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We demonstrate a facile fabrication scheme to construct large-area ZnO inverse opals on an indium-tin-oxide substrate with
significantly reduced defects and improved stoichiometry. The fabrication steps involve the preparation of colloidal template via
vertical electrophoresis of polystyrene (PS) microspheres in 720 nm radius, followed by galvanostatic electrodeposition of ZnO in
the interstitial voids among the PS microspheres. Subsequently, the sample undergoes a heat-treatment in air at 500�C for different
time to remove the colloidal template, leaving an integral ZnO skeleton with thickness adjusted by the electrodeposition time. Since
the colloidal template is deliberately designed with desirable thickness and considerable uniformity, the electroplating of ZnO can be
achieved in a reduced ethanol/water ratio that allows faster growth rate and improved ZnO structure. Scanning electron microscope
images demonstrate negligible microstructural defects for the ZnO inverse opals. X-ray diffraction reveals a wurtzite hexagonal
lattice with (002) preferred orientation. In addition, both X-ray photoelectron spectroscopy and photoluminescence spectra suggest
improved crystallinity and stoichiometry with increasing heat-treatment time.
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Zinc oxide (ZnO) is a low-cost semiconductor material with direct
wide bandgap (3.36 eV at room temperature) and large exciton bind-
ing energy (60 mV).1 With impressive chemical stability and biologi-
cal compatibility, ZnO has attracted considerable attention in recent
years for possible applications in photocatalysis, electronics, photo-
voltaics, optoelectronics, wetting, chemical and biomolecular sensors,
and so on.2–7 To further improve its functionality and activity, ZnO is
often doped with selective elements with the objective to introduce
impurities for modification in both lattice and electronic configura-
tions.8,9 An alternative route to achieve the same purpose is to fabri-
cate the ZnO in unique forms. For example, a rich variety of ZnO
nanostructures such as nanosheets, nanowires, nanobelts, nanoplate-
lets, nanotubes, and inverse opals have been successfully synthesized
and characterized.10–15 Among them, the inverse opal is of particular
interest because it is an integral platform that can be used directly for
device fabrication, unlike those nanostructures that require a support-
ing substrate to deposit on.

The inverse opals are also known as three-dimensionally ordered
macroporous materials (3DOM) that contain periodic submicrome-
ter pores in a hexagonal arrangement. Conventional preparation
methods for the inverse opals entail the self-assembly of SiO2 or
polystyrene (PS) microspheres via sedimentation or solvent evapo-
ration to form a colloidal template, followed by physical, chemical,
or electrochemical deposition of desirable materials into the intersti-
tial voids among the microspheres. Afterward, the colloidal template
is selectively removed by chemical dissolution or thermal burn-off,
leading to the formation of periodic porous structure with intercon-
nected skeleton. The diameter for the microspheres is often adjusted
to produce 3DOM with desirable porosities. Earlier attempts to fab-
ricate the 3DOM structures were steered toward the exploration of
their unique optical responses for photonic crystals.16–18 Later on,
the 3DOM was recognized for possible applications in sensors and
electrocatalysis because its excessive surface area and intercon-
nected pores allow large reaction area and facile mass transfer over
conventional planar counterparts. In general, the inverse opals can
be fabricated in both planar and cylindrical forms.19,20 To date,
inverse opals of metals (Ni, Au, Co, Fe, and their alloys) and com-
pounds (CdS, CdSe, PbO2, IrO2, ZnO) have been demonstrated.21–27

A comprehensive review on the morphology control for the inverse
opals is provided by Stein et al.28 The fabrication of ZnO inverse
opals has been reported in literature in which a variety of deposition
methods including atomic layer deposition, chemical vapor deposi-
tion, chemical conversion, and electrophoretic deposition are eval-
uated with various success.29–34 Despite these methods being able to

form ZnO inverse opals with reasonable structural integrity, exact
layer-by-layer control over ZnO thickness is difficult to achieve.

Earlier, we reported that electrophoresis in a vertical arrange-
ment facilitated the construction of large-area colloidal template
with superb surface uniformity and controlled thickness in a rela-
tively short time as compared to conventional sedimentation and
solvent evaporation techniques.35 In addition, upon immersion in
suitable electrolyte, the colloidal template allowed uniform electro-
deposition forming a metallic replica in a layer-by-layer mode.36 In
this work, we demonstrate a facile route (less than 4.5 h) to fabricate
large-area ZnO inverse opals with reduced crystallographic defects
and improved stoichiometry involving electrophoresis of PS micro-
spheres, electroplating of ZnO, and heat-treatment to remove the PS
template.

Experimental

The PS microspheres were synthesized via an emulsifier-free
emulsion polymerization process in which styrene was used as the
monomer after removing inhibitors and K2S2O8 was used as the ini-
tiator. The polymerization was carried out at 70�C, resulting in the
formation of PS microspheres in radius of 720 nm with a standard
deviation of 16.7 nm. Details on the synthetic conditions have been
reported elsewhere.37

To prepare the PS colloidal crystals, we adopted an electropho-
retic deposition technique in a vertical arrangement with two parallel
electrodes. First, the PS microspheres (1 g) were dispersed in ethanol
(100 ml) with the pH adjusted to 8 to form a stable suspension. The
substrate to be deposited was an indium-tin-oxide (ITO) glass (2 � 2
cm2) and the counterelectrode was a stainless steel plate (7.5� 5
cm2). The electric field imposed for electrophoresis was 10 V/cm and
the process lasted for 10 min at 26�C. Afterward, the PS colloidal
crystals were carefully removed and dried in air at 50�C for 10 min
rendering an integral PS template with thickness of 13 mm.

To fabricate the ZnO inverse opals, the PS colloidal crystals
were immersed in a ZnO plating solution consisting of 0.1 M
Zn(NO3)2 in mixture of water (90 vol %) and ethanol (10 vol %). A
galvanostatic plating of 1 mA/cm2 was applied at 70�C and its dura-
tion was adjusted to obtain ZnO with thickness between 0.36 and 12
mm. The counter electrode was a Zn plate (5� 3 cm2). Next, a heat-
treatment was performed at 500�C in air for different time to
remove the PS microspheres, leaving the ZnO skeleton completely
intact. Both electrophoresis and electroplating were conducted by
Keithley 2400.

Scanning electron microscope [(SEM); Jeol JSM-6700F] was
employed to observe the morphologies for the PS colloidal crystals
and ZnO inverse opals. Crystallinity for the ZnO skeleton was
obtained from x-ray diffraction using a Cu Ka of 0.154 nm [(XRD);
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Siemens D5000]. The stoichiometry and defect states for the ZnO
structure were determined via X-ray photoelectron spectroscopy
[(XPS); Thermo Microlab 350] and photoluminescence measure-
ments using a He–Cd laser at 325 nm [(PL); Kimmon IK],
respectively.

Results and Discussion

In our earlier studies of Ni inverse opals, we realized that the
crystallinity of the colloidal template was critical for subsequent
electroplating as it affected the percolation distance for the plating
electrolyte that determined the iRE loss (RE is the electrolyte resist-
ance) and uniformity of the Ni deposit.19,36 This effect is expected
to become more pronounced as the ZnO is insulative in nature so
both the electrolyte and electrode resistance are varied for the entire
plating process. In our observations, the PS template fell apart when
it did not possess sufficient thickness. On the other hand, when the
PS template was too thick, the electrolyte percolation became diffi-
cult, which led to serious inconsistency in surface uniformity for the
deposited ZnO. Figure 1 provides the SEM images for the PS tem-
plate in both top and cross-sectional views. As shown in Fig. 1a, the
PS microspheres were arranged in a hexagonal (111) lattice without
the formation of vacancies as well as surface islands and valleys.
This unique feature was due to the appropriate experimental design
and processing parameters enabling sufficient time for the incoming
PS microspheres to find the lowest energy sites so a close-pack
structure was assembled in a layer-by-layer mode. This impressive
packing order can be confirmed by the cross-sectional view shown
in Fig. 1b, where a close-pack hexagonal lattice was clearly visible.
The thickness for the PS template was 13 mm, which corresponded
to 28 colloidal layers.

In literature, the cathodic deposition of ZnO proceeds via the
reduction of dissolved nitrate or oxygen, and both methods have

been thoroughly studied.38–41 In particular, to electrodeposit ZnO in
the interstitial voids among the PS microspheres, the nitrate route is
often adopted because its reactants and mass transport can be con-
trolled more precisely. Unfortunately, due to the hydrophobic nature
of PS template, the nitrate is usually dissolved in a mixture of etha-
nol and water for wetting purpose. Previously, it was suggested that
the addition of ethanol promoted wetting but altered the ZnO de-
posit undesirably.27 Hence, an optimized ethanol/water volume ratio
of 3/7 was identified to prepare the desirable ZnO microstructure.
Since we constructed the PS template with significantly reduced
crystallographic defects from vertical electrophoresis, the electro-
plating of ZnO was expected to be less challenging. Hence, we were
able to obtain a desirable ZnO structure with a lower ethanol/water
volume ratio of 1/9. This potentially enabled a faster deposition rate
and improved ZnO microstructure as compared to those reported
earlier.

Figure 2 demonstrates the voltage profile as a function of plating
time under cathodic current of 1 mA/cm2. Since the deposition cur-
rent was fixed, the recorded voltage was proportional to the sum of
electrolyte resistance (electrolytic iRE loss), electrode resistance
(iRZnO, RZnO is the ZnO resistance), and charge transfer resistance
for the ZnO formation (iRCT, RCT is the charge transfer resistance).
The RCT was presumed unchanged because the ZnO was deposited
on the ZnO itself. Hence, the factors that affected the voltage read-
ing were the variation in both RE and RZnO. Apparently, the voltage
experienced a sudden drop initially but rose steadily afterward. This
immediate voltage drop was attributed to the incubation and forma-
tion of ZnO nuclei on the ITO substrate. Because the ZnO was not
an electronic conductor, subsequent formation of ZnO increased the
value of RZnO, and as a result, the voltage reading became larger
gradually with deposition time. This increasing RZnO resistance
counteracted the opposite effect of shorter electrolyte percolation
distance that led to a smaller electrolytic iRE. In our observation, the
lowest point in the voltage profile coincided with the formation of a
monolayered ZnO. After 70 min, the interstitial voids among the PS
microspheres were completely filled with ZnO so random growth
took place on the exterior surface, resulting in a slightly larger fluc-
tuation in the voltage responses. In between, by selecting the neces-
sary deposition time, we were able to produce ZnO with targeted
thickness/layer.

The cross-sectional SEM pictures for the ZnO inverse opals after
removing the PS template are exhibited in Fig. 3 along with their re-
spective top-view images in insets. As shown in Fig. 3a, a mono-
layer ZnO inverse structure was obtained after electroplating of 3
min. The ZnO inverse structure was relatively smooth on its surface
and the interstitial voids were properly arranged in a triangular lat-
tice. In addition, the ZnO skeleton was continuous, forming a

Figure 1. SEM images of the colloidal crystals after 10 min of electropho-
retic deposition from the PS suspension with pH 8 and 10 V/cm; (a) top view
and (b) side view.

Figure 2. Voltage response as a function of time during electroplating of
ZnO at 1 mA/cm2.
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periodic macroporous network. After 45 min of electroplating,
shown in Fig. 3b, the ZnO inverse opals attained a thickness of 12
mm, which corresponded to 26 layers. In Fig. 3c, the ZnO inverse
opals reached the top surface of PS template after 50 min of electro-
plating. At this stage, the ZnO skeleton became notably coarse as
two-dimensional film growth was occurring. In Fig. 3d, overplating
of ZnO was found, resulting in the formation of irregular ZnO crys-
tallites on the surface. From the SEM images, the growth rate for
the ZnO inverse structure was determined at 266 nm/min. Therefore,
combining electrophoresis, electroplating, and heat-treatment, a
large-area ZnO inverse opaline structure was successfully fabricated
in less than 4.5 h. In addition, since both electrophoresis and electro-
plating were carried out in a solution state, structural alteration
during sample transfer was likely to be negligible, rendering superb
integrity and surface uniformity.

Figure 4 presents the XRD patterns for the ZnO inverse opals
after heat-treatment at 500�C in air for 30, 60, and 180 min, respec-
tively. In addition, an XRD pattern for the ZnO inverse opals pre-
pared from the nitrate route without the addition of ethanol is shown

for comparison. From our observations, a heat-treatment of 30 min
was adequate to remove the PS template completely leaving an
integral ZnO replica with negligible structural damage. Hence, any
prolonged heat-treatment was essentially an annealing process to
improve the ZnO crystallinity, resulting in a moderate reduction in
the diffraction noises. Apparently, the ZnO inverse opals exhibited a
standard wurtzite hexagonal lattice (JCPDS 361451) with relevant
diffraction peaks properly indexed. However, the relative intensity
for the diffraction peaks revealed a preferred orientation in (002),
which was different from the ZnO inverse opals obtained from the
nitrate solution without the addition of ethanol or dissolved oxygen
route.38,41 This suggested that the plating formulation played a criti-
cal role in determining the ZnO crystallinity as the nucleation and
growth of ZnO were greatly affected by the constituents in
electrolyte.

It is understood that the oxygen vacancies are often found in the
as-synthesized ZnO, and annealing in air is effective in reducing
their number. Hence, the heat-treatment that removed the PS tem-
plate in our case was expected to improve the ZnO stoichiometry
simultaneously. Figure 5 displays the Zn (2p3/2) and Zn (2p1/2) spec-
tra from XPS analysis, which clearly reveal strong signals around
1022.5 and 1045 eV, respectively. In addition, their peak positions
were slightly shifted to higher energy once the heat-treatment was
prolonged. Earlier reports by Kang et al. and Khallaf et al. suggested
that the reduction of oxygen vacancies and stronger bonding of zinc
and oxygen were responsible for the relocation of Zn (2p3/2) and Zn
(2p1/2) to higher binding energy.42,43

Variation in the oxygen vacancies can also be ascertained from
the XPS signals on O (1s), which is presented in Fig. 6 along with
curve fitting results using Oa, Ob, and Oc, respectively. The peak
positions for the ZnO inverse opals after heat-treatment of 500�C
for 30, 60, and 180 min were 530.2, 534.4, and 530.5 eV, respec-
tively. In literature, the Oa (530.2 eV), Ob (531.8 eV), and
Oc (532.6 eV) were attributed to the Zn–O binding energy, O2�

vacancy in ZnO lattice, and adsorbed oxygen on ZnO surface.44–46

Apparently, once the heat-treatment was prolonged, the ratio of Oa/
Ob became considerably larger. In addition, the intensity of Oc was
increased as well, indicating a stronger surface oxygen adsorption.
These adsorbed oxygens were presumed to saturate the ZnO surface,
followed by diffusion to the ZnO lattice and occupation at the

Figure 3. SEM images for ZnO inverse
opals after removing PS template. The
ZnO electroplating lasted for (a) 3, (b) 45,
(c) 50, and (d) 90 min. The inset pictures
are their top view images with scale bar of
2 mm.

Figure 4. (Color online) XRD patterns for ZnO inverse opals after heat-
treatment of 500�C for (a) 30, (b) 60, and (c) 180 min. Shown in (d) is the
XRD pattern for ZnO inverse opals prepared from the nitrate route without
the addition of ethanol.
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O2�sites. Compared to a typical ZnO thin film, the ZnO inverse
skeleton not only provided a significantly larger surface area for
oxygen adsorption but also enabled a shorter diffusion path, so a 30
min heat-treatment was sufficient to obtain ZnO with reduced
defects.

The improved crystallinity for the ZnO inverse opals after heat-
treatment is confirmed via the measurements of their PL spectra as
defects in the ZnO are known to determine the intensity and position
of emission signals. In general, the PL profile of ZnO contains emis-
sion spectra from both the ultraviolet and visible regimes, which are
associated with band edge emission and intraband emission from
impurities and defects, respectively.1 Previously, Yang et al.
reported that the PL spectra from the ZnO inverse opals were similar
to that of thin film but displayed a significantly enhanced intensity.47

They attributed the enhancement to the dielectric confinement effect
as the ZnO skeleton was sandwiched by air on both sides forming a
semiconductor-insulator nanostructure. Figure 7 exhibits the PL
spectra for the ZnO inverse opals after different heat-treatment time.
The peak positions for the ZnO inverse opals after heat-treatment
of 500�C for 30, 60, and 180 min were 382, 382, and 388 nm,
respectively. In addition, their intensity was decreasing with heat-
treatment time. This significant reduction in the peak intensity was
accompanied by a slight increase in the bandwidth. In addition to
ultraviolet emission, there appeared broad visible emissions around
500 and 637 nm. The intensities for these visible emissions were
much smaller as compared to what was reported earlier in similar
ZnO inverse opals.15 These emissions were moderate for samples
undergoing heat-treatments of 30 and 60 min but became negligible
for the sample of 180 min heat-treatment. In literature, the emissions
in visible regime were likely caused by zinc vacancies (VZn), oxygen
vacancy (VO), interstitial zinc (Zni), interstitial oxygen (Oi), and
antisite oxygen (OZn).44 From Fig. 7, we witnessed a gradual
decrease for those visible emissions, suggesting that the defective
sites in the ZnO lattice were reduced considerably upon heat-
treatment. This behavior was consistent with the XPS results from
Figs. 5 and 6, confirming that a simple heat-treatment in air effec-
tively improved the crystallinity and stoichiometry for the ZnO
inverse opals.

An alternative explanation for the slight shift in the peak position
to the longer wavelength in PL spectra is the increase of ZnO grain
size upon extended heat-treatment. However, after carefully exam-
ining the XRD patterns for the ZnO inverse opals, we did not
observe notable variations in the diffraction peaks. Hence, we
concluded that the shift of PL peak was attributed entirely to the
reduction of defects in the ZnO inverse opals after heat-treatment.
In summary, combining electrophoresis, electroplating, and heat-
treatment, we demonstrated the fabrication of large-area ZnO

inverse opals with significantly reduced crystallographic defects and
desirable microstructure. These ZnO inverse opals can potentially
be employed for optoelectronic applications where a well-defined
bandgap is required.

Figure 6. XPS signals of O (1s) in both experimental results (h) and curve
fitting (—) for ZnO inverse opals after heat-treatment of 500�C for (a) 30, (b)
60, and (c) 180 min. The curve fitting is based on Oa (*), Ob (D), and Oc (r).

Figure 7. PL spectra for ZnO inverse opals after heat-treatment of 500�C
for 30 (h), 60 (*), and 180 (D) min.

Figure 5. XPS signals of Zn (2p3/2) and Zn (2p1/2) for ZnO inverse opals
after heat-treatment of 500�C for (a) 30, (b) 60, and (c) 180 min.
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Conclusions

A facile electrochemical fabrication scheme to construct large-
area ZnO inverse opals on a ITO substrate with reduced defects and
controlled thickness (0.36–12 mm) was demonstrated. The PS colloi-
dal crystals were assembled by vertical electrophoresis and
employed as template for ZnO electroplating, followed by heat-
treatment in air at 500�C to remove the PS microspheres. Since the
PS template was prepared with significantly reduced crystallo-
graphic defects, the electroplating of ZnO was able to achieve at a
reduced ethanol/water volume ratio of 1/9, leading to a faster depo-
sition rate and improved ZnO microstructure. SEM images exhib-
ited superior uniformity and reduced microstructural defects for the
colloidal template and ZnO skeleton. XRD revealed a wurtzite hex-
agonal lattice with (002) preferred orientation for the ZnO inverse
opals. In addition, both XPS and PL spectra indicated improved
crystallinity and stoichiometry with increasing heat-treatment time.
These ZnO inverse opals can potentially be employed for optoelec-
tronic applications where well-defined bandgap is required.
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