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ABSTRACT In an effort to investigate the extraordinary photoelectrochemical characteristics of nanostructured CdS thin films in
promising photovoltaic device applications, the patterned CdS microarrays with different feature sizes (50, 130, and 250 um in
diameter) were successfully fabricated on indium tin oxide (ITO) glass substrates using the chemical bath deposition method. The
ultraviolet lithography process was employed for fabricating patterned octadecyltrichlorosilane (OTS) self-assembled monolayers (SAMs)
as the functional organic thin layer template. The results show that the regular and compact patterned CdS microarrays had been
deposited onto ITO glass surfaces, with clear edges demarcating the boundaries between the patterned CdS region and substrate
under an optimal depositing condition. The microarrays consisted of pure nanocrystalline CdS with average crystallite size of about
10.7 nm. The photocurrent response and the optical adsorption of the patterned CdS microarray thin films increased with the decrease
of the feature size, which was due to the increased CdS surface area, as well as the increased optical path length within the patterned
CdS thin films, resulting from multiple reflection of incident light. The resistivity values increase with the increase of feature size, due
to the increase of the relative amount of gaps between CdS microarrays with increasing the feature size of patterned CdS microarrays.
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INTRODUCTION
admium sulfide (CdS) is one of the promising n-type

semiconductor materials for use in solar cell devices,
thin film transistors for flat panel displays, optical
filters, photodetectors, photovoltaics, and gas sensors (1—7).
The nanotructured CdsS thin films have attracted extensive
attention in recent years, due to their widened industrial
applications in many fields, especially for their interesting
optical and optoelectronic properties for potential photovol-
taic applications (8). Various techniques, such as vacuum
evaporation (9), spray deposition, electrodeposition (10),
screen printing (11), chemical vapor deposition, molecular
beam epitaxy (12), and chemical bath deposition (CBD)
(13—17) have been utilized to prepare CdS thin films. Among
these methods, CBD is known to be a simple, no require-
ment for sophisticated instruments, low temperature, and
convenient for large area deposition technique (18, 19). CBD
is a slow process, which facilitates the better orientation of
the crystallites with improved grain structure (3).
In recent years, studies of surface patterned and minia-
turization techniques have created the need for controlling
surface properties as well as other potential properties (20).
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Patterning techniques are very important for fabricating thin
film devices and application in most microsystems for
controlling the spatial position of functional materials, such
as microelectronic, sensors, electrical and optical devices,
microelectromechanical systems (MEMS), and photonic sys-
tems. There have been many breakthroughs in micro- and
nanosized materials in light of the patterning techniques
(21). Thus, in order to investigate innovative characteristics
of Cds thin films, it may be necessary to control the spatial
regulation through fabricating patterns. A number of pat-
terning techniques, such as template-assisted atomic layer
deposition, scanning probe lithography, microcontact print-
ing, and femtosecond laser pulses, have been developed to
fabricate patterned semiconductor thin films in microscale
or nanoscale (22—26). Self-assembled monolayers (SAMs)
have been used as templates to produce micro- and nano-
scale patterned structures using a variety of techniques,
including ultraviolet lithography (27), scanning probe lithog-
raphies (28), microcontact printing (29), and electron-beam
patterning (30). Among these, the ultraviolet lithography is
asimple, inexpensive, and practical technique. So far, there
have been many reports on fabricating patterned thin films.
Tokuhisa and co-workers (31) fabricated patterned TiO, thin
films using polymer-on-polymer stamping of block copoly-
mers as a template. Lee and co-workers (32) prepared
patterned ZrO, thin films using photocatalytic lithography
of the alkylsiloxane SAMs and selective atomic layer deposi-
tion (ALD). Lu and co-workers (33) successfully deposited
positive and negative micropatterned copper sulfide thin
films on patterned Si substrates with —NH,/—CH; and —NH,/
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—OH different SAM terminated silane. Hwang and co-
workers (29) fabricated micropatterned CdS thin films
through selective solution deposition using microcontact
printing techniques. Meldrum and co-workers (34) prepared
patterned sulfide thin films (ZnS, PbS) in the same way.
However, there are few reports on studying growth mech-
anisms of patterned CdS films as well as the effects of the
patterning on its optical and photoelectrochemical properties.

In this work, we described a convenient, simple, inex-
pensive, and practical route for fabricating patterned CdS
microarray thin films with different feature sizes (50, 130,
and 250 um) on indium tin oxide (ITO) glass substrates by
the CBD deposition technique and using the ultraviolet
lithographed octadecyltrichlorosilane (OTS) SAMs as the
functional organic thin layer template. The characterization
and photoelectrochemical properties of the patterned CdS
microarrays, along with the effects of the pattern features
on the optical and photoelectrochemical properties of pat-
terned thin films were investigated. The growth mechanisms
of CdS on the patterned SAMs with different functionalized
terminal groups were also discussed. It is expected that this
method can be used to effectively regulate the surface
feature size as well as photoelectrochemical properties of
CdS thin films.

EXPERIMENTAL SECTION

Materials and Reagents. Analytical-grade cadmium acetate
(Cd(CH5COO), - 2H,0), triethanolamine (N(CH,CH,OH)s, TEA),
and thiourea (H,NCSNH>) with purities better than 98 % were
purchased commercially and used as received. Octadecyl-
trichlorosilane (OTS, 95%) was purchased from Aldrich. All
chemicals were used without further purification.

The substrates used in the present study were ITO glass, cut
into 1 x 2 cm? pieces for CdS deposition. Prior to film deposi-
tion, the substrates were ultrasonically cleaned by soaking in
deionized water, acetone, and isopropyl alcohol, respectively,
followed by thorough rinsing with deionized water and drying
with dry nitrogen.

Fabrication of Patterned CdS Microarrays. Figure 1 presents
a schematic of the fabrication processes of patterned SAMs
similar to that reported in our previous work (33). The patterned
SAMs with —NH,/—CH; and —NH,/—OH terminated silane on
ITO glass substrate were prepared in a similar manner. The
—CHs/—OH SAMs microarray patterns with different feature
sizes could be produced using different masks with feature sizes
of 50, 130, and 250 um, respectively.

The substrates with —CHs;/—OH SAMs microarray patterns
were immersed in an aqueous solution of cadmium acetate,
thiourea, and triethanolamine (TEA, complexing agent) in
alkaline media. The deposition time and temperature depended
on the bath solution compositions. The substrates were placed
vertically to the bottom of the beakers to avoid the effect of
gravity. The deposited films were rinsed with deionized water
and ultrasonically washed in isopropyl alcohol to remove the
leftover CdS nanoparticles and then dried with a nitrogen gas
flow. Meanwhile, the patterned microarrays with different
features were deposited synchronously in the same aqueous
solution and deposition time in one pot to avoid the film
thickness differences.

Characterization. The surface morphologies of the patterned
CdS microarrays were examined using a JSM-5600LV scanning
electron microscope (SEM, Japan) and a Micro-XAM 3D Surface
Profiler (Micro-XAM, USA). In order to increase the resolution
of SEM observations, the tested composite specimens were
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FIGURE 1. Schematic diagrams of the fabrication process for pat-
terned CdS microarrays.

plated with a gold coating to render the electric conductivity.
The structure and the phase composition were analyzed by
X’pert PRO X-ray diffraction (XRD, Netherlands) with Cu Ko
radiation (A = 1.5406 A) at a scanning speed of 1.2°/min. The
chemical states of the elements on the films were determined
using a PHI5702 multifunctional X-ray photoelectron spectro-
scope (XPS, USA). XPS analysis was conducted at 400 W and
pass energy of 29.35 eV, using Al Ko (1486.6 eV) radiation as
the excitation source, and the binding energy of contaminated
carbon (Cls = 284.6 eV) was used as reference. The optical
absorption was measured by a Spect-50 UV—vis spectropho-
tometer (Jena, Germany) in the wavelength range of 280—1000
nm. The photoelectric response was measured using a electro-
chemical workstation (CHI660d, China) with a three-electrode
system, in which patterned CdS thin film, a platinum wire, and
saturation calomel electrode were used as the working elec-
trode, the counter electrode, and reference electrode, respec-
tively. A 125 W UV mercury lamp (4 = 365 nm) was used as
the light source. The electrolyte, aqueous HCIO4 (0.1 mol/L)
solution, was freshly prepared using double deionized water.
Electrical properties were performed using a four-point probe
resistivity measurement instrument (KDY-1, China).

RESULTS AND DISCUSSION

Surface Morphological Analysis. The successful
synthesis of patterned CdS microarrays on ITO glass sub-
strate required the optimization of the synthesis parameters
such as concentrations of precursors and complexing agent,
pH value, and deposition temperature. Such parameters
were systematically varied as summarized in Table 1. After
a series of experiments, the optimum conditions for thin film
formation were found to be a concentration of Cd** of 0.01
mol/L, [TEA]/[Cd] ratio of 2, pH of 10.0—10.5, and temper-
ature of about 70 °C. The clearly defined CdS patterns with
compact and uniform CdS nanoparticles can be obtained
under the optimal depositing condition.
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Table 1. Deposition Conditions of Patterned CdS
Thin Films

Cd(CH5COO0), - (NH»),CS, N(CH,CH,OH)s, temperature,

No. 2H,0, mol/L mol/L mol/L °C pH

A [Cd]/[S-urea]/[TEA] = 1/1/1 70 10.0—10.5
B [Cd]/[S-urea]/[TEA] = 1/1/2 70 10.0—10.5
C [Cd]/[S-urea]/[TEA] = 1/1/3 70 10.0—10.5
D 0.01 0.01 0.02 70 8.5-9.0
E 0.01 0.01 0.02 70 10.0—10.5
F 0.01 0.01 0.02 70 11.0—11.5
G 0.01 0.01 0.02 60 10.0—10.5
H 0.01 0.01 0.02 70 10.0—10.5
I 0.01 0.01 0.02 80 10.0—10.5
J 0.01 0.01 0.02 90 10.0—10.5
K 0.0025 0.0025 0.005 70 10.0—10.5
L 0.005 0.005 0.01 70 10.0—10.5
M 0.01 0.01 0.02 70 10.0—10.5
N 0.04 0.04 0.08 70 10.0—10.5

The SEM micrographs allow us to obtain information
about the microstructure of sample surfaces. Figure 2 shows
the micrographs of patterned CdS microarrays with different
feature sizes (50, 130, and 250 um) on the ITO glass
substrates. As expected, regular and compact patterns with
high resolution and consistently high quality pattern geom-
etry were obtained. The bright areas corresponded to
the dense growth of cadmium sulfide nanocrystalline on the
SAMs with —OH end groups. The boundary between the
cadmium sulfide patterns and the hydrophobic areas (OTS-
SAMs) were sharply demarcated and could be clearly visible.
Two regions of in-circle regions (cadmium sulfide patterns)
and out-circle regions (OTS-SAMs) display a dramatic con-
trast in morphology. The crystals grown in the —OH-
terminated (in-circle) regions are dense, compact, continu-
ous, and well-adhered on the ITO glass substrate even after
sonication. While on the —CHs-terminated (out-circle) re-
gions, there is almost no cadmium sulfide nanocrystalline.

The morphologies and the height profiles of patterned
CdS microarrays on the ITO glass surface with different
feature sizes were also characterized using 3D Surface

FIGURE 2. SEM images of circular-patterned CdS microarrays on the
ITO glass surface with different feature sizes: (a) 50 um, (b) 130 um,
and (c) 250 um.
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FIGURE 3. 3D surface images of patterned CdS microarrays on the
ITO glass surface with different feature sizes: (a) 50 um, (b) 130 um,
(c) 250 um, and (d) height profile.
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FIGURE 4. XRD pattern of the CdS thin film.

Profiler. As showed in Figure 3, the microscopic structure
of the patterned cadmium sulfide microarrays consisted of
columnar microarrays on the ITO substrates. The patterns
are regular over a large area and have relatively clear
boundaries, and the column height (i.e., thickness of cad-
mium sulfide thin film) is about 40 nm.

X-ray Diffraction and Compositional Analysis.
The XRD measurements of the CdS patterns without ion
beam sputtering were also carried out as shown in Figure 4.
The diffraction peaks, appearing at the diffraction angles of
25.0°, 26.7°, 28.3°, 43.8°, 48.1°, and 52.1°, can be
indexed to the diffraction angles of the crystal face of (100),
(002), (101), (110), (103), and (112) of hexagonal CdS (JCPDS
80-0006). It indicates that the CdS is composed of single-
phase crystallite without impurity. The XRD pattern shows
a strong peak at 20 = 28.3°; it implies the preferentially
oriented crystals with the [101] direction. The crystallite size
of CdS was calculated using the Scherrer’s relation (35).

_ 0924
pcos 0

where f is the broadening of diffraction line measured at
half-maximum intensity (radians) and A = 1.5406 A, the
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FIGURE 5. XPS spectrum of the CdS patterns: (a) typical XPS survey
spectrum of the CdS patterns, (b) core level spectrum for Cd3d, (c)
core level spectrum for S2p.

wavelength of Cu Ka. The average crystallite size was
calculated to be about 10.7 nm.

Surface states of elements of the patterned CdS microar-
rays were studied using an X-ray photoelectron spectro-
scope. Figure 5 shows the typical XPS survey spectrum and
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high-resolution spectrum values of Cd3d and S2p peaks in
this study. The spectrum confirmed the high chemical purity
of the CdS nanoparticles consisted solely of Cd and S (the
carbon content and the C Is line shape were typical of
surface contamination detected in air-exposed oxide sur-
faces). The peaks of the binding energies of 404.9 and 411.7
eV were assigned to Cd in CdS (Figure 5b), and 161.2 eV was
assigned to S in CdS (Figure 5¢). Thus, the XPS spectrum
further confirmed that the CdS patterns were composed of
pure CdS nanocrystalline.

Nucleation and Growth Mechanism of Pat-
terned Microarrays. According to the DLVO (Derjaguin,
Landau, Verwey, and Overbeek) theory (36), the total energy
between the interacting surfaces can be divided into three
parts: electrostatic interactions, London—van der Waals
interactions (always attractive), and hydration interaction
(always repulsive). Usually, the electrostatic is the dominant
factor during chemical bath deposition (CBD) (33). Solution
chemistry greatly affects films formation. Nucleation can
take place in the solution (homogeneous) or on the substrate
surface (heterogeneous). The physical properties of films
change due to the degree of supersaturation, interfacial
energy, and the strength of coordination bonds of the
chelating reagents. The growth mechanism of samples was
discussed using the stability of metal complexes and classical
nucleation theory (37).

The SAMs on substrate surfaces provide an environment
to investigate the influences of surface properties on nucle-
ation of solids from liquid phases. —CHs/—OH SAMs mi-
croarray patterns provided the major difference of the
surface functionality after the OTS-SAMs surface through
masks with different feature sizes under a UV light. UV-
irradiation causes the formation of silanol groups (Si—OH)
in the exposed areas, the nonirradiated regions, which retain
the structure of the native SAMs (—CHjs-terminated groups).

The SAMs of silanol groups (Si—OH) enhance the chemi-
cal affinity with cadmium sulfide, resulting in a decrease in
the interfacial tension, which promotes the heterogeneous
nucleation on the surface. The SAMs of —CHs-terminated
regions should have no electrostatic interaction with cad-
mium sulfide nanoparticles with negative charges. Although
a few cadmium sulfide nanoparticles attached onto the
—CHjs-terminated surface due to the van der Waals interac-
tions, they can be easily washed off from the surface by
ultrasonication. The production of CdS nanocrystalline from
thiourea and a water-soluble cadmium salt in an alkaline
ammonia medium can be written as follows (38):

Cd(NH,),*" + (NH,),CS + 20H™ — CdS + nNH, +
H,NCN + 2H,0

The CBD is based on the formation of solid phase from a
solution, which involves two steps as nucleation and particle
growth. Homogeneous nucleation to form CdS thin films
begins on the formation of CdS nucleus onto the surface of
the substrate, the step followed by particle growth until
particular thickness (35).
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FIGURE 6. UV—vis absorption spectrum of patterned CdS microarrays
with different feature sizes: (a) 250 um, (b) 130 um, and (c) 50 um.

Optical Properties. It is well-known that the CdS thin
films have a very strong absorption in the ultraviolet range (39).
Figure 6 shows the UV—vis adsorption spectrum of three
patterned CdS microarray thin films with different feature
sizes on ITO glass substrates. It can be seen that the
patterned CdS microarray thin films with different feature
sizes had different absorptions in the ultraviolet range, and
the absorbance intensity increased with the increase of the
density of discrete CdS domains. This enhancement in the
absorbance intensities could be attributable to the following
three reasons (40): (a) the surface area of CdS increases with
an increase of the density of CdS domains, which leads to
higher absorption; (b) the total optical path length within the
patterned CdS microarrays would also increase with an
increase of the density of CdS domains; (c) surface tailoring
enabling effective light trapping properties, it has to scatter
the incident light efficiently leading to an effective light
trapping inside the CdS thin film layers, a longer traveling
path of photons in the patterned CdS thin films that causes
more optical absorption. These results indicate that the
feature size of the CdS patterns can effectively affect the
UV—vis absorption performance of the patterned CdS thin
films.

Photoelectrochemical Properties. To understand
the photoelectrochemical properties of the synthesized pat-
terned CdS microarrays, photocurrent measurements have
been performed in a photoelectrochemical cell containing a 0.1
mol/L aqueous solution of perchloric acid (HCIO,) and il-
luminated with a 125 W UV mercury lamp (A = 365 nm). The
photocurrent response spectrum of the patterned CdS microar-
rays with different feature sizes are shown in Figure 7. A strong
photocurrent response was observed for patterned CdS
microarrays and described the typical characteristic of n-
type semiconductor materials. That is, the n-type semicon-
ductor will release electron under the light illumination and
increase the amount of electron passes to the outer electric
circuit, resulting in an increase of photocurrent value (35).

Furthermore, it can be seen that the photocurrent decreased
with an increase of the feature size of the CdS patterns. When
the UV light was regularly switched on and off, a series of
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almost identical electric signals could be obtained and hold the
stable photocurrent. For the patterned CdS microarrays with
different feature sizes of 50, 130, and 250 um, the generated
photocurrents were 5.5,3.5, and 2 x 107 A, respectively. The
peak photocurrent of the patterned CdS thin film electrodes
undergoes a gradual increase with the decrease of the feature
sizes. This enhancement not only is due to an increase of the
surface area of the patterned CdS thin films but also may be
due to the photonic enhancement or an increased optical path
length within the CdS microarray patterns with a smaller
feature size, resulting from multiple reflection of incident light,
which might lead to enhanced photocurrent generation (40).
In any case, that photocurrent generation is highly depend-
ent on the CdS pattern feature sizes, and the patterning
technology is an effective method for controlling the surface
and photoelectrochemical properties. Such patterned struc-
tures can be used to direct the assembly of other functional
materials and fabrication of patterned film with feature size
in submicroscale, and the scale effects on the photoelectro-
chemical properties remain a further investigation in the
succeeding research.

Electrical Properties. Figure 8 presents the typical V/I
characteristics of patterned CdS microarrays with different
feature sizes. The V/I characteristics are linear indicating the
Ohmic contact of electrodes with patterned CdS thin films
(41). The voltage values are different for patterned CdS
microarrays with different feature sizes. The voltage values
will increase with the increase of feature size at the same
current value, i.e., the resistivity values increase with the
increase of feature size. The difference is due to the decrease
of the density of CdS domains with a larger feature size.
Increasing the feature size of patterned CdS microarrays
results in the increase of the relative amount of gaps
between CdS microarrays and, therefore, reduces the
conductivity.

CONCLUSIONS
The patterned CdS microarrays with different feature

sizes (50, 130, and 250 um) on ITO glass substrates were
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FIGURE 8. V/I characteristic spectrum of patterned CdS microarray

electrodes with different feature sizes: (a) 50 um, (b) 130 um, and
(c) 250 um.

successfully fabricated by a chemical bath deposition tech-
nique combined with the ultraviolet lithography method
using OTS SAMs as the functional organic thin layer tem-
plate. The SEM and 3D Surface Profiler images showed that
the high selectivity and sharp boundaries patterned Cds thin
films with uniform, compact CdS nanoparticles can be
obtained using the CBD techniques under the optimal
depositing condition. The XRD and XPS studies confirmed
that the patterned microarrays consisted of nanocrystalline
CdS with average crystallite size of about 10.7 nm. The
characteristic UV—vis spectrum and photocurrent response
spectrum demonstrated that these properties were depend-
ent on the feature sizes of the CdS patterns. The photocur-
rent response of the patterned Cds thin films increased with
the decrease of the feature size, which was due to the
increased CdS surface area as well as the increased optical
path length within the patterned CdS thin films, resulting
from multiple reflection of incident light. The resistivity
values increase with the increase of feature size, due to the
increase of the relative amount of gaps between CdS mi-
croarrays with an increase in the feature size of patterned
CdS microarrays. This work indicates that patterned Cds thin
films are attractive systems for surface tailoring and also
provide a novel method to effectively control the photoelec-
trochemical properties of nanostructured Cds thin films with
promising applications in microsystem devices.
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