearly 0° and 45° incident angles, respectively. According to Fig. 3a,
the reflection spectrum of GaAs substrate with etching for 5 min is
~ 35% in the range of 500 ~ 600 nm, which is the strongest flux of
solar irradiation. The reflectivities are around 10% after etching for 10
and more than 10 min. According to Fig. 3b, the reflection spectrum
of GaAs substrate with etching for 5 min is ~ 30% in the range of 500
~ 600 nm. The reflectivities decrease to around 10-20% after etching
for 10 to 20 min.

The polished GaAs wafer is also evaluated for comparison with the
samples in this work. Reflectivity of the substrate without etching, i.e.
a polished surface, is high, and it decreases with an increasing etching
time. The value of the integrated total reflectance from the NPGS
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Figure 1. Schematic cross section of the complete hybrid solar cell structure.

Figure 2. FESEM plan view images of a Ag loaded the porous GaAs layer
produced by HF-H,O, etching (8:7:5) after (a) 5 min and (b) 15 min. (c)
FESEM cross section image of Fig. 2b.

formed when using HF/H,0,/AgNOj; solution etching for 20 min is
lower than around 10% over all visible wavelengths. The reflectivity
changes are most likely owing to the formation of a nanoporous GaAs
layer with a lower refractive index than that of GaAs bulk.?>-26

Figure 4 shows the representation of the optical absorption mea-
surements for ZnPc films with different dopants. Previous works have
attempted to improve the optical absorbance and carrier mobility of
ZnPc films by using a polymeric matrix such as PMMA.?”-28 The low
absorption may be attributed mainly to its low solubility in solvents,
resulting in molecular aggregation both in a solution and in the solid
state causing a drastic decay of optical properties. The ZnPc + I, +
PMMA (ZIP) films yield a higher absorption than that of ZnPc +
PMMA films. The ZIP film displays the highest absorbance at wave-
lengths of 400 and 680 nm owing to the I,. I,-doped ZnPc having a
better conductivity and mobility than those of undoped ZnPc.?

Figure 5 plots the J-V characteristics of the photovoltaic or-
ganic/inorganic hybrid-structured solar cells on the NPGS structure
by the solution etching for various time intervals. The cell has an ac-
tive area of 0.1 x 0.2 cm?. Table I lists the characteristic parameters of
these devices. The measured short-circuit current density (J), open-
circuit voltage (V,.), fill factor (FF), and power convert efficiency (1)
of the ITO/ZIP/NPGS/In organic/inorganic hybrid-structured solar
cells are 2.24 mA/cm?, 0.54 V, 0.177, and 2.14%, respectively, under
irradiation by a 100 W xenon lamp. The J,. of the NPGS increases
for the following two reasons: (i) The NPGS with a larger effective
surface area than that of GaAs substrate provides fast and direct path-
ways to increase the collection and transport of charge carriers. (ii) Jg.
can be expressed as®

8]
Jse = q/ FOO[1 = RM]Q:(MdN (1]
s

2

Table I. Parameters of organic/inorganic hybrid-structured solar
cells with etching for various time intervals.

Deposition Time/Etching Voc
Sample Time (min) Jsc (mA/em?) (V) FEE N (%)
EGO00 0/0 0.817 0.54 0.206 0.912
EG55 5/5 0.995 0.54 026 1.38
EG510 5/10 1.52 0.56 0.199 1.7
EG515 5/15 1.65 0.56 0.205 1.9
EG520 5/20 2.24 0.54 0.177 2.14
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Figure 3. Reflectivity of samples with various etching times (a) nearly 0°
specular reflection and (b) 45° specular reflection

where q is the electronic charge; h; and \, are the wavelength limits
(350-1100) nm; F()\) is the photon flux of the solar spectrum; and
Q(\) is the internal quantum efficiency. Surface of the NPGS has a
lower refractive index than that of GaAs substrate.?>?% Thus, NPGS
also causes light trapping and increases short-circuit current density.

Figure 6 plots the J-V characteristics of photovoltaic or-
ganic/inorganic hybrid-structured solar cells on the NPGS structure
with GNPs by performing solution etching for 20 min. The cell has an
active area of 0.1 x 0.2 cm?. Table II lists the characteristic parameters
of these devices with and without GNPs introduced. The measured
short-circuit current density (J,.), open-circuit voltage (V,.), fill factor
(FF), and power convert efficiency (1) of the ITO/ZIP/GNPs/NPGS/In
organic/inorganic hybrid-structured solar cells are 2.48 mA/cm?,
0.55V, 0.197, and 2.69%, respectively, under irradiation by a 100 W
xenon lamp. GNPs and the remaining Ag nanoparticles facilitates the
generation of charge carriers and increases both the photocurrent and
the power conversion efficiency owing to the electron quick shuttling
effect. 2>

Table II. Parameters of organic/inorganic hybrid-structured solar
cells with and without GNPs.

Dope GNP Jsc (mA/cm?)  Voc (V) EE M (%)
ZIPT-EG520 GaAs 2.24 0.54 0.177 2.14
ZIPT-GNP-EG520 GaAs 2.48 0.55 0.197 2.69
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Figure 4. Absorbance spectra of ZnPc films with various dopants.
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Figure 5. J-V characteristics of the organic/inorganic hybrid-structured solar
cells on the NPGS structure by the solution etching for various time intervals.
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Figure 6. J-V characteristics of the organic/inorganic hybrid-structured solar
cells with different structures under illumination.
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Conclusions

This study investigated the feasibility of preparing an NPGS
based on metal-assisted nanoscale lithography. Organic/inorganic
hybrid solar cells with GNPs, and ZIP on NPGS structure were
also studied. The measured parameters of the solar cell with the
ITO/ZIP/GNPs/NPGS/In structure were Jg., V., FF, and power con-
vert efficiency, which had values of 2.48 mA/cm?, 0.55V, 0.197, and
2.69%, respectively. Experimental results indicate that GNPs and Ag
nanoparticles facilitate the generation of charge carriers and increase
both the photocurrent and the power conversion efficiency owing
to the electron quick shuttling effect. However, the cells have poor
power conversion efficiency and a low fill factor may be attributed to
the leakage of photo-generated carrier. Another factor is probably a
high resistance from oxide on the surface of NPGS due to chemical
etching.
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