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a b s t r a c t

The chemical composition, crystalline structure, surface morphol-
ogy and photoluminescence spectra of Na-doped ZnO thin films
with different heat treatment process were investigated by X-ray
photoelectron spectroscopy, X-ray diffraction, atomic force mi-
croscopy and a fluorescence spectrometer. The results show that
preferred orientation, residual stress, average crystal size and sur-
face morphology of the thin films are strongly determined by the
preheating temperature. The effects of preheating temperature on
microstructure and surface morphology have been discussed in
detail. The photoluminescence spectra show that there are strong
violet & UV emission, blue emission and green emission bands. The
violet & UV emission is ascribed to the electron transition from the
localized level below the conduction band to the valence band. The
blue emission is attributed to the electron transition from the shal-
low donor level of oxygen vacancies to the valence band, and the
electron transition from the shallow donor level of interstitial zinc
to the valence band. The green emission is assigned to the electron
transition from the level of ionized oxygen vacancies to the valence
band.
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1. Introduction

Zinc oxide(ZnO) is a II–VI group compound semiconductor with a wide band gap. ZnO has a
hexagonal wurtzite structure (c = 0.5207 nm, a = 0.3250 nm) with oxygen atoms on hexagonal
sites and zinc atoms on tetrahedral sites. ZnO is used in many applications such as solar cells [1],
laser devices [2], gas sensor devices [3] and short wavelength light emitting diodes [4]. In particularly,
the highly preferential orientation along the c-axis of ZnO thin films is a useful characteristics in
optical wave-guides, surface acoustic wave and acoustic–optic devices [5,6]. Therefore, potential
device applications in optoelectronics necessitate better understanding of the factors controlling the
structural andoptical properties of the thin films. Various dopants are known to enhance the structural
and optical properties of ZnO thin films [7,8]. However, less attention has been paid to Na doping in
ZnO. The doping of Na in ZnO [9,10] is expected tomodify the nanostructure, surfacemorphology, and
luminescent and other physical or chemical properties of ZnO.

ZnO thin films have been prepared by a variety of methods such as magnetron sputtering [11],
pulsed laser deposition (PLD) [12], spray pyrolysis [13], chemical vapor deposition (CVD) [14],
molecular beam epitaxy (MBE) [15] and sol–gel processing [16,17]. The sol–gel process is one of the
versatile methods to prepare thin film without complicated instruments. It is simple, inexpensive,
and has a general advantage of large area deposition and uniformity of the films’ thickness. For the
ZnO thin films prepared by the sol–gel method, the structural and optical properties can be controlled
by preheating temperature and annealing temperature [18–20]. Many studies to control preferential
orientation and optical properties have concentrated on the annealing treatment. However, the effects
of preheating temperature have rarely been studied [20,21].

In this study, the experimental results of crystalline structure, residual stress, surface morphology
and photoluminescence (PL) of Na-doped ZnO thin films with different heat treatment process have
been investigated, with aim of improving the structural and optical properties of Na-doped ZnO films.

2. Experimental

Zinc acetate dehydrate (Zn(COOCH3)2 ·2H2O) and sodium chloride (NaCl)were used as the starting
salt materials to prepare Na-doped ZnO thin films by the sol–gel method. The flow chart of the
preparation of Na-doped ZnO thin films is shown in Fig. 1.

The zinc acetate dihydrate and sodium chloride were dissolved in ethylene glycol monomethyl
ether (HOCH2CH2OCH3) and monoethanolamine (MEA) solution at room temperature. The atomic
ratio of Na/Zn was 0.08. The concentration of zinc acetate was 0.5 mol/L and themolar ratio of MEA to
ZnAc was kept to 1.0. The choice of 0.08 for the Na/Zn atomic ratio and 0.5 mol/l as the concentration
of zinc acetate was justified from our previous researches. The mixture was stirred by a magnetic
stirrer at 60 °C until a clear and homogeneous solution formed. The sol–gel coating was made usually
1day after the solution was prepared. Silicon was used as the supporting substrate. The thin films
were obtained by a spin-coating method at 3000 rpm for 30 s. The thin films were preheated at
temperatures ranging from 150 to 250 °C for 10 min. The coating and the preheating treatment
processes were repeated ten times to get about 300 nm thick Na-doped ZnO thin films. The thin films
were then annealed at temperatures ranging from 400 to 800 °C in air for 60 min. Table 1 lists the
sample numbers and the preheating and annealing temperatures.

The thermal decomposition behavior of the Na-doped ZnO precursor sol solutionwas examined by
a thermogravimetry analyzer (TGA, NETZSCH STA 449F3). Composition of the Na-doped ZnO thin film
was investigated by X-ray photoelectron spectroscopy (XPS, Thermo-VG Scientific ESCALAB250). The
crystal structure of the thin films was examined by X-ray diffraction (XRD, MACM18XHF) employing
CuKα radiation. The preferred growth of the (hkl) planes has been expressed in terms of a texture
coefficient Tc(hkl). Quantitative information concerning the degree of preferential orientation can been
obtained from the texture coefficient, Tc , defined as [22,23]:

Tc(hkl) =
(I(hkl)/Ir(hkl))∑
I(hkl)/Ir(hkl)


/n

 (1)
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Fig. 1. Flow chart of sol–gel method for preparation of Na-doped ZnO thin films.

where I(hkl) are the XRD intensities of the thin films, n is the number of diffraction peaks considered,
and Ir(hkl) are the intensities of the XRD reference (JCPDS card 36-1451) of the randomly oriented
crystallites. A sample with randomly oriented crystallites presents a Tc(hkl) of 1, while a larger value
indicates an abundance of crystallites oriented to the (hkl) plane. The surface morphology of the thin
films was characterized by an atomic forcemicroscope (AFM, CSPM-4000) operating in contact mode.
The photoluminescence (PL) spectra of the thin films were measured in the wavelength region of
350–600 nm at room temperature by a fluorescence spectrometer (FL, F-4500FL) with a xenon lamp
as light source excited at 325 nm. A cutoff filter to pass only long waves above 350 nm was used to
block the lights scattered from the source.

3. Results and discussion

3.1. Thermal analysis of Na-doped ZnO sol solution

Fig. 2 shows TGA curve of a Na-doped ZnO sol solution. Weight losses were observed in three
temperature regions 60 °C–120 °C, 130 °C–230 °C and 240 °C–270 °C. The first weight loss is due to
the evaporation of ethylene glycol monomethyl ether and water. Second and third weight losses are
caused by the evaporation of water and the decomposition of residual organics andMEA, respectively.

3.2. XPS analysis

A typical XPS survey spectrum of the thin films preheated at 150 °C and annealed at 800 °C is
shown in Fig. 3(a). The elements of C, O, Zn and Na were detected in the spectrum. The presence
of a C1s peak in spectrum can be attributed to contamination which resulted from residual organic
solvents and the samples being exposed to ambient atmosphere. A high resolution scan for C, O, Zn
and Nawas performed. The XPS peak of Na1s of the sample is shown in Fig. 3(b). According to the high
resolution scan spectrum, the atomic concentrations of elements are computed from the measured
peak area together with the sensitivity factors [24]. The obtained atomic concentrations of C, O, Zn
and Na are 20.9, 40.9, 36.9 and 1.3 at.%, respectively. The corresponding XPS results of the thin film
are summarized in Table 2. The results show that the value of the Na/Zn ratio in the thin film surface
(0.034) is much smaller than that in solution (0.080).
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Fig. 2. TGA curve of Na-doped ZnO sol solution.

In
te

ns
ity

(a
.u

.)

In
te

ns
ity

(a
.u

.)

180 360 540 720 900

Binding Energy (eV)

0 1080 1072 1076

Binding Energy (eV)
1068 1080

a b

Fig. 3. XPS survey spectrum (a) and high resolution scan spectrum of Na1s (b) for the sample preheated at 150 °C and annealed
at 800 °C.

Table 2
The XPS results of the thin film preheated at 150 °C and annealed at 800 °C.

Element Area Sensitivity factor Atomic concentration (%)

C1s 21065 0.25 20.9
O1s 96411 0.66 40.9
Zn2p3 405262 4.80 36.9
Na1s 6136 2.30 1.3

3.3. Structure and orientation of Na-doped ZnO thin films

Fig. 4 shows the XRD patterns of Na-doped ZnO thin films prepared by preheated at 150, 200,
and 250 °C and annealed at 400 °C, 600 °C, and 800 °C, respectively. These patterns correspond to
diffraction peaks of polycrystalline ZnO at (100), (002), (101), (102), (110), (103) and (112) planes
(JCPDS card 36-1451). The results reveal that all the thin films have a hexagonal wurzite structure.
The texture coefficients, Tc(100), Tc(002), Tc(101), and Tc(103), of the thin films are calculated and shown
in Table 1. It is seen that the texture coefficient varies with preheating temperatures. From Fig. 4 and
Table 1, it can be seen that the thin films preparedwith preheating at 200 °C do not exhibit a preferred
orientation. Other thin films deposited with preheating at 150 °C and 250 °C exhibit a preferred
c-axis orientation. Themechanism of formation of the c-axis preferentially oriented ZnO thin film can
suggest that the value of the surface free energy is a minimum for the ZnO(002) plane at the growth
stage [25].
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Fig. 4. XRD patterns of Na-doped ZnO thin films with different preheating and annealing temperatures, (a) preheated at 150,
200 and 250 °C and annealed at 400 °C, (b) preheated at 150, 200 and 250 °C and annealed at 600 °C, and (c) preheated at 150,
200 and 250 °C and annealed at 800 °C.

3.4. Lattice constants and crystal sizes of the thin films

The lattice parameters can be calculated by using the following formula [25]:

dhkl =
1

4(h2 + k2 + hk)/3a2 + l2/c2
(2)

where a, c are the lattice parameters and dhkl is the interplanar distance for the (hkl) planes. The lattice
parameters a, c have been calculated and are summarized in Table 1.

The strain along the c-axis, εzz is given by the following equation [26]:

εzz = (c − c0)/c0 × 100% (3)

where c is the lattice parameter of the strained ZnO thin films calculated from X-ray diffraction data
and c0 (0.5207) is the unstrained lattice parameter of ZnO [27]. According to the above formula,
the positive value of εzz represents the tensile residual stress while a negative value represents
compressive residual stress. εzz values are computed using the above relationship and are summarized
in Table 1. It is seen that the annealing temperature only slightly influences the stress of the Na-doped
ZnO thin films preheated at the same temperature. However, it is found that the tensile residual stress
converts to compressive residual stress in the thin films annealed under the same temperature with
preheating temperatures increasing from 150 to 250 °C. In general, the total stress consists of two
components, thermal stress and lattice stress. The cause of the former is thermal mismatch between
thin film and substrate and the generation mechanism of the latter component reflects the film’s
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structure. In our study, the residual stress forms mainly due to lattice mismatch stress. Bao et al. have
reported that the tensile residual stresses of ZnO thin films, prepared on quartz glass by the sol–gel
method, decreases with increasing preheating temperature [28]. Wang et al. have reported that the
preheating temperature only slightly influences the residual stress of the ZnO thin film prepared
on Si/SiO2/Ti/Pt using the sol–gel method, and the compressive residual stresses convert to tensile
residual stresses in the ZnO films preheated at 400 °Cwith the annealing temperature increasing from
550 to 1000 °C [17]. They explained that the conversion of residual stress for the thin films could be
attributed to the interaction between the thermal stress and the lattice stress.

Crystal sizes of the thin films were calculated using the Scherrer formula as follows [29]:

D =
0.9λ

β cos θ
(4)

where λ = 0.15406 nm is the wavelength of the X-ray radiation used, θ is the Bragg diffraction
angle of the XRD peak and β is the full width at half maximum (FWHM). The calculated values of the
average crystal size are depicted in Table 1. It can be seen that the average crystal size for the thin
films annealed under the same temperature decreases with increasing the preheating temperature.

3.5. Surface morphology of the thin films

The morphology of Na-doped ZnO thin films were investigated by AFM. Fig. 5 only shows AFM
images of the thin films prepared by preheating at 150 °C–250 °C for 10 min and annealed at 800 °C
for 1 h. RMS roughness of all the thin films is listed in Table 1. It can be seen that the sample preheated
at 150 °C and annealed at 800 °C has some big punctures, the biggest particle sizes and the roughest
surface. It also can be seen that the surface roughness of the samples annealed at the same temperature
increases with an increase of preheating temperature. The reasons could be explained that the high
preheating temperature benefits the decomposition of the zinc copolymers in precursor films and
leaves some small pores in the films. These pores will be filled by new precursor solution in the
next coating process, which makes the thin films smoother and denser. When the precursor films are
preheated at lower temperature, the copolymers cannot decompose completely during the preheating
treatment. The copolymers will combust during the annealing process, so big punctures and rougher
surfaces are formed in the thin films [21].

3.6. Optical properties

The photoluminescence (PL) property of the ZnO thin film is one of the most interesting and
important properties that has been intensively investigated recently. Fig. 6(a) shows the PL spectra
obtained at room temperature for Na-doped ZnO thin films preheated at 150, 200 and 250 °C and
annealed at 400 °C, respectively. The results indicated that two samples preheated at 200 and 250 °C
exhibit violet and UV emission and a blue emission band in the 440–480 nm region, and no green
emission band was detected. However, the sample preheated at 150 °C shows three emissions of
strong violet emission, blue emission and green emission bands. The blue-shift of violet and UV
emission with an increase of preheating temperature can be observed. Fig. 6(b) is the PL spectra
obtained at room temperature for Na-doped ZnO thin films preheated at 150, 200 and 250 °C and
annealed at 600 °C, respectively. The spectra exhibit violet andUVemission bands,weak blue emission
and green emission bands. Specially, the violet and UV emission of the thin film preheated at 200 °C
consists of a UV emission peak at 385 nm and violet emission peak at 415 nm. Fig. 6(c) shows the PL
spectra obtained at room temperature for Na-doped ZnO thin films preheated at 150, 200 and 250 °C
and annealed at 800 °C, respectively. It also can be seen that all the PL spectra show three emissions
of strong violet emission, weak blue emission and green emission bands. The blue-shift of violet and
UV emission with an increase of preheating temperature can also be observed. Though there is no
consensus on the origin of visible emissions in ZnO films, these are mainly due to structural defects,
such as zinc vacancy, oxygen vacancy, interstitial zinc and interstitial oxygen [30]. It can be concluded
that the blue emission for the Na-doped ZnO thin films is attributed to the electron transition from
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Fig. 5. AFM images of the samples preheated at 150 °C (a), 200 °C (b), 250 °C (c) and annealed at 800 °C.

the shallow donor level of oxygen vacancies to the valence band, and the electron transition from the
shallow donor level of interstitial zinc to the valence band. The green emission of the thin films may
be attributed to the electron transition from the level of the ionized oxygen vacancies to the valence
band [31,32]. It is generally accepted that the shifts of violet and UV emission peaks of ZnO film are
attributed to a change of the localized level below the conduction band [33], which originates from the
free impurity atoms, the defect density of surface and interface, c-axis preferential orientation, and
the carrier concentration above the valence band in the band gap [34,35], which may be connected
with the crystal quality, c-axis preferred orientation and Na-incorporation.

4. Conclusion

Na-doped ZnO thin films were deposited on a silicon substrate by the sol–gel spin-coating method
and the crystalline structure, residual stress, surface morphology and optical properties of the thin
films with preheating temperature and annealing temperature were investigated. A Na-doped ZnO
thin film with a high preferred c-axis orientation, smooth, homogeneous and dense surface has
been prepared on a silicon substrate by using sol–gel with a preheating temperature 250 °C for
10 min and annealing temperature 600 °C for 60 min. Photoluminescence spectra of the thin films
exhibit violet and UV emission, blue emission and green emission bands. The physical mechanisms
of photoluminescence emissions for the thin films have been discussed in detail. The violet and UV
emission and blue emission of Na-doped ZnO thin films at room temperature show a possibility of
application to inorganic photoluminescence devices.
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