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Zinc oxide nanoparticles were created by a top-down wet-chemical etching process and then coated with
polyvinyl-alcohol (PVA), exhibiting sizes ranging from 10 to 120 nm with an average size approximately
80 nm. The PVA layer provides surface passivation of zinc oxide nanoparticles. As a result of PVA coating,
enhancement in ultraviolet emission and suppression of parasitic green emission is observed. Photocon-
ductors fabricated using the PVA coated zinc oxide nanoparticles exhibited a ratio of ultraviolet photo-
generated current to dark current as high as 4.5 � 104, 5 times better than that of the devices fabricated
using uncoated ZnO nanoparticles.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

ZnO is a direct wide bandgap semiconductor material with doc-
umented bandgap values ranging from 3.2 to 3.4 eV. Various
attractive characteristics of ZnO, including large exciton binding
energy (60 meV), high radiation hardness, and relatively low
growth temperature, have prompted its applications in transparent
conducting electrodes (TCOs), varistors, gas sensors, ultraviolet
(UV) photodetector, UV light emitting diodes (LEDs), transistors,
solar cells, magnetics, biologic, catalysis and devices based on pie-
zoelectricity [1–9]. ZnO nanostructures are especially interesting
due to their quantum confinement effects which enable continu-
ous tuning of the emission and detection wavelengths and
improved device performance [4–16]. To date, a variety of
techniques have been widely used in the synthesis of ZnO nano-
structures, including high temperature sputtering [17], molecular
beam epitaxy [18], chemical vapour deposition [19], electropho-
retic deposition [20], and chemical bath deposition [9,10,16].

Wet chemical synthesis is an inexpensive way to create
ZnO nanostructures. Traditional wet-chemistry synthesis is a
bottom-up process based on reactions of a variety of precursors
using different conditions, such as temperature, time, and concen-
tration of reactants, leading to varying sizes and geometries of the
resulting particles. However, there are several significant chal-
lenges associated with this method, including difficulty in prepara-
ll rights reserved.

: +1 518 276 2990.
tion of a stable dispersion, poor uniformity in the coating process,
and poor conductivity of the ZnO thin films (fabricated using the
nanoparticles). This is due to imperfect crystalline phases and
impurities present in the nanoparticles or adsorbed on the surface.
Another prominent issue common to ZnO nano-materials is a
strong, parasitic green photoluminescence caused by excess Zn2+

ions and oxygen deficiencies [13–15,21], and a lack of stability
under ambient conditions [22]. Researchers have begun to investi-
gate the effective use of surface modification [23–25], and anneal-
ing treatments [26] to solve parasitic effects. Dutta and co-workers
reported a new low temperature top-down wet-chemical etching
method to generate controllable and stably dispersed ZnO nano-
particles [16]. This top-down method along with surface coating
could resolve these issues while maintaining low cost and ease of
fabrication associated with wet chemical processes.

In this paper, the material and device characteristics of
polyvinyl-alcohol (PVA) coated ZnO nanoparticles made by a
top-down wet-chemical etching method are measured. Polyvi-
nyl-alcohol (PVA) provided significant suppression of the parasitic
green emission and enhanced UV emission. Photoconductors
based on the ZnO nanoparticles are fabricated and characterized
with improved device performance provided by the PVA surface
passivation and stable dispersion of the nanoparticles.
2. Experiment

In this study, commercial ZnO particles of average 1–2 lm in
sizes were chemically etched to create nanoparticles. The starting
ZnO particles were synthesized at a high temperature, giving rise
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Fig. 1. (a) XRD patterns (b) High resolution SEM results, of PVA coated ZnO
nanoparticles (ZnO–U) created by top-down wet-chemical synthesis with an
average size of 80 nm (the inset is the schematic diagram of the photoconductors).

360 L. Qin et al. / Optical Materials 33 (2011) 359–362
to pure crystalline phases and high purity of the synthesized
powders. Using the slow and controllable top-down chemical etch-
ing process described here, nanoparticles as small as 10 nm sizes
have been demonstrated. To start with, the micron size ZnO parti-
cles were suspended in deionized water using a magnetic stirrer.
The solid weight percent of the ZnO particles in water was approx-
imately 2.5%. A separate mild acidic solution (pH �6) was prepared
by adding acetic acid in water. The acidic solution was then added
drop by drop (at a rate of 2–3 ml every minute) to the ZnO colloidal
suspension while the liquid was vigorous stirred. The acetic acid
etches ZnO by forming zinc acetate which dissolved in water. After
2 h of etching, the solution was centrifuged and the ZnO particles
were extracted. The extracted particles were suspended in deion-
ized water and washed. The solution was then centrifuged and
the particles were extracted again. The etching process is repeated
several times as described above beginning with suspending the
extracted ZnO particles in water and adding acetic acid solution
for 2 h. After six etching cycles it was observed that ZnO nanopar-
ticles with size below 100 nm could be obtained. At the end of this
etching process, the colloidal suspension was separated into two
batches. One batch was surface treated by dissolving PVA
(0.5% in weight in water). The PVA capping on the ZnO nanoparti-
cles occurred due to the reaction of excess Zn2+ on the surface with
the hydroxyl group of the PVA. The particles from both batches
[uncoated (ZnO–A) and PVA-coated (ZnO–U)] were centrifuged
and dispersed in ethanol to form 30 mg/ml suspension. These solu-
tions were then spin-casted onto quartz plates and annealed in air
at 150 �C for 5 min.

Characterization methods used to determine the material qual-
ity and optical characteristics of the ZnO nanoparticles are the fol-
lowing. X-ray diffraction (XRD) was performed on a Bruker D8
Discover X-ray diffractometer with a high-star 2-d detector. The
2-theta used in the measurement was from 30� to 100�. The size
and morphology of the ZnO nanoparticles were determined using
a Carl Zeiss Ultra 1540 dual beam scanning electron microscope
(SEM) set to 5 kV. The ZnO nanoparticles were characterized by
their excitation and emission spectra using a Spex Fluorolog
Tau-3 spectrofluorimeter. UV–Vis absorption spectra were re-
corded using a Shimadzu UV–Vis 2550 spectrophotometer with a
deuterium lamp (190–390 nm) and a halogen lamp (280–
1100 nm). Auto switching between the lamps is synchronized to
a wavelength and the switching range is selectable between 282
and 393 nm. The scanning wavelength range used in the experi-
ment is 240–800 nm with a switching wavelength of 330 nm.

Photoconductors were made by depositing two irregular
100 nm Al contacts on top of the ZnO nanoparticle film formed
as stated above using E-beam via shadow mask. A schematic dia-
gram of the detectors is presented in the inset of Fig. 1(b). Point
contact current–voltage (I-V) characteristics of samples were mea-
sured using a HP4155B semiconductor parameter analyzer under
darkness and under illumination by a 340 nm UV LED with an
intensity of 45.58 mW/cm2. These measurements were performed
at room temperature in air.
Fig. 2. Emission spectra of ZnO excited at 340 nm indicating enhanced UV and
suppressed green emission in PVA coated ZnO nanoparticles (ZnO–U) in contrast to
uncoated ZnO nanoparticles (ZnO–A) (the inset is the normalized spectra).
3. Results and discussion

The XRD pattern of ZnO nanoparticles coated with PVA (ZnO–U)
is shown in Fig. 1(a). The peaks coincide with hexagonal zinc oxide
(AMCSD#0005163, a = 3.2494 Å, c = 5.2038 Å) of high purity.
Fig. 1(b) is a high resolution SEM image of PVA coated ZnO nano-
particles (ZnO–U) spin-casted onto a quartz plate. The sizes of
the nanoparticles are in the range of 10–150 nm with an average
value of approximately 80 nm. Uncoated ZnO nanoparticles
(ZnO–A) in ethanol spin-casted on quartz plates exhibit a similar
size.
The emission spectra of the uncoated ZnO nanoparticles
(ZnO–A), shown in Fig. 2, demonstrate two transitions exist: a
near-band-edge UV transition and a broad green emission caused



Fig. 3. Excitation spectra of ZnO (kem = 510 nm) (the inset schematically shows the
near-band-edge and the green emission of ZnO, respectively).

Fig. 5. I–V plot of photodetector based on PVA coated ZnO nanoparticles (ZnO–U)
shows a linear I–V response and the UV generated current to dark current ratio over
four orders.

Fig. 6. The ratio of UV generated current to dark current of photodetector based on
uncoated ZnO nanoparticles (ZnO–A) and PVA coated ZnO nanoparticles (ZnO–U)
respectively.
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by deep level defects. This corresponds with the transitions shown
in the Fig. 3 inset of the ZnO band diagram. When excited at
340 nm, the emission spectra clearly indicate an enhanced UV
and a diminished parasitic green emission occurs in PVA coated
ZnO nanoparticles (ZnO–U) compared with uncoated ZnO nano-
particles (ZnO–A). The ratio of UV emission peak (377 nm) to the
green emission peak (520 nm) increased from 0.93 in uncoated
ZnO nanoparticles (ZnO–A) to 40.85 in PVA coated ZnO nanoparti-
cles (ZnO–U).

The excitation spectra of the ZnO nanoparticles are shown in
Fig. 3. When the emission wavelength was set at 510 nm (around
the peak of the parasitic green emission of ZnO) the excitation
spectra indicated most of the parasitic green emission comes from
UV excitation. The UV-excited electrons in the conduction band
cannot recombine with the holes in the valence band since they
are trapped by the holes in the deep level defects of ZnO. However,
the green emission from uncoated ZnO nanoparticles (ZnO–A) is
about 4 times of that from PVA coated ZnO nanoparticles
(ZnO–U). This indicates the PVA coating helps passivate the surface
of ZnO nanoparticles by decreasing the number of holes in the deep
level and thus reducing the parasitic green photoluminescence of
Fig. 4. Absorption spectra of ZnO demonstrate higher UV and lower visible
absorption in PVA coated ZnO nanoparticles (ZnO–U) comparing with uncoated
ZnO nanoparticles (ZnO–A).
ZnO following UV-excitation. Excess Zn2+ is normally considered
the major contributor to green emission since the dangling bonds
form the donor states in ZnO that easily trap the UV-excited elec-
trons [13–15,21,27,28]. Therefore the suppressed green emission
observed in PVA coated ZnO nanoparticles (ZnO-U) indicates PVA
is an effective surface passivation material to ZnO and has a strong
interaction with excess Zn2+.

As demonstrated in Fig. 4, there is no significant difference in
the absorption spectra of uncoated ZnO nanoparticles (ZnO–A)
and PVA coated ZnO nanoparticles (ZnO–U), although PVA coated
ZnO nanoparticles (ZnO–U) exhibits an increase in UV absorption
and a slight decrease in visible wavelength absorption. The absorp-
tion spectra shows the cut-off wavelengths for both samples to be
around 375 nm, a 5 nm blue shift compared with the bulk material
(380 nm). This indicates the presence of nano-scale particles (as
shown in the high resolution SEM results of Fig. 1(b)) and their cor-
responding quantum confinement effect in these samples.

Fig. 5 is a typical I–V curve of photoconductors based on ZnO
nanoparticles under dark and illuminations of 340 nm UV LED with
an intensity of 45.58 mW/cm2. The linear I–V responses show that
a photoconductor based on ZnO nanoparticles and Al contacts has
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been achieved. The ratios of UV photo-generated current to dark
current (on/off ratio) are shown in Fig. 6. In uncoated ZnO nanopar-
ticles (ZnO–A), the ratio is about 9 � 103 when the bias is �20 V.
Meanwhile, for PVA coated ZnO nanoparticles (ZnO–U) the ratio
is as high as 4.5 � 104, 5 times that of uncoated ZnO nanoparticles
(ZnO–A). Since most of the UV-generated carriers in the ZnO are
trapped by defects during transportation to the terminals and un-
coated ZnO nanoparticles (ZnO–A) has a higher surface defect con-
centration than PVA coated ZnO nanoparticles (ZnO–U), this
increased ratio is expected. However, the dark currents of both
detectors are about 100pA at �20 V bias. This indicates PVA does
not change the conductivity of ZnO nanoparticles, but acts as an
effective surface passivation material to improve the photosensi-
tivity of ZnO nanoparticles. The charge transport mechanism
across the ZnO/PVA/Al is still under investigation. However, it is
speculated that it could be due to tunnelling.
4. Conclusion

In conclusion, enhanced UV emission and suppression of para-
sitic green photoluminescence has been observed in PVA coated
ZnO nanoparticles prepared using a top-down wet-chemical etch-
ing process. Photoconductor based on PVA coated ZnO exhibited
increase in photocurrent sensitivity. These results indicate that
PVA coating of ZnO nanoparticles could be applied in creating
low cost, sensitive and visible blind UV photodetectors.
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