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Zinc oxide nanoparticles (ZNPs) are synthesized onto glass substrates by employing simple and low
cost solution based modified polymer assisted deposition (PAD) method. Trionx100 is used as a capping
agent and zinc acetate as the zinc source. TritonX100 concentration is varied from 0.02 to 0.45 M for the
synthesis of pure ZnO NPs. TG–DTA analysis was employed to determine the decomposition temperature
of TritonX100 and zinc acetate, which lead to the formation of ZnO. The films were further characterized
by powder X-ray diffraction (XRD), scanning electron microscopy (SEM) and high-resolution transmission
inc oxide nanoparticles
olymer assisted deposition
ritonX100

electron microscope (HR-TEM), Fourier transforms infrared spectroscopy (FT-IR) and room temperature
photoluminescence (PL). The results indicate that the synthesized nanoparticles (NPs) exhibits the room
temperature PL with two emission peaks, one corresponding to ZnO band edge emission and the other
one to point defect states created due to oxygen deficiency. The first peak undergoes blue-shift due to
change in NPs size while there is no shift in the second peak. Nevertheless, with increase in TritonX100

tensi
by PA
concentration the peak in
successfully synthesized

. Introduction

Recently, the studies on use of polymers to synthesize metal-
xide based NPs of controlled size have gain momentum. Polymers
nable active binding of metal ions present in the precursor that
nhibit grain growth and hence facilitates production of NPs. Quan-
um size effects are observed in the particles, and the energy gap
etween the conduction and valence bands exhibits a blue-shift
ith decrease in particle size. Semiconductor particles that are

n the nanometer size regime have attracted significant atten-
ion because of their atom-like size dependent properties [1]. The
rystallization inorganic material in the presence of polymers has
een efficient method to obtain composite materials. Two differ-
nt aspects are combined; first, polymers can act as template and
econd is polymer controlled crystallization. Among the various
anomaterials ZnO, with direct wide band gap energy of 3.37 eV
nd a large exciton binding energy (60 meV), has become one of
he most important functional materials with unique properties
f near-ultraviolet emission, optical transparency, electric conduc-

ivity and piezoelectricity [2,3]. These ZNPs have new exciting
roperties and wide technological applications such as photo-
atalysis, chemical remediation, photoinitiation of polymerization
eactions, quantum dot devices and solar energy conversion. Fur-

∗ Corresponding author. Tel.: +91 231 2609229; fax: +91 231 2691533.
E-mail address: psp phy@unishivaji.ac.in (P.S. Patil).
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ty of defect peak decreases, indicating that the highly pure NPs have been
D method.

© 2010 Elsevier B.V. All rights reserved.

thermore, it is well known that low-dimensional structures may
have superior optical properties over bulk material due to the
quantum confinement effect. These days, the focus is moving
on to the synthesis of ZnO nanostructures. The techniques used
for synthesizing ZnO nanostructures mainly include templated
growth [4], patterned catalytic growth [5], substrates-induced
vapor deposition [6], solution-phase deposition [7], electrochemi-
cal route [8] and chemical reaction [9]. These methods require high
temperature, expensive substrates, high cost, tedious procedures,
sophisticated equipments and rigorous experimental conditions,
which can be called ‘noble’ methods. Hence it is necessary to find
out a simple and low cost method to synthesize ZnO nanostruc-
tures to tackle the problems. In view of this, we followed a simple,
inexpensive, environmentally benign, solution-based method with
some modification to produce NPs without templates and catalysts
[10].

In the present work we report the synthesis of ZNPs by PAD
method. TritonX100 is used as a capping agent. Films are prepared
by drop-casting the TX and zinc acetate prepared solution on to
glass substrates and annealed at 400 ◦C for 5 h in air. Annealed films
are used for further characterizations.
2. Experimental

The ZNPs synthesized in this work are deposited onto glass substrates using
the following procedure. The 0.1 M zinc acetate dihydrate was added into 4 ml
deionized water at room temperature. Subsequently, 0.02 M polyethylene glycol-
p-isooctylphenyl ether [TritonX100, TX] was added into the solution and 1 ml of

dx.doi.org/10.1016/j.jallcom.2010.10.019
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. (a) TG–DTA curves for studying decomposition behavior of zinc acetate dihy-
drate [Zn(CH3COO)2·2H2O] and (b) mixture of zinc acetate and TritonX100 in air
atmosphere.
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to crystallization of the sample.
Fig. 2 shows XRD spectra of the samples prepared by varying TX

concentration. All the samples are polycrystalline with peaks corre-
cetone was further added. Finally this solution was drop-casted on to the cleaned
lass substrates. The samples were dried at room temperature over night. Dried
amples were annealed in air at 400 ◦C for 5 h. TritonX100 concentration is varied
s; 0.02, 0.15, 0.30 and 0.45 M, and the samples are denoted as Z0.02, Z0.15, Z0.30 and
0.45, respectively.

The samples were characterized by means of structural, electrical and opti-
al techniques. To select the range of annealing temperature for formation of
Ps, thermo gravimetric analysis (TGA) and differential thermal analysis (DTA)
f zinc acetate was carried out using TA instrument (USA) STD 2960. The phase
ormation was examined by using a powder XRD Philips PW3710 with Cu K�
� = 1.54056 Å) radiation operating at 40 kV and 30 mA. The morphological features
f NPs were studied by using SEM, JEOL JSM 6360, secondary electron imaging. HR-
EM measurement was carried out on JEOL make 3010 Model at 300 kV. The UV–vis
bsorption spectra were recorded on a [systronics-119 model] spectrophotometer.
he powder scratched from deposited films was characterized by FT-IR spectroscopy
sing PerkinElmer IR spectrometer model 783 in the spectral range 450–4000 cm−1.
o record IR patterns, the pellets were prepared by mixing KBr with NPs powder
ollected by scratching the films from glass substrates and then pressing powder
etween two pieces of polished steel. The room temperature photoluminescence

Zn(CH3COO)

Zn(CH3COO)2 liq.
as recorded by using an excitation wavelength of 320 nm on a UV–vis single beam
pectroflourometer [JASCO 750, Japan].
Fig. 2. XRD patterns of the Z0.02, Z0.15, Z0.30 and Z0.45 samples.

3. Results and discussion

The thermogram recorded for zinc acetate (Thomas Baker,
99.5%) powder is shown in Fig. 1(a). The thermal evolution in oxy-
gen ambient takes place in four consecutive stages with weight
losses for which the inflection point coincides with the tempera-
ture corresponding to the endotherms and exotherms in DTA trace.
The weight loss of precursor zinc acetate [Zn(CH3COO)2·2H2O]
begins at 60 ◦C. Initially, weight loss of 16.43% of zinc acetate in
the temperature range of 60–100 ◦C was observed (Step I).This is
indicated by the endothermic peak at 95 ◦C due to the evaporation
of physisorbed water from the precursor. This is followed by a slow
decay of TGA curve in the temperature range of 100–240 ◦C (Step
II). The rapid decay in TGA curve was takes place during 240–300 ◦C
(Step III). During step II & III; total weight loss was 60.15%. These
consequent weight losses are attributed to the decay leading to the
decomposition of acetate groups. A further weight loss at the tem-
perature of 300 ◦C coincides with an exothermic peak indicating
the formation of ZnO phase and becomes stable after the temper-
ature of 400 ◦C. After 400 ◦C the TGA trace is stable with no further
weight loss indicating the decomposition of zinc acetate formation
of stable ZnO phase. In the DTA trace, the exothermic peak signifies
the crystallization or phase formation [11].

For the first endothermic peak,

2O
�−→Zn(CH3COO)2 liq. + 2H2Ovapor ↑ (Physisorbed water)

For the second endothermic peak,

2Oliq.
�−→Zn(CH3COO)2 solid + 2H2Ovapor ↑ (Chemisorbed water)

For the exothermic peak

Zn(CH3COO)2 solid
�−→

Oxidation
ZnOsolid + 2(CH3COO) ↑ +2(CH3) ↑ +2(CO2) ↑

TG–DTA curve of TX + zinc acetate sample is shown in Fig. 1(b).
Here the thermal evolution in O2 atmosphere takes in three con-
secutive stages with weight losses. In first stage, there was minor
weight loss of 0.09% of sample observed in the temperature range
30–150 ◦C. In second stage, rapid weight loss of 73.61% of sam-
ple takes place in the temperature range 150–390 ◦C and this is
due to decomposition of both zinc acetate and TX. Finally, above
390 ◦C the thermally stable phase is observed. In case of DTA trace,
there were two broad exothermic peaks observed, which are due
sponds to the wurtzite ZnO [JCPDS card No. 36–1451, a = 3.2501 Å,
c = 5.2071 Å, space group: P63mc(1 8 6)] with a good crystallinity.
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Fig. 3. SEM images of the Z0.02, Z0.15, Z0.30 and Z0.45 samples. All the images are

o further characteristic peaks of impurities, such as Zn(OH)2
bserved. The crystallite’s size (t) was deduced from well-known
cherer’s formula,

= 0.9�

ˇ cos(�)
(1)

here t = crystallite size in nm, � = wavelength of X-ray incident
n sample, ˇ = Full width half maxima and � = angle at which
aximum peak observed. The variation in crystallite’s size with

oncentrations of TX is given in Table 1. It is observed that the crys-
allite size decreases with increase in concentration of TX in the

olution. All the samples exhibit peaks along (1 0 0), (0 0 2), (1 0 1),
1 0 2), (1 1 0), (1 0 3) and (1 1 2) plane. Moreover, the peaks become
roader with the increment in TX.

The PAD deposited ZnO samples were analyzed by SEM to deter-
ine the influence of TX on the morphology. The change in NPs

able 1
he values of crystallite size, TX concentrations, bandgap energy and PL peaks in UV and

Sample name TritonX100 conc. (M) Crystallite size (nm)

Z0.02 0.02 18
Z0.15 0.15 17
Z0.30 0.30 16
Z0.45 0.45 11
ed at ×20,000 magnification. Inset shows the magnified image of Z0.45 sample.

size is revealed for the samples deposited at various TX concen-
trations. Changes in sample morphology with the TX are observed.
Well-defined grains of about 230 nm are obtained for the Z0.02 sam-
ple (Fig. 3(a)). With an increase in TX above 0.02 M, the sample
morphologies change substantially and highly dispersed NPs are
formed for Z0.15 Fig. 3(b). Further increment in TX, particles size
becomes smaller (Fig. 3(c)). The decrement in the average grain
size up to 60–70 nm (Fig. 3(d)) is on account of the effect of TX
that causes growth of the grains. Fig. 4 shows the HR-TEM image
of Z0.45 sample with SAED pattern. The TEM image reveals that the
particles with average 25 nm in diameters showing the samples

are nanocrystalline in nature. The most of the particles are ran-
domly oriented. The circular bright and dark fringes in SAED pattern
confirm the NPs are polycrystalline.

Fig. 5 shows the IR spectra of pure TX and ZNPs with different
concentration of TX. The intense broad band for each sample in

visible region.

Band gap energy (eV) PL peaks

Band edge peak (eV) Defect peak (eV)

3.15 3.08 2.63
3.18 3.10 2.63
3.21 3.15 2.63
3.24 3.23 2.63
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Fig. 4. HRTEM image of the Z0.45 sample. Inset shows the SAED pattern.
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Fig. 5. IR transmittance spectra of the Z0.02, Z0.15, Z0.30 and Z0.45 sample recorded in
the wave number range of 450–4000 cm−1.
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Fig. 6. Optical bandgap spectra of the Z0.02, Z0.15, Z0.30 and Z0.45 samples in the energy range between 1.6 and 3.6 eV.
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Fig. 7. The room temperature PL spectra with an excitation wavelength 320 nm of
the Z0.02, Z0.15, Z0.30 and Z0.45 samples.

Fig. 8. Schematic illustration of the ZnO band structure and the proposed band edge
720 R.C. Pawar et al. / Journal of Alloys

he range of 470–534 cm−1 due to the vibrational property of ZnO
anocrystals [12]. The remaining peaks at 3339 and 2974 cm−1 in
ample are assigned to the vibrations of –OH and –CH2 groups of
X, respectively [13]. The broad peak at 1019 cm−1 relate to com-
lex structure of the ZNPs and TX as explained by Du et al. [14]. The
pectrum of pure TX recorded for comparison. In spite of complete
ashing of the final product, the IR spectra recorded the peaks cor-

esponding to TX, indicating the strong interactions of TX with the
NPs. Hence the IR spectra reveal that the samples are composite
f ZNPs with few percentage of TX.

The Optical absorption in the UV–vis region is dominated by
he optical band gap (Eg) of the semiconductor that is related
o the optical absorption coefficient (˛) and the incident pho-
on energy (h�) by the relation ˛ = (Eg − h�)n, where ‘n’ depends
n the kind of optical transition that prevails. Specifically, n is
/2, 3/2, 2 and 3 when the transition is direct-allowed, direct-
orbidden, indirect-allowed, and indirect-forbidden respectively.
nO is a direct-allowed band gap semiconductor; hence graph is
lotted ˛2 versus photon energy as a function of TX concentration.
he direct-allowed Eg estimated from the plot is varied ranging
rom 3.15 to 3.24 eV. The change in optical band gap is observed
ue to variation in concentration of TX from 0.02 to 0.45 M.
ence as the TX concentration increases the crystallite size of NPs
ecreases. This observation reveals a blue shift of band gap energy
ith increment in TX concentration relative to bulk ZnO (380 nm)

15]. The increased band gap is attributed to quantum size effect
QSE).

A single band model has been widely used to discuss the QSE of
he energy band gap in semiconductor NPs. Considering the infinite
otential barrier at the interface of NPs and surrounding mate-
ial, Brus has calculated the broadened band gap energy due to
SE [16,17]. However, the calculated band gap energy using Brus
odel is higher than the actual. To overcome the limitation of Brus
odel, Nosaka has suggested a new model using the finite potential

arrier. The band gap energy given by Nosaka model is [18],

opt(R) = Ebulk + Eo

[
a + b

(Eom∗
e/mo)1/2R + c

]
+ Eo

[
a + b

(Eom∗
h/mo)1/2R + c

here Eo is the finite potential energy barrier. The energy gap of
ulk ZnO is 3.2 eV. The constant parameters a, b, and c depend
n the charge carriers’ effective masses, R is the particles radius.
hese parameters are given by Nosaka in plots of the relationship
etween the parameters and the effective mass ratios m∗

e/mo and
∗
h/mo. Many researchers are observed that the calculated band

ap energy using Nosaka model is well matches with the experi-
entally predicted value [19]. The band gap energy of the ZNPs was

ignificantly increased with decreasing the crystallite size from 18
o 11 nm. Band-edge absorption spectra features indicate narrow
ize distribution of the NPs [20,21]. The crystalline quality of a semi-
onductor has been related to the appearance of sharp edge in its
ptical absorption [22] (Fig. 6).

Fig. 7 shows that the room temperature PL spectra of Z0.02, Z0.15,
0.30 and Z0.45 samples. The characteristic UV (384 nm, 3.23 eV) and
isible (471 nm, 2.63 eV) peaks are observed due to high exciton
nergy and direct band gap of ZnO. The UV emission in ZnO has
een well documented and discussed by many researchers in the

iterature [23,24]. It is attributed to near band edge transition pro-
esses arising from energy loss due to a strong electron-phonon
nteraction at room temperature [25]. The visible emission in ZnO
s far from clear. It has been investigated that different extrinsic and

ntrinsic defect centers are responsible for green, yellow, and red
missions. Extrinsic lattice defect produce impurity energy levels in
he band gap of ZnO, which is one of the reason for visible emission.
ntrinsic defect such as, oxygen vacancies (Vo), zinc vacancies (VZn),
xygen interstitials (Oi), zinc interstitials (Zni), and oxygen antisites
1.786e2

(4�εoεrR)
(2)

emission and blue–green emission.

(OZn) are responsible for visible PL [26]. Bacsa et al. have shown that
the point defect such as Zni in combination with surface defects
causes the green emission. Yellow and red emissions are attributed
to the defects of interstitial oxygen and zinc, respectively [27]. Blue
emission is attributed to the transition of electron from donor Zni
level to neutral acceptor Vzn level [28]. In present work, although
both UV and visible emission are present in all samples, their inten-
sities change observed for the band-edge as well as visible band. TX
affects on the PL property of ZNPs. For Z0.02 sample the both peaks
are highly intense and broad. For the Z0.15, Z0.30 and Z0.45 samples,
emission of band edge and blue peaks are merged compare to Z0.02,
due to the capping of TX to ZNPs. The band edge peak is shifted
towards the higher energy as TX concentration increases due to
decrease in crystallite size.

Fig. 8 schematically depicts the positions of the possible defect
levels in the samples and it seems that the emission at 403 nm
(3.08 eV) can be assigned to the recombination of electrons at min-
ima of conduction band and holes at VZn above valence band. The
blue emission is due to the recombination of electrons at VZi and
holes at the maxima of the valence band VZn [29–31].

4. Conclusions
In summary, ZnO nanoparticles have been successfully synthe-
sized on to the glass substrates by a simple and cost effective
polymer assisted deposition method. The preparative parame-
ters were fine tuned to yield monodispersed ZnO nanoparticles.
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