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a b s t r a c t

We investigated the evolution of structural and low-temperature photoluminescence properties of sol–
gel derived ZnO thin films, as a function of pre-heating temperature between 300 1C and 600 1C. The pre-
heating crystallization plays an important role in the lineshape of PL spectra. The increase in pre-heating
temperature enables rearrangement of atoms at the pre-heating stage, leading to c-axis oriented growth
of films, modification in lineshape of impurity-defect emission, and reduction of deep-level emission
intensity.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

ZnO thin films show a versatile combination of interesting
optical, electrical and magnetic properties [1]. Consequently, this
material has been attracting great attention due to its potential
applications in ultra-violet optoelectronics devices [2,3], solar cells
[4], thin film transistors [5], gas sensors [6], and surface acoustic
wave devices [7] and so on. In particular, wide band gap (3.37 eV)
at room-temperature (RT) and large exciton binding energy
(60 meV) [1] of ZnO enable the utilization of exciton-related
transitions in ultra-violet light-emitting devices even at RT. It is
therefore a promising semiconductor for photonics applications
such as polariton lasers [8] and microcavity-based devices [9].

Sol–gel technique is much cheaper and easier to grow large
area of ZnO films than much sophisticated techniques. The sol–gel
derived ZnO thin films have already been realized in transparent
p–n junction diodes [10] and transistors [4]. The ZnO-films synth-
esis by sol–gel route includes three major steps: (i) solution
preparation, (ii) coating and (iii) heat treatment. These three
steps involve several parameters that influence the physical
properties of the films. One of them is pre-heating temperature
(Tph). The Tph is an important factor affecting the solvent vapor-
ization, decomposition of precursor-material, and crystallization
process. Ohyama et al. [11] studied crystalline orientations of ZnO
thin films, prepared by acetate solution, with Tph between 200 1C
and 500 1C. The authors found that Tph¼300 1C is the optimum

condition for preferred growth of film with (0 0 2)-orientation. Kim
et al. [12] also revealed that 275 1C is the optimum Tph for preferred
growth of film with (0 0 2)-orientation. Santos et al. [13], however,
challenged low-Tph growth of ZnO thin film. The authors claimed that
highly c-axis oriented film has been obtained at Tph¼120 1C.
Although abundant literatures have been reported [11–16], the Tph
effect on low-temperature photoluminescence (PL) characteristics of
sol–gel derived ZnO thin film is rarely studied. Moreover, to control
the crystallization process at pre-heating stage, we adopted relatively
high Tph, compared with the other studies [12–16]. For a large use of
sol–gel derived ZnO thin film for optoelectronic devices, a better
understanding of the PL mechanisms in sol–gel ZnO thin film is
necessary. Some literatures have reported the PL of sol–gel derived
ZnO thin films [17–20]. However, neither of them discusses the Tph-
effect on the luminescent properties despite of this factor playing an
important role in the crystallization of ZnO.

In this letter, we studied the evolution of PL from ZnO thin film
grown by sol–gel spin-coating technique, as a function of Tph. The
focus of the present work is investigation of structural and PL proper-
ties of the ZnO thin films. The emphasis has been given on the PL
spectra of ZnO thin film, measured at low-temperature (T). We found
that the low-T PL band of the ZnO thin films is characterized by the
radiative recombination of donor-bound excitons and impurity-defect-
related transitions. The latter transition is greatly influenced by the Tph.

2. Experimental details

The ZnO thin films were grown from aqueous solution pre-
pared using zinc nitrate hexahydrate (Zn(NO3)2 �6H2O) as the
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starting material, isopropanol as the solvent, and monoethanola-
mine (MEA) as the stabilizer. The molar ratio of zinc nitrate to MEA
was kept at 2:1 and the molar concentration of Zn2þ is 0.3 mol/L.
The precursor solution was mixed thoroughly with a magnetic
stirrer at 50 1C for an hour until the formation of a homogenous
and transparent sol, which was aged for 7 days at RT before the
coating of thin films. The ZnO thin films were formed by spin-
coating the sol solution on the sapphire substrate at 2000 rpm
(revolutions per minute) for 15 s. After the spin-coating process,
the samples were subjected to pre-heating treatment. Four
samples treated at pre-heating temperature Tph¼300, 400, 500,
600 1C for 10 min were grown. The procedure was repeated 10
times in order to obtain desired thickness. The samples were
finally annealed in air atmosphere in a furnace at T¼600 1C for 2 h.

Structural properties of the films were examined by X-ray
diffraction method (XRD) using a monochromatized X-ray beam
CuKα with wavelength of 0.154 nm. Field-emission scanning elec-
tron microscopy (SEM) was employed to investigate the morpho-
logical properties of the samples. The PL spectra were measured by
a 32-cm-long monochromator and a charge-coupled device cam-
era. The pump source for the low-excitation spectra was the
310 nm-line of Xenon lamp. The excitation power for the PL
measurement was kept at 2 mW/cm2. A closed cycle refrigerator
was used to perform the T-dependent measurement.

3. Results and discussion

Fig. 1 shows the XRD patterns of the ZnO thin films. The pattern
suggests all of the films have hexagonal wurtzite structure. Three
diffraction signals with peaks located at 31.71, 34.41 and 36.21 are
attributable to (1 0 0), (0 0 2) and (1 0 1) diffraction, respectively
[1]. The ZnO film of Tph¼300 1C is polycrystalline. As the Tph
increases from 300 1C to 400 1C, the (1 0 1) diffraction intensity
increases abruptly. However, the film tends to orient with
c-axis perpendicular to the film surface as Tph reaches 500 1C.
The (0 0 2) diffraction dominates the XRD spectra for the sample of
Tph¼600 1C, indicating that the film with preferred c-axis orienta-
tion was obtained at high Tph. In order to describe the preferred
c-axis orientation, the relative intensities of (0 0 2) diffraction peak
I(2 0 0)/[I(1 0 0)þ I(2 0 0)þ I(1 0 1)] as a function of Tph are plotted in
the inset of Fig. 1. The relative (0 0 2)-diffraction intensity of the
sample with Tph¼400 1C is smaller than that of Tph¼300 1C.
However, the relative intensity of (0 0 2)-diffraction increases as
Tph exceeds 400 1C and reaches close to unity as Tph¼600 1C. Since
the boiling points of isopropanol and MEA are 82 1C and 170 1C
respectively, Tph of 300 1C is adequate to vaporize the organic
residuals. However, the thermal decomposition of zinc nitrate was
observed to be rapid at T above 350 1C, which is the thermal
decomposition-temperature of bulk zinc nitrate [21]. The film
prepared at Tph¼400 1C, undergoes vaporization of organic
solvents and thermal decomposition of zinc nitrate abruptly and
simultaneously, thus, preferentially c-axis oriented crystallization
is obscured [12], leading to small relative (0 0 2)-diffraction
intensity. Nevertheless, further increase of Tph enables atoms
acquiring enough thermal energy to rearrange, resulting in c-axis
oriented growth.

Fig. 2 shows the SEM image of ZnO films deposited on sapphire
substrate. The microstructure of ZnO thin film transforms from
particulate-like to porous plate-like as Tph increases. The film of
Tph¼300 1C is homogeneous and slightly porous with crystalline
size ranging from 50 nm to 150 nm. The surface morphology
changes abruptly as Tph reaches 400 1C. A lot of large pores start
to form in the film prepared at Tph¼400 1C and the degree of
porosity persists up to Tph¼600 1C. As a result of simultaneous
chemical reactions, i.e., the quick evaporation of organic components

and thermal decomposition of zinc nitrate, the pores are left behind
in the films during the crystallization process. The structural and
morphological changes of the precursor film prepared at Tph4400 1C,
compared with that of Tph¼300 1C, also correlates to the PL profiles
demonstrated below.

Fig. 3 reveals the normalized low-T PL spectra of the ZnO thin
films prepared at various Tph. Here, the low-T refers to the lowest
temperature obtainable in our cryostat-system, i.e., 15 K. The
radiative recombination of donor-bound exciton D1X (3.362 eV)
dominates the low-T PL spectra. The chemical identity of the
donor is probably the hydrogen atoms [22], which is an abundant
element in our precursor-solvent. The full widths at half maximum
(FWHM) of the D1X bands in all of the samples are about 7 meV,
indicating good optical quality of the ZnO films. In the film of
Tph¼300 1C, we identified an emission band located near 3.31 eV.
This PL band can decompose into three radiative recombinations
originated from structural defects (SD, 3.332 eV), free-to-bound
transitions (eA1, 3.317 eV) and donor-acceptor pair (DAP, 3.302 eV),
according to literatures [23]. The SD-band is of excitonic nature
and similar to the so-called Y-line commonly seen in ZnSe and
ZnTe [22]. The eA1-band is the radiative recombination of an
electron from the conduction band with a hole bound to an
acceptor-like defect state, caused by stacking fault [23,24]. The
DAP-band is attributable to the transitions between donor and
acceptor levels in the forbidden band-gap. The large amount of
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Fig. 1. XRD patterns of the ZnO thin films, as a function of Tph. Three diffraction
peaks corresponding to (1 0 0), (0 0 2) and (1 0 1) plane were observed. The inset
shows the relative intensities of (0 0 2) diffraction peak I(2 0 0)/[I(1 0 0)þ I(2 0 0)þ
I(1 0 1)] as a function of Tph.
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donors and acceptors in our samples is not surprising because of
low-purity of chemical precursor materials. Small humps located
at low-energy side of these emission lines are the one and two

LO-phonon sideband of eA1 and DAP transitions because the
spectral separations between them are 72 meV and 144 meV,
respectively [1]. Compared to the film of Tph¼300 1C, the intensity
of eA1-band (IeA) is unchanged and the intensity of DAP-band
(IDAP) decreases in the film of Tph¼400 1C. In addition, the
intensity of SD-band ISD becomes less pronounced. The decrease
in IDAP is simply because more impurity-atoms escape out of the
film treated at high-Tph. The SD-transitions originate from excitons
bound to the defects induced by irregularities in the crystal
[23,24]. As the irregularities disappear owing to the reconstruction
of atomic arrangement under high-Tph, reduction of ISD is expect-
able. The microscopic nature of defect-states causing the eA1-
transitions is rather complicated and remains unknown. However,
we noted that the total impurity-defect-related emission intensity
IeAþ IDAPþ ISD reduces as the Tph increases from 300 1C to 500 1C. It
has to remind that our samples were post-annealed at 600 1C.
Thus, once the structural defects formed at the low-Tph, they
cannot be annihilated by the next post-annealing treatment. For
the film with Tph¼500 1C, the SD-transitions disappear because of
atomic reconstruction at the pre-heating process. The DAP and
eA1-band merges into a single emission band with spectral peak
about 3.308 eV. It is no doubt that the IeA is smaller in the sample
of Tph¼500 1C. Therefore, we can infer that the stacking faults,
leading to the occurrence of eA1-transition, could also be reduced
by reconstruction of atomic arrangement under high-Tph. For the
film with Tph¼600 1C, the emission profile is similar to that of
Tph¼500 1C, except that the spectral peak of impurity-defect
emission slightly blueshifts. Owing to the low-purity of precursor
materials, several kinds of impurity may exist in our sample.

1 μm

1 μm 1  μm

1 μm

Fig. 2. FESEM images of the ZnO thin films with Tph of (a) 300 1C (b) 400 1C (c) 500 1C and (d) 600 1C. The porosity becomes severe as Tph4300 1C.
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Purging out of particular donors or acceptors from the film
prepared at different Tph, leads to energetic shifts of donor or
acceptor level. This leads to changes in spectral peak of DAP-
emission. As will be verified later, this single impurity-defect
emission is dominated by DAP-transitions. Therefore, the change
in DAP-emission peak is the major reason for the spectral
difference of impurity-defect emission between the samples of
Tph¼500 1C and 600 1C.

To get further insight about the impurity-defect-related emis-
sions from the films, we performed T-dependent PL measurement.
Fig. 4 shows the evolutions of PL from two typical ZnO thin films
(Tph¼300 1C and 500 1C), as a function of T. Because of the thermal
dissociation of donor-bound excitons, free excitonic emission (FX)
located at 3.377 eV are observed at high T for both samples. For the
film with Tph¼300 1C, we note that the PL-intensity of DAP-band
and SD-band quench rapidly and are hardly detectable above
T440 K, consistent with the previous finding [23]. Furthermore,
the eA1-band persists up to higher T and its band-profile starts to
deviate from symmetric lineshape. The thermal distribution of
electrons involved in the transitions at high T results in high-
energy asymmetric tails [23], as can be seen in the spectrum
measured at 80 K. These observations further confirms the assign-
ment of DAP-, eA1- and SD-transitions. In the film of Tph¼300 1C,
we also detected spectral blueshift of the small hump (around
3.23 eV) as T increases. This is because the LO-phonon-sideband of

DAP-emission diminishes as T increases. At T¼15 K, a merged
impurity-defect emission from the film of Tph¼500 1C is observed,
as shown in Fig. 4(b). Similar to the film of Tph¼300 1C, the DAP-
emission disappears above 40 K and the eA1-emission remains.
Therefore, we can conclude that the origin of the impurity-defect
emission from the film of Tph¼500 1C is nothing else but DAP- and
eA1-transitions.

Fig. 5 illustrates the low-T PL spectra of the ZnO thin films,
recorded at broad spectral range. The near-band-edge (NBE)
emission is mainly due to the D1X-transitions mentioned above.
The deep level (DL) emissions are attributable to defect-related
transitions. The red emission centering around 1.8 eV could be
attributed to the transition from oxygen vacancy level to the top of
the valence of ZnO [25,26]. Moreover, the transitions between the
zinc interstitial and oxygen interstitial may contribute the small
hump centering about 2 eV at the DL emission band [26]. The
intensity of DL emission increases abruptly as Tph increases from
300 1C to 400 1C. In accordance with the results of XRD and SEM,
the vigorous and simultaneous chemical processes at 400 1C
induce metastable imperfections in the thin film, which cannot
be annihilated by post-annealing treatment. This leads to larger DL
emission intensity. These crystalline imperfections reduce as Tph
increases to 500 1C, owing to reconstruction of atomic arrange-
ment at the pre-heating stage. Therefore, the DL emission intensity
is almost negligible in the thin filmwith Tph¼500 1C. However, the
DL emission intensity enhances again in the film with Tph¼600 1C
because the number of oxygen vacancy increases with increasing
Tph [27].

4. Conclusion

In summary, we investigated the structural and low-T PL
properties of sol–gel derived ZnO thin films, prepared from zinc
nitrate solution. The emphasis has been given on the effects of pre-
heating temperature on the PL spectra. Especially, the pre-heating
crystallization plays an important role in the lineshape of PL
spectra. The donor-bound excitonic emission and relatively weak
impurity-defect emission characterizes the low-T NBE-PL spectra.
Deep level emissions due to oxygen vacancies, oxygen interstitials,
and zinc interstitials are detected at orange-to-red spectral
region. As pre-heating temperature reaches 400 1C, vaporization

N
or

m
al

iz
ed

 P
L 

In
te

ns
ity

3.403.383.363.343.323.303.283.263.243.223.203.183.16

Photon Energy (eV)

SD
eAo

DAP
eAo-LODAP-LO

DoX
FX

15 K

20 K

30 K

40 K

50 K

60 K

80 K

N
or

m
al

iz
ed

 P
L 

In
te

ns
ity

3.403.383.363.343.323.303.283.263.243.223.203.183.16

Photon Energy (eV)

DoX
FX

DAP
eAo

15 K

20 K

30 K

40 K

50 K

60 K

80 K
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(b) 500 1C. The FX refers to free excitonic transition.

N
or

m
al

iz
ed

 P
L 

In
te

ns
ity

4.03.63.22.82.42.0
Photon Energy (eV)

Tph = 300oC

Tph = 400oC

Tph = 500oC

Tph = 600oC

ZnO thin films
T = 15 K

DL

NBE

Fig. 5. Low-T PL spectra of the ZnO thin films measured at broad spectral range.
The near-band-edge (NBE) PL is due to D1X-transitions.

C.H. Chia et al. / Journal of Luminescence 148 (2014) 111–115114



of organic residuals and thermal decomposition of zinc nitrate
happens abruptly and simultaneously, leading to random oriented
growth of films, larger degree of porosity, change in lineshape of
impurity-defect emission, and enhancement of deep-level emis-
sion intensity. Further increase in pre-heating temperature
enables rearrangement of atoms at the pre-heating stage, leading
to c-axis oriented growth of films, further modification in line-
shape of impurity-defect emission, and reduction of deep-level
emission intensity.
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