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 1 Introduction ZnO is amongst the most widely stud-
ied of all metal oxide systems and has recently become a 
very popular material due to its great potential for opto-
electronics applications. The wide direct band gap of 
3.3 eV and large exciton binding energy ~60 meV at room 
temperature [1] is especially attractive for optoelectronic, 
nonlinear optics and electro-optics applications [2]. More-
over, the binding energy of the exciton of ZnO (60 meV) is 
larger than its competitor GaN (25 meV) at room tempera-
ture making it attractive for exciton-related device applica-
tions [3], a dye-sensitized oxide semiconductor solar cell 
[4], and lasing devices operating at high temperatures and 
in harsh environments [5]. ZnO, in general, is an n-type 
material, with a high electrical conductivity due to lack of 

oxidation. The electrical properties of ZnO are closely re-
lated to the composition and the microstructure. It has been 
reported that the PL properties of ZnO are strongly  
dependent on the growth conditions including growth tem-
perature and growth ambient [6]. Thus, the dominant de-
fects for the visible emission might be different for sam-
ples grown by various techniques, and great care has to be 
taken when comparing the PL of samples prepared by 
various growth techniques. Previous research has shown 
that the PL spectrum of ZnO is sensitive to the particle 
shape, size, temperature, preparation method, etc. [7]. The 
emission by excitons was concluded as an origin of UV 
emission in ZnO thin films [8, 9]. Stoichiometric ZnO thin 
films usually show strong UV luminescence. However, the 

Zinc oxide (ZnO) thin films have been prepared by ultrasonic

Spray pyrolysis (USP) technique using zinc acetate dihydrate

dissolved in methanol, ethanol and deionized water. A num-

ber of techniques, including X-ray diffraction (XRD), scan-

ning electron microscopy (SEM), Fourier transform infrared

(FTIR) spectroscopy, UV–visible, electrical resistivity, and

photoluminescence (PL) were used to characterize the ob-

tained ZnO thin films. The evolution of the preferred crystal-

line orientations in the ZnO films was systematically investi-

gated. The PL measurements indicated that the as-grown ZnO

thin films showed UV and green emission bands when they

were excited by a Hg arc lamp using 313 nm as the excitation

source. A red-shift in the near band edge (NBE) has been ob-

served with the increase in the substrate temperature and has

 been attributed to the compressive intrinsic stress present in

the films. It is confirmed that oxygen vacancy (VO) is the

most important factor that causes the broad visible emission.

Furthermore, the visible emission and electrical resistivity of

ZnO thin films are found to be a function of porosity. Also, it

has been interestingly found that the intensity of green emis-

sion at ~2.5 eV remarkably increased when the obtained ZnO

films were deposited at 320 °C. The reason might be the VO,

intrinsic stress, surface-to-volume ratio and porosity in the

sample increased at low substrate temperature. The resistivity

follows the same behavior as the intensity of the green emis-

sion. We propose a new luminescence mechanism based on

the recombination related to oxygen vacancies in Zn-rich or

stoichiometric conditions. 
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exact origin of green emission is still in dispute, although 
defects such as oxygen vacancies, oxygen interstitials, zinc 
vacancies, zinc interstitials and oxide antisites are sug-
gested as an origin of green PL by other groups [10–13]. 
Many authors explored the green luminescence mechanism 
of ZnO by combining PL, optical absorption and electron 
paramagnetic resonance (EPR) spectrum. Their results 
showed that the green luminescence is induced by the sin-
gly ionized oxygen vacancies in the form of F+ centers [14, 
15]. The study of the EPR spectrum of F+ centers in the 
ZnO single-crystal indicates that the oxygen vacancy VO in 
the system can be neutral, and represents a deep donor with 
the ionization energy equal to 2.73 eV [16]. Such centers 
are not responsible of the high electrical conductivity of 
ZnO, but are entirely able to radiate the light at 510 nm 
[17]. In this regard, the study of the PL characteristics of 
ZnO is interesting because it can provide valuable informa-
tion on the quality and purity of the materials. 
 The aim of this paper is to bring a contribution in this 
field, based on some of our experimental results, from 
which some specific aspects of the growth processes can 
be extracted and discussed. In this respect we investigated 
the effects of structure and morphology on the PL and 
electrical resistivity of undoped ZnO thin films deposited 
by USP technique. 
 
 2 Experimental details The solution used for the 
films investigated here had the following amounts: 2.2 g 
Zn(CH3COO)2 ·2H2O (Fulka 99.9%); 50 ml H2O (deion-
ized); 40 ml CH3OH (Merck 99.5%); 60 ml C2H5OH 
(Merck 99.5%). A small amount of acetic acid was added 
to aqueous solutions to adjust the pH value to about 4.8 to 
prevent the formation of hydroxides. Water is the most 
convenient oxidizing agent. Methanol and ethanol were the 
obvious choice because of their volatility and thus facilitat-
ing quick transformation of the precursor mist into vapor 
form, which is an important criterion for obtaining good 
quality films. 
 The ultrasonic spraying system used in this work con-
sists of a commercial ultrasonic atomizer VCX 134 AT and 
substrate holder with heater. The ultrasonic vibrator fre-
quency was 40 kHz and the power used was 130 W. The 
median drop size at 40 kHz is 45 microns. The nozzle to 
substrate distance was 5 cm and during the deposition, the 
solution flow rate was held constant at 0.1 ml/min. Our 
equipment can be divided in three parts connected between 
them. One flask containing the zinc acetate solution, a per-
fusion system (a dropper chamber and a valve which regu-
lates the dripping speed) and finally an ultrasonic atomizer 
(ultrasonic power supply, piezoelectric transducer and noz-
zle) located at 0.5 m under the level of flask. The zinc ace-
tate solution is dispensed to the nozzle by gravity. To con-
serve the spray flow rate magnitude, the height of liquid 
was maintained constant by adding solution quantities, 
constantly, during deposition. The starting solution travels 
through the probe, and spreads out as a thin film on the at-
omizing surface. The oscillations at the tip disintegrate the 

liquid into micro-droplets, and then eject them to form a 
dense stream. Because the velocity of the droplets gener-
ated is very low, the probe is mounted with the tip facing 
downward in the direction of the substrate, and air disturb-
ances kept to a minimum. 
 ZnO thin films were deposited onto microscope cover 
glass substrates (30 × 12 × 1.2 mm3) in the temperature 
range: 320–420 °C and the deposition time was fixed at 
30 min for all films. The substrate temperature was moni-
tored with a thermocouple and controlled electronically. 
The film morphology was examined using a (Tescan Vega 
TS5130MM) scanning electron microscope (SEM). The 
structural analysis of the ZnO thin films is done by powder 
X-ray diffraction (XRD) data collected on Seifert XRD 
3003-TT diffractometer using Cu Kα radiation. The trans-
mittances of ZnO thin films were measured using a  
SpectroScan 80D UV–vis spectrophotometer in the  
190–1100 nm spectral range. The infrared absorption 
modes of these films were obtained from FTIR absorbance 
measurements taken at room temperature using constant 
powder samples (40 µg) imbedded in 23 mg CsBr pellet of 
5 mm diameter. The sample for FTIR measurement was 
prepared by grinding the thin film scraped from the glass 
substrate in a synthetic sapphire mortar and pestle and tab-
letting the ground solid with CsBr. The FTIR is performed 
with a Perkin–Elmer spectrometer with resolution of 8 cm–1. 
The apparatus is equipped with a system allowing the re-
duction of the optical course in air in order to minimize the 
perturbations associated with ambient air (water vapour 
and CO2). The uncertainty on the position of the various 
peaks is equal to ±2 cm–1. For the electrical measurements 
two gold electrodes were deposited on the film by sputter-
ing. Two platinum wires were applied on the electrodes 
and connected to a current–voltage generator (Keithley 
237). PL measurement was carried out on a luminescence 
spectrometer (Perkin–Elmer LS-55B, Perkin–Elmer In-
strument, USA) using a Hg arc lamp as the excitation 
source at room temperature. The excitation wavelength 
used in PL measurement was 313 nm. 
 

3 Results and discussions 
 3.1 Structure and morphology Before discussing 
the PL and electrical resistivity of the thin films in more 
detail, it is useful to consider their crystal structure and 
morphology. X-ray diffraction analysis, obtained for  
2θ scans between 20° and 70°, indicated that the deposited 
ZnO films on the glass substrate were polycrystalline and 
retained a hexagonal structure type wurtzite. The diffrac-
tion peaks are easily indexed on the basis of the hexagonal 
structure of ZnO (P63m/c, a = 3.249 Å, and c = 5.205 Å, 
JCPDS 36-1451). To better understand the decomposition 
process during USP, a set of samples were deposited at 
temperatures between 320 °C and 420 °C. In order to ex-
plore the dependence of structural properties on the sub-
strate temperature, we investigated the changes in struc-
tural characteristics such as the crystal structure and sur-
face morphology by means of  XRD and SEM. Figure 1  
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Figure 1 X-ray diffraction (XRD) and secondary electron micro-

graphs (SEM) of ZnO films obtained from zinc acetate dihydrate 

solution by USP technique on glass substrate: (a) TS = 320 °C; (b) 

TS = 390 °C; and (c) TS = 420 °C. 

 

shows XRD patterns and SEM micrographs of ZnO films. 
Miller indices are indicated on each diffraction peak. It can 
be seen that a set of peaks with strong intensity can be in-
dexed in peak positions to a crystalline ZnO phase. The re-
sults show that the thin films grown at TS = 320 °C is crys-
talline since diffraction peak appears in the spectrum cor-
responding to the strong (100) and weak planes of the ZnO 
phase (Fig. 1(a)). Raising Ts changed preferred orienta-
tions from (100) to (002) with an intermediate stage which 
is powder like structure. It is clear from the Fig. 1(b) and 
(c) that as TS is increased the thin films adopts a preferred 
orientation, with the c-axis (002) perpendicular to the sub-
strate. These films show different morphology of surface 
grains, which are dependent on the deposition temperature. 
Though the films are all visually alike, i.e. mirror smooth, 
the nature of their morphology is quite different. Namely, 
the geometry of the aggregates grown at lower tempera-
tures appears to be lenticular-like grains, whereas those 
grown at higher temperatures (>390 °C) become circular 
grains. The observation agrees with what is detected from 
the data of X-ray analysis, as shown by the diffrac- 
tion spectra. The increasing of the substrate temperature is 

likely to drive the modification of the grain boundary con-
figuration. It is well-known that the shape and size of inor-
ganic functional materials have an important influence on 
their electrical and optical properties [18]. 
 The crystallite size (D) of the samples was estimated 
using the Scherrer formula [19] 

( ) ( )

0.94

cos
hkl hkl

D
B

λ

θ
=  

where λ, θ(hkl) and B(hkl) were the X-ray wavelength 
(1.54056 Å), Bragg diffraction angle and line width at half-
maximum, respectively. The values of B(hkl) and θ(hkl) pa-
rameters from the XRD peak are estimated by Gaussian fit-
ting. This formula is not limited by the preferential orienta-
tion and is valid for an ordinary XRD profile. We choose 
the (100) diffraction peak for sample (a) and (002) peak for 
samples (b) and (c) to calculate the crystallite sizes since 
they are prominent in the involved profiles. The crystallite 
sizes of the films deposited on glass substrate at 
TS = 320 °C, 390 °C and 420 °C was found to be 30 nm, 
37 nm and 40 nm, respectively. The mean crystallite size 
obtained using Scherrer’s formula are all case substantially 
smaller than the dimension of grains observed by SEM im-
age, indicating these grains are probably an aggregation of 
many crystallites. 
 
 3.2 Fourier transform infrared (FTIR) analysis 
FTIR spectroscopy supplements the information obtained 
from XRD and SEM. It is the combination of all data helps 
us to understand, analyze and refine more effectively the 
structure of films. Figure 2 shows the FTIR absorbance 
spectra of ZnO samples grown at different substrate  
temperatures: (a) TS = 320 °C, (b) TS = 390 °C and (c) 
TS = 420 °C measured at room temperature, together with 
that of bulk ZnO and zinc acetate dihydrate for comparison. 
Here, signal derived from glass substrate was never de-
tected in this measurement because the measurement was 
performed with the solid scraped from the substrate. Thus, 
the peak position of Zn–O vibration frequency shifts rela-
tive to the single crystal value (437 cm–1) can be used to es-
timate intrinsic stress in ZnO samples. 
 The FTIR spectrum illustrates a series of absorption 
bands in the range of 200–4000 cm–1. This spectral region 
encompasses several important stretch modes involving 
carbon bonded to hydrogen as well as to oxygen, hydrogen 
bonded to oxygen and bonding between Zn–O (448 cm–1 
(a), 441 cm–1 (b) and 440 cm–1 (c)) are clearly represented, 
and significant up-shift as compared with that of bulk ZnO 
French process (437.33 cm–1). The broad asymmetrical ab-
sorption region that peaks around 3440 cm–1 is likely due 
to the OH stretching mode of hydroxyl group. Theoretical 
calculations predict O–H vibrations in ZnO ranging from 
3216 cm–1 to 3644 cm–1, depending on the configuration 
and number of hydrogen atoms in the complex [20]. The 
hydroxyl results from the hygroscopic nature of ZnO. Three 
peaks of  very  weak  intensities  at  2856 cm–1,  2927 cm–1 
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Figure 2 FTIR absorption spectra of ZnO samples deposited at 

(a) TS = 320 °C, (b) TS = 390 °C and (c) TS = 420 °C, (top), to-

gether with that of bulk ZnO and zinc acetate dihydrate powder 

for comparison (bottom). The main bands are discussed in the 

text. 
 
and 2960 cm–1 are observed which are due to C–H 
stretching vibrations of alkane groups. These specific 
peaks correlate well with the observed frequencies of the 
C–H2 symmetric stretch (2855 ± 10 cm–1), C–H2 asym-
metric stretch (2926 ± 10 cm–1), and C–H3 asymmetric 
stretch (2962 ± 10 cm–1) of saturated hydrocarbons, respec-
tively [21–24]. The peaks observed at 1350 cm–1 and 
1582 cm–1 are due to the asymmetrical and symmetrical 
stretching of the zinc carboxylate (–COO–), respectively 
[25]. According to the literature, a unidentate or monoden-
tate acetate ligand usually lies around Δν ≥ 200 cm–1, the 
frequency separation of a bidentate ligand lies between 
80–160 cm–1, in which the bridging acetate usually has a 
larger Δν of 120–160 cm–1 [26]. Nevertheless, these bands 
are clearly shifted compared to those displayed for the bi-
dentate acetate ligand in Zn(CH3COO)2 ·2H2O [27]. Fig-
ure 2 compares the infrared wavelength range for the ZnO 
samples and zinc acetate dihydrate powder. The average 

separation of these two bands, Δν = 232 cm−1 is typical of 
unidentate acetate ligand (Δν = 110 cm−1 for zinc acetate 
dihydrate). This confirms that acetate is complexed with 
metal zinc, likely in the surface. The small peak at 
1040 cm−1 represents C=O deformation. The absorption in 
~2359 cm−1 is due to the presence of CO2 molecular in air. 
The FTIR results strongly support the hypothesis that at 
least some of the carbon and hydrogen co-exist as defect 
complexes in the undoped ZnO and their absorption bands 
have no obvious change. As can be seen from the peak in-
tensity of the Zn–O bond increased with an increasing 
growth temperature. This was also strong evidence that the 
thin films grown at 420 °C had the best crystal quality. 
Combined this with our XRD analyses results, we believe 
that in our USP-fabricated ZnO films, a large fraction of 
carbon is present in the form of CHx (x = 2, and 3) and  
–COO– defect complexes. These complexes most likely 
come from metalorganic precursors. Together these sug-
gest that the FTIR-identified impurities exist mainly near 
crystallite surfaces. 
 The origin of the residual stress in the as-deposited 
ZnO/glass film can be realized as the followings: it is 
known that the residual stress in ZnO films contains a 
thermal stress component and an intrinsic stress component 
[28]. Intrinsic stress has its origin in the imperfection of the 
crystallites during growth. Several growth parameters, 
such as deposition temperature, deposition pressure and 
gas mixture would contribute to the intrinsic stress. The 
classic model of Pilling and Bedworth explains the stresses 
induced by oxide growth [29]. In this model, the tensile or 
compressive stresses are related to a change in volume, as 
the metal is converted into oxide. The ratio of the volume 
per metal ion in the oxide to the volume per metal atom in 
the metal has commonly been termed PBR, the Pilling–
Bedworth ratio. The PBR can be calculated using the fol-
lowing equation: 

M M O

M M O

PBR ,
x y

x y

M

xm

ρ

ρ
=  

where MMO is the molecular weight of the oxide, mM the 
atomic weight of the metal, ρMO the density of the oxide, 
ρM the density of the metal, and x the number of oxygen 
per the metal molecule. Compressive stresses are devel-
oped in the oxide when PBR > 1 and tensile stresses are 
developed when PBR < 1. The PBR for Zn/ZnO is 1.58. 
As a consequence; compressive stresses are present in the 
ZnO layer. FTIR and Raman spectroscopy both involve IR 
wavelength radiation and both measure the vibrational en-
ergies of molecules but these methods rely only on differ-
ent selection rules. The frequency shift of the E2 (high) is 
attributed to the stress variation. The compressive stress 
can be calculated from the shift in E2 from [30] 

sample ref ,Kω ω ω σΔ = - = -  

where ωsample and ωref (= 437 cm–1) are the wavenumber 
peak position of the stressed and unstressed samples, σ is 
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the intrinsic stress in GPa and K is a constant. The pressure 
dependence of the high frequency nonpolar optical phonon 
E2 mode in ZnO wurtzite phase (K) is 5.2 cm–1 GPa–1 as 
determined by Mitra et al. [31]. Based upon this result, the 
residual intrinsic compressive stress component for all 
ZnO films deposited in this work is estimated to be on the 
order of 0.576–2.115 GPa. When the crystallization is 
completed at high temperature, it results in the decrease of 
residual intrinsic stress in the ZnO films. The lattice strain 
in these films can be modified through deposition tempera-
ture. 
 
 3.3 Optical and electrical studies Gases like 
CH3COOH, H2O, etc. were produced as Zn(CH3COO)2 
was oxidized into ZnO. Consequently, pores were easily 
formed due to the release of these gases. The porosity P is 
calculated from optical constants using the Lorentz–
Lorenz equation [32]: 

( ) ( )
( ) ( )

2 2

film bulk

2 2

film bulk

1 2
1 ,

2 1

n n
P

n n

- +

= -

+ -

 (1) 

where nfilm is the refractive indices of the porous ZnO films 
and nbulk is the refractive indices of the ZnO skeleton which 
is widely accepted as 2.008 at λ = 632 nm [33, 34]. To cal-
culate the refractive index, nfilm, the method suggested by 
Swanepoel was used [35, 36]. The optical parameters are 
obtained by using only the transmission spectrum. The 
spectral dependence of the transmittance, T, of ZnO thin 
films deposited on the glass substrate was measured in the 
wavelength range of 190–1100 nm. The data is illustrated 
in Fig. 3. The spectrum shows interference pattern with a 
sharp fall of transmittance at the band edge. The method 
used to calculate the refractive index is based on the ap-
proach of Manifacier et al. [37] who suggested creating an 
upper and lower envelope of the transmission spectrum 
beyond the absorption edge. The refractive index in the re- 
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Figure 3 Transmission spectra of ZnO thin films deposited by 

USP technique on glass substrate at different TS. 

gion, where α approaches zero is given as [38] 

2 2 1/ 2 1/ 2

film
[ ( ) ] ,n M M s= + -  (2) 

where 

2

max min

max min

( 1)
2 .

2

T T s
M s

T T

- +
= +  (3) 

Here s is the refractive index of substrate, which is typi-
cally 1.52 for the totally transparent glass substrate used in 
this study. Tmax and Tmin are the values of the envelope at 
the wavelengths in which the upper and lower envelopes 
and the experimental transmittance spectrum are tangent, 
respectively. Refractive index can be estimated by extrapo-
lating the envelops corresponding to Tmax and Tmin. All the 
ZnO films are highly transparent in the visible region 
400 nm to 1100 nm and a sharp fall in transmittance is ob-
served below 400 nm due to band gap absorption (Fig. 3). 
Therefore, an average transmittance value in the region 
430 nm to 1100 nm is calculated from the transmission 
spectra and substituting the value in Eq. (3), nfilm value of 
the film is obtained. The calculated values of the refractive 
index from transmission spectrum at the wavelength of 
632 nm are plotted in inset of Fig. 4 and are in good 
agreement with the results obtained by other groups [39, 
40]. The refractive indices of the sample grown at the tem-
peratures higher than 350 °C at λ = 632 nm are in the rea-
sonable range of 1.81–1.91 compared with that of single 
crystalline ZnO. However, the refractive indices of the 
samples grown at the temperatures lower than 350 °C are a 
little smaller than the normal values suggesting the pres-
ence of a higher void content in the latter films. The reason 
for this phenomenon is from the poor qualities of the films 
deposited at low temperatures. The density of such film is 
also smaller than that deposited at higher temperatures. 
Next, the average porosity of each film has been calculated 
using the Eq. (1). The porosity of the ZnO films is repre-
sented in Fig. 4 as a function of substrate temperature. Ob-
viously, the porosity decreased considerably with substrate 
temperature until 390 °C and then decreased slowly until 
420 °C. 
 With the increase of the substrate temperature the elec-
trical resistivity of ZnO films deposited on the glass sub-
strates decreases. The crystallinity of films was enhanced 
with increasing the deposit temperature as shown in Figs. 1 
and 2 and in addition, the grain boundary density de-
creased due to the growth and agglomeration of grains, 
which indicated that the grain boundary scattering of carri-
ers decreased. It is important to mention that the morphol-
ogy in addition to the porosity of the films and the crystal-
line structure could be related to the electrical conduction 
behavior. The strong reduction of resistivity from 7.1 × 103 
to 51 Ω cm as the deposition temperature of undoped sam-
ples increases from 320 °C to 420 °C is followed by an in-
crease of the film density (from 4.59 g cm–3 to 5.32 g cm–3, 
the theoretical density of ZnO = 5.675 g cm–3), different 
morphology of  surface grains,  change of  orientation of  
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Figure 4 Electrical resistivity and porosity of ZnO thin films de-

posited on glass substrate at different TS. The inset shows refrac-

tive index at 632 nm of the ZnO thin films as a function of sub-

strate temperature. 
 
hexagonal grains, which becomes parallel to the substrate 
and strain/stress relaxation in larger crystallite size. To in-
terpret the conductivity behavior of ZnO thin films, we can 
assume that the resistivity of these films comes from the 
sum of resistivities of the grain boundary, lattice, impurity, 
strain and porosity. The grain boundary barrier depends on 
the microvoids, inter-grain distance, grain size, impurity 
concentration, crystallinity, and non coordinated atoms at 
the grain boundaries [40]. The contribution of grain 
boundary region to the electronic properties increases as 
the grains become smaller; there are large number of grains 
and hence large area of the grain surface, which resulted in 
higher resistivity of the thin films. Lattice contribution is 
expected through the interreticular spacing (d) and intrin-
sic stress. From the Figs. 4 and 1, we can see that all ZnO 
films with resistivity less than 140 Ω cm have relatively 
small d spacing (d(002) = 0.26 nm), while the poorly conduc-
tive ZnO films (samples with resistivity >103 Ω cm) have a 
larger d spacing (d(100) = 0.28 nm). The compressed lattice 
is expected to provide a wider band gap because of the in-
creased repulsion between the oxygen 2p and the zinc 4s 
bands [41]. The electrical resistivity of the films increases 
exponentially with increasing strain. The results also show 
that the poorer conducting films have higher porosity (den-
sity <4.86 g cm–3), while the most conductive ZnO films 
have lower porosity (density >5.26 g cm–3). This enhance-
ment of density and inter-grain contacts leads to lower re-
sistivity. The high resistivity value observed can be attrib-
uted, at least partly, to the porosity of the films. A decrease 
in the room-temperature resistivity with increasing sub-
strate temperature is attributed mainly to the increase of 
grain size as well as the partial decrease of the porosity, 
while an increase in the resistivity with decreasing TS, 
when porosity was greater, is due to the increase of the 
electrical barrier height of grain boundaries. Further, the 
excess resistivity is consistent with the argument of Toku-
moto  et  al.  [42]  that  a  missorientation of  lenticular-like  

Table 1 Characteristics of the ZnO samples estimated from XRD 

patterns, FTIR, transmission spectra and resistivity measure- 

ments. 

sample –(a) –(b) –(c) 

substrate temperature (°C) –320 –390 –420 

crystallite size (nm) –30 –37 –40 

Zn–O bond (cm–1), sampleω  –448 –441 –440 

intrinsic stress (GPa) –2.115 –0.769 –0.576 

transmittance (%) at λ = 623 nm –87 –86 –80 

refractive index at λ = 623 nm –1.74 –1.90 –1.91 

porosity (%) –19.0 –9.0 –5.9 

resistivity (Ω cm) –7100 –79 –51 

 
grains, meanly edge-to-edge or edge-to-face bounded, ob-
served for the film deposited at 320 °C (Fig. 1(a)) is the 
main reason responsible for its high resistivity. In addition, 
with the increase of porosity, the contact between individ-
ual grains looked more dispersed. The considerable separa-
tion between grains and the reduced grain boundary area 
lead to few continuous electrical conductive ways, result-
ing in low macroscopic conductivity. Because porosity is 
inversely proportional to grain size, resistivity decreased 
with the increased of grain size accordingly. In addition to 
the decrease of porosity, a more complete pyrolysis of 
starting precursors is achieved at the highest deposition 
temperature, and this would yield a film in which the car-
bon compound content is minimal so favouring a higher 
electrical conductivity [43]. Characteristics of the ZnO 
samples estimated from XRD patterns, FTIR, Transmis-
sion spectra and resistivity measurements are summarised 
in Table 1. 
 
 3.4 Room temperature photoluminescence 
analysis The band-to-band excitation of ZnO promotes 
electrons from the valence band to the conduction band, 
leaving holes in the valence band. The holes migrate from 
the valence band to deep levels and recombination occurs 
between electrons from either the conduction band or shal-
low donor levels and trapped holes on deep levels [44]. 
Basically the PL of ZnO is related to the presence of holes 
in the valence band. Room temperature PL spectra of the 
ZnO thin films measured using an Hg lamp of 313 nm as 
excitation source is shown in Fig. 5. Two luminescence 
bands are observed. One is a relative weak and narrow UV 
emission peaking at about (a): 3.25 eV, (b): 3.16 eV, (c): 
3.12 eV corresponds to the NBE emission, which is re-
sponsible for the recombination of the free excitons of ZnO 
[45]. Another is a strong and broad green emission band 
centered at (a): 2.52 eV, (b): 2.48 eV, (c): 2.45 eV, which 
may originate from the commonly assumed the recombina-
tion of the photoexcited holes with the electrons occupying 
the singly ionized oxygen vacancies [46]. 
 As shown in the figure, both samples (a) and (b) ex-
hibit very strong, broad green-light and weak UV emission, 
while sample (c) has strong UV and weak green emission. 
The green-peak near 2.47 ± 0.05 eV is a widely observed  
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Figure 5 PL spectra of the ZnO thin films grown at different 

substrate temperatures: (a) TS = 320 °C, (b) TS = 390 °C and (c) 

TS = 420 °C measured at room temperature. Gaussian deconvolu-

tion components (dashed lines) and the fit to the data (thin solid 

line) are shown. 

defect related emission in ZnO [47]. It is well understood 
that PL spectra depend on the stoichiometry and the micro-
structure of the films. ZnO is nonstoichiometric oxide con-
taining oxygen vacancy (VO) and reduced interstitial zinc 
species. These defects formed when the zinc acetate was 
transformed into ZnO in the USP process. Zinc acetate is a 
reductant whose decomposition to most stable compounds 
needs oxygen. ZnO is Zn-rich due to the rapid evaporation 
of water which is the source of oxygen in the growth pro-
cess and the low concentration of oxygen in the air near the 
substrate according to the ideal gas law. In our work, the 
rapid evaporation-oxidation process, VO should be gener-
ated because of partially incomplete oxidation and crystal-
line. In addition, the ZnO grain with high aspect ratio and 
lenticular-like morphology should also favour the exis-
tence of large quantities of VO. The red color of our as-
deposit ZnO thin films at 320 °C indicates the existence of 
the deep levels which make the sample absorb green and 
blue light. This means that ZnO, which formed by the py-
rolysis of zinc acetate, has increasing density of VO. Fur-
thermore, the reason may be responsible for the compres-
sive intrinsic stress is the lattice distortion caused by the 
VO. The larger intrinsic stress (2.115 GPa) of sample de-
posited at TS = 320 °C could be attributed to the more VO 
defects in the thin films, which made the lattice more dis-
torted, which testified the results of the PL spectrum 
(Fig. 6(a)). The lattice relaxations around VO are large and 
very different in different charge states. For neutral oxygen 
vacancy 

O

×(V ), the four Zn nearest neighbors are displaced 
inward by 12% of the equilibrium Zn–O bond length, 
whereas for singly ionized oxygen vacancy 

O
(V )∑  and dou-

bly ionized oxygen vacancy 
O

(V )∑∑  the displacements are 
outward by +2% and +23% [48]. These facts again indi-
cate that the visible luminescence bands from ZnO are as-
sociated with VO in ZnO thin films. The intensity of the 
NBE emission increased with increasing growth tempera-
ture. The PL results coincided well with the structure 
change investigated by XRD. The intensities of UV emis-
sion band and visible one correlates with each other and 
depends on the crystallite size. As crystallite size increases 
the intensity of UV emission enhances meanwhile the deep 
level emission decreases. With the increased crystallite 
size and a decrease in the intrinsic stress of the ZnO films, 
a red-shift in the peak position of the PL band was ob-
served. 
 When the balance between zinc and oxygen was 
reached and the defects due to the non-stoichiometry are 
minimized, the PL spectrum was almost free of visible 
emission. The absence of the deep level emission in PL 
spectrum indicates high material quality. The relative in-
tensity of the defect peak at ~2.5 eV decreases slightly 
with substrate temperature, indicating the better crystalline 
quality of the samples deposited at higher substrate tem-
peratures. This suggests that due to enough thermal energy 
supplied by increase of the growth temperature atoms 
move to stable sites and that impurities moved to grain 
boundary. Therefore the defect density of inside grain is 
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diminished and PL properties of ZnO films are improved. 
The mean crystallite size was ~40 nm for the sample de-
posited at TS = 420 °C which was larger value as compared 
to all samples and is colorless transparent suggesting the 
deep level defects annihilate. We conclude that the films, 
which present strong PL intensity in UV emission, have a 
strong XRD intensity and large crystallite size, therefore a 
good crystallinity. It can be seen that the size of ZnO crys-
tallites exhibits gradual increase with the increase of  
the deposition temperature, and the film deposited at 
TS = 320 °C possesses the smallest crystallites (~30 nm). 
From the PL spectra, it can be seen that the intensity of the 
green emission for ZnO sample (a), with a porosity of 19%, 
is much stronger than the other two samples. The best 
green luminescent films possessed a porous structure and 
smallest crystallites [49]. For instance, the luminescence 
intensity at 2.52 eV of the sample (a) is approximately 370 
times higher than that of the sample (c) measured under the 
same excitation conditions. Moreover, it has also been 
proposed that the green emission of ZnO nanowires in-
creases with the surface to volume ratio increases [7]. Thus 
the ZnO sample (a) will also exhibit much intense green 
emission due to the larger surface area. As discussed above, 
with increase of substrate temperature, stoichiometric de-
viation of ZnO is improved and concentration of intrinsic 
defects such as oxygen vacancy decreases, leading to at-
tenuation of the green band and enhancement of NBE 
emission. 
 By optimizing the peak position and half-width of the 
Gaussian peaks, it was possible to obtain a good fit for the 
multi-peak combination. The Gaussian peaks (dashed 
lines) are shown at the bottom of Fig. 5a–c, while the solid 
lines represent the linear combination of the multi-
Gaussian peaks with a constant background. The peak po-
sitions are marked. Mathematic treatment of the PL spectra 
has shown that wide VIS-band consists of a series of over-
lapping bands. Five dominating bands are characterized by 
l.75, ~2.04, ~2.50, ~2.80 and ~3.09 eV. With the in-
creased crystallite size of the ZnO films, a red-shift in the 
peak position of the PL band was observed. The peak posi-
tion of NBE was varied from 3.25 eV ((a) in Fig. 5) to 
3.12 eV ((c) in Fig. 5) and the red shift was about 130 meV. 
The full widths at half-maximum are 220 meV and 
120 meV, respectively. Srikant et al. [50] by comparing 
measurements of the same crystals made by a variety of 
different techniques, it is concluded that the optical band 
gap of ZnO at room temperature is 3.3 eV. The reports of 
an apparent band gap at 3.1 eV and 3.2 eV are concluded 
to be due to the existence of a valence band-donor transi-
tion at 3.15 eV which can dominate the absorption spec-
trum when the bulk, as distinct from the surface, of a crys-
tal is probed. 
 Compared with bulk ZnO, the visible emission is 
broadened and it can be deconvoluted into three bands, for 
each sample, centered at about 1.75 eV (sample (a)), 
2.04 ± 0.04 eV (samples (a)–(c)), 2.50 ± 0.05 eV (samples 
(a)–(c)) and 2.80 ± 0.08 eV (samples (b) and (c)), respec-

tively. The compressive stress causes an increase of the 
band gap. In this manner, the red emission at 1.75 eV 
(sample (a)) might form due to largest band gap. Usually 
the appearance of the bands with energy <1.77 eV follows 
with the sharp decrease of UV luminescence [51]. Thus the 
existence of the centers responsible for these bands results 
in the quenching the UV luminescence. The intensity of 
red emission at 1.75 eV is not very high and the quenching 
effect is pronounced rather weak and one can observe the 
UV band in the luminescence spectra. We speculate that 
the recombination process of red emission occurs between 
photo-generated holes bound at a deep-level state and free 
electrons in conduction band. 
 The deconvoluted peaks of the luminescence clearly 
exhibit broad emissions in the range of 1.25–2.75 eV cen-
tered at around 2.0 eV. This band exists in all spectra. This 
means that the defect responsible for the yellow lumines-
cence is inherent in the growth process by the USP tech-
nique. Consequently, the yellow emission in our present 
work is associated with oxygen vacancies. 
 Vanheusden et al. [46] found that the intensity of  
the green luminescence ranging from 2.34 eV to 2.53 eV in 
ZnO correlates very well with the paramagnetic single  
ionized oxygen-vacancy density, by the electron-para-
magnetic-resonance (EPR) measurements. Only the sin-
gled ionized state can give rise to the green emission. In 
addition, evidence is presented that VO are behind the shift 
in the optical absorption band that produces the red colora-
tion in ZnO under Zn-rich anneals. This shift was found to 
be in the average of 0.7 eV confirming the relatively deep 
donor nature of VO [52]. It has been shown that the inten-
sity of the green emission was strongly influenced by the 
surface condition. Through the surface band bending the 
chemisorbed oxygen played a crucial role in the recombi-
nation process of the green emission [53]. 
 Based on this founding and our experimental results in 
Fig. 5, the 

O
V

∑  defects may be a source for the green emis-
sions at 2.50 ± 0.05 eV in our case. The oxygen vacancies 
of ZnO can produce two defect donor levels, the deep level 
at 1.3–1.6 eV and the shallow level at 0.3–0.5 eV below 
the conduction band [54]. The energy difference between 
this latter level and the valence band is 2.8 eV, which is 
consistent with the photon energy of the blue emission ob-
served in this study after the deconvolution results of PL 
spectra (sample (a) and (b)). Consequently, the blue emis-
sion at around 2.8 eV may be caused by the electron transi-
tion from the shallow donor level of an oxygen vacancy to 
the valence band. Violet emission from ZnO at around 
3.00 eV has been previously reported from a sample pre-
pared in an oxygen-deficient condition [55]. The electron 
transition from interface trap level, at the grain boundary 
of Zn films, to the valence band was considered to be the 
origin of the violet emission. In our investigation, the de-
fect contents were characterized by FTIR spectroscopy. It 
was found that in our set of samples the dominated surface 
defects are hydroxyl, carboxylate, and alkane from acetate 
group. Compared with other types, the unidentate type of 
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acetate group was reported to be more capable of trapping 
photogenerated holes near the valence band [56]. There-
fore the peak at 3.09 eV could be related to a defect level 
in the grain boundaries. 
 The porous ceramics are advantages to oxidize grain 
boundaries and to produce surface acceptor states [57]. 
This suggests that oxygen is adsorbed at the grain bounda-
ries, thus significantly increasing the potential barrier 
height, which results from an increase of surface states 
density [58]. Because porosity is inversely proportional to 
grain size and potential barrier height decreases with the 
increased of grain size, therefore, the barrier height in-
creases with the increased of porosity. Consequently, the 
porosity will cause the increase of oxygen absorption on 
surface under Hg excitation, which higher the surface po-
tential and thus further increases the width of the depletion 
region. The surface depletion region will modify the types 
and relative numbers of the oxygen vacancies that can exist 
in a ZnO films. Meanwhile, when porosity was greater, 
barrier heights of ZnO grain surface were larger and thus 
the grain will be thoroughly depleted. All the 

O
V

¥  centers 
will be reduced of electrons and converted to 

O
V

∑  and 
O

V ,
∑∑  

hence 
O

V
¥ related emission will not be observed from such 

films (sample (a)). In our experiment, the diameter of the 
measured ZnO crystallite of sample (a) is 30 nm and  
porosity of 19%, the grains are intensively depleted. There-
fore, the green and yellow peaks can be observed obvi-
ously, but the blue peak is absent. As the porosity de-
creases to ≤7% and grain size becomes large, the width of 
the depletion region decreases, and the grain becomes par-
tially depleted under Hg lamp illumination. Consequently, 

O
V

¥ can exist in non-depletion region, and all types of VO 
related visible emissions can be observed (sample (b)). Ex-
cess of zinc during the growth was found to cause an ap-
pearance of the PL peak at around 2.8 eV, which indicates 
that the corresponding defects are predominantly formed 
under Zn-rich or stoichiometric conditions. Therefore, at 
TS = 420 °C, only 
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Figure 6 Scheme of the UV emission and the visible radiative 

emission processes. 

present in negligible quantity) and 
O

V
¥ centers in the non-

depletion region can serve as luminescence centers to emit 
yellow and blue light, respectively. In fact, these three 
transitions are involved in the different grain regions on 
account of the changes in defect chemistry [59]. Through 
the width variation of the depletion region and the modifi-
cation of the types and relative numbers of oxygen vacan-
cies, the visible emission of ZnO thin films is found to be a 
function of porosity. In single crystal ZnO, formed under 
stoichiometric conditions, without surface effect and po-
rosity, only UV peaks is observed. 

 Based on representative mechanisms of the green 
emission [49, 58–60], the discussed recombination models 
for the PL emission of ZnO thin films, deposited by USP 
technique (Zn-rich), are summarized in Fig. 6. This model 
allows us to better understand the mechanisms of transition 
from PL emission of ZnO grown under Zn-rich or 
stoichiometric conditions. 
 
 4 Conclusion In conclusion, undoped ZnO films were 
deposited by USP technique using zinc acetate dihydrate 
dissolved in methanol, ethanol and deionized water, within 
the substrate temperature range 320 °C–420 °C. It was 
seen that the orientation changed with a temperature in-
crease. ZnO Films with different textures were obtained 
depending on the growth parameters. Specific preparation 
conditions to obtain films having the (100) or (002) orien-
tation only were found. In this work, different PL spectra 
were observed by varying the substrate temperature. As the 
substrate temperature increased, the intensity of UV peak 
was increased while the intensity of the visible peak and 
the resistivity were decreased. It is confirmed that oxygen 
vacancies are the most important factor that causes the 
broad visible emission. Furthermore, the visible emission 
and electrical resistivity of ZnO thin films are found to be a 
function of VO, intrinsic stress, surface-to-volume ratio and 
porosity. The degree of porosity could propose the mecha-
nism of UV and visible luminescence and it will be used to 
control the optical properties of ZnO thin films for optical 
device applications. 
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