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In this paper, Na-doped ZnO (NZO) thin films with doping contents of 3-30 at.% were synthesized on
quartz glass substrates by sol-gel spin coating method. The structure, morphology, optical transmittance
and photoluminescence properties of NZO films were characterized by X-ray diffraction (XRD), field
emission scanning electron microscope (FESEM), atomic force microscope (AFM), UV-VIS spectrometer
and fluorescence spectrophotometer, respectively. The results showed that all the NZO thin films exhibit
a strong preferential c-axis orientation with a hexagonal polycrystalline structure. An apparent increase
in crystallinity was observed with the increasing Na content. The surface of the heavily Na doped samples
(30 at.%) exhibits nanorods morphology. The RMS roughness changed from 16.219 nm to 53.072 nm with
the increase of Na concentrations. As Na doping content increases to 24 at.%, the average transmittance
was still larger than 62% in the visible range. The optical band gap initially increased and then decreased
nearly linearly with the increase of Na content. The refractive index of NZO films in the visible range was
found to increase gradually with increasing Na dopants. Room temperature photoluminescence (PL)
spectra showed sharp ultraviolet emissions centered at 388 nm and broad green-yellow emissions
(450-650 nm). The violet emission centered at 424 nm appeared in the spectra of 30at.% NZO. In
addition, it was found that the low Na doping concentration contributed to the enhancement of Ingg/IpLg.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recently, ZnO exhibiting a wide optical band gap of 3.37 eV and
a large exciton binding energy of 60 meV at room temperature has
received great attention owing to its promising applications in
optoelectronic devices such as light emitting diodes, laser diodes
and photodetectors [1]. Optical constants are the fundamental
properties for optical materials, which is considerably important
for device design. The optical constants of undoped [2], Li doped
[3] and In doped [4] ZnO thin films were investigated in previous
reports. It is possible to evaluate optical constants, such as absorp-
tion coefficient, refractive index and dielectric constant by analyz-
ing transmittance spectrum [5-7]. Furthermore, it is necessary to
clearly understand the luminescence behavior of ZnO for designing
optoelectronic devices and improving its UV emitting performance.
This is due to the fact that a large amount of defects such as Zinc
interstitials and oxygen vacancies contribute to the visible
emissions and even deteriorate the near band-edge emission.
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Potential applications in optoelectronics device necessitate
better understanding of the factors controlling the structural and
optical properties of ZnO films. Owing to the different structure of
the electronic shell and the similar size of Na and Zn, the group I
element Na for Zn sites has been considered as a good candidate
to modify the structural, optical, physical, and chemical properties
of ZnO [8-10]. In addition, first-principle calculations reveal that Na
can enter the ZnO lattice interstitially in combination with a neigh-
boring oxygen vacancy [11,12]. However, there are a relatively few
papers on the reports of NZO prepared by a variety of techniques. Lu
et al. [13] grew NZO thin films on different substrates at 400 °C
using a low-pressure MOCVD method. Lin et al. [14] deposited
NZO with the codoping of H and Na by pulsed laser deposition
(PLD). Liu et al. [ 1] reported the first demonstration of the synthesis
of single-crystalline Na-doped p-type ZnO microwires using
chemical vapor deposition (CVD). Ilican prepared NZO nanorods
by sol-gel method and characterized by XRD, SEM, XPS and
spectrophotometer [15]. Wang and Gao [16] deposited NZO thin
films on Si (100) substrates with sol-gel method and discussed
the influence of annealing temperature on structural and optical
properties. With the advantages of homogeneous dispersion of
dopants in ZnO lattice based on hydrolysis and condensation
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reactions, low cost, easy fabrication of large-area and so on, sol-gel is
one of the most promising deposition techniques. In this paper, NZO
films were fabricated on quartz glass substrates by sol-gel spin coat-
ing method. The influences of Na content (3-30 at.%) on the film
structural and optical properties were investigated systematically.

2. Experimental details
2.1. Thin film preparation

NZO thin films with different doping contents were prepared on quartz glass
substrates by sol-gel spin coating method. Zinc acetate dihydrate (Zn(CH5COO),.
-2H,0), 2-methoxyethanol (CH30(CH;),0H), monoethanolamine (MEA) and NaCl
were used as the starting precursors, solvent, sol stabilizer, and Na dopant source
respectively. All of the materials were purchased from Aladdin chemicals. The con-
centration of the zinc acetate was 0.75 M, and the molar ratio of MEA to zinc acetate
was maintained at 1.0. The [Na/(Na + Zn)] atom ratios in the solution were 0, 3, 6,
12, 24, 30 at.%, respectively. The mixed solution was stirred at 70 °C for 2 h to yield
a clear and homogeneous solution, serving as the spin coating solution after aging
for 48 h at room temperature. Prior to the deposition, the quartz glass substrates
were ultrasonically cleaned in acetone, alcohol and deionized water for 10 min
respectively, and subsequently dried in a nitrogen stream. The resultant sol was
dropped onto the clean substrates, which were rotated at 3000 rpm for 20 s. After
each coating step, the films dried at 300 °C for 10 min to evaporate the solvent
and remove organic residuals. The spin coating procedure was repeated ten times
to obtain desired film thickness. Finally, all the samples were annealed in the tube
furnace at 800 °C for 1 h under ambient atmosphere.

2.2. Characterization methods

The crystal structure of NZO films were investigated by X-ray diffraction (XRD
PW1710) using the Cu Ko line (4 =1.5406 A) and the scanning range of 20 was
between 30° and 75°. During the measurements, the excitation voltage, the tube
current and the scanning speed were maintained at 40 kV, 40 mA, and 4°/min,
respectively. The surface morphologies of the as-prepared samples were examined
with field emission scanning electron microscope (FE-SEM, Nova400) and atomic

force microscope (AFM, CSPM-4000). The optical transmittance of the samples were

investigated by using UV-VIS spectrophotometer (UV-3600) in the range of 300-
800 nm. The room temperature PL spectra was measured by a spectraphotometer
(RF-5301) with an excitation wavelength of 325 nm.

The thicknesses of all the films were investigated to be about 300 nm as
measured by a step instrument (AMBIOS). An inductively coupled plasma optima
optical emission spectrometer (ICP-OES) was used to identify the Na incorporation
into ZnO. According to the ICP-OES measurement, the atomic ratio of Na in the
doped films were 0%, 2.9%, 6.1%, 11.7%, 23.8% and 29.6%, respectively. Those were
nearly equal to stoichiometry in resultant sol.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the XRD patterns of pure ZnO and NZO thin films
with various Na contents. It can be seen that both the pure and
NZO films exhibit polycrystalline hexagonal wurtzite structures
with all XRD peaks. No phases related to Na or Na compound
are observed at different doping level within the XRD detection
limits, indicating that Na" might substitute Zn?* or incorporate
into interstitial sites in the ZnO lattice. For undoped ZnO films,
the intensity of the (101) peak is higher than that of (002). But
all the NZO films exhibit enhanced intensities corresponding to
(002) peak when compared to (100) and (101) peaks, which
indicates the preferential orientation along the c-axis. An
apparent increase in crystallinity is also observed as suggested
by the increase of the (002) peak intensity with the increasing
Na content. In addition, the inset shows that the (002) peak
positions shift toward lower angle as Na content increases from
0 to 24 at.%, further indicating dopants had been incorporated
into ZnO films. It is reasonable that the substitution of Zn?* with
Na* leads to an expansion of the lattice constant due to the ionic
radius difference between Zn* (0.74 A) and Na* (0.95 A). Further-
more, Liu et al. reported that with an increase of oxygen pressure,
the (002) peak position of Na 5-doped ZnO thin films shifts to the

lower diffraction angle side [17]. However, with further increase
of Na content from 24 at.% to 30 at.%, a dramatical change that
the (002) peak position shifts to a relatively higher angle is
detected. Lii et al. [18] pointed out that Na interstitials are greater
than Na substitutions in the heavily Na-doped ZnO film, which
can explain the change.

Table 1 summarizes 20, FWHM of (002) peaks, lattice constants
¢, calculated average crystal size D and residual stress ¢ for the
Na,Zn;_xO films samples. The instrumental contribution to the
peak broadening was eliminated.

Average crystal sizes were calculated from the (002) peak using
Scherrer formula [19]:

0.9/
~ Bcoso (1)

where D, /, 0 and p are the average crystal size, the X-ray wave-
length (4 =1.5406 A), Bragg diffraction angle, and FWHM, respec-
tively. The calculated results are listed in Table 1. As Na dopant
increases from 3 at.% to 24 at.%, the average crystal size increases
from 42.97 to 56.17 nm, indicating that a high Na content can
improve the crystallinity of ZnO film. However, it is important to
point out that there are no average crystallite size discussion and
analysis for 30at.% doped films due to the appearance of
nanorod-like film shown in Fig. 2(f). Wang et al. [20] have reported
that the Zn; diffusion can promote the growth of ZnO crystal. The
Naz, defects may increase the Zn; defects. Therefore, the crystal size
of Na,Zn;_,O films increases with the increasing of Na content.

The lattice constant c can be calculated by using the following
formula [19]:

h? + hk + K
aZ

12

1 4
=3 c

2
g

(2)

where a and c are the lattice constants and dy, is the crystalline
plane distance for indices (hkl). According to Eq. (2), c is equal to
2dy, for the (002) peak. The result shows that the lattice constants
c of the NZO (3-24 at.%) are larger than that of the undoped one,
implying that most of the Na* are accommodated at the
substitutional sites. For the Nag39Zng 700 sample, ¢ become smaller
even than that of the undoped one, which indicates that the Na ions
are mostly incorporated as the Na; donors.

For hexagonal crystals with a highly c-axis preferred orienta-
tion, the in-plane stress of the films can be calculated using the
biaxial strain model [21],

Fig. 1. XRD patterns of pure ZnO and NZO thin films with various Na contents.
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Table 1

Structural parameters of pure ZnO and NZO films.
Samples 26 (°) FWHM (8) D (nm) c(A) o (GPa)
ZnO 34.492 0.192 44.77 5.1964 0.744
Nap.03Zn9.970 34.432 0.200 42.97 5.2052 -0.015
NagoeZlossO  34.433 0.166 51.77 5.2050 -0.002
Nag.12Zng gs0 34.415 0.167 51.46 5.2077 -0.230
Nap 24Zn¢.760 34.403 0.153 56.17 5.2094 —0.383
Nap30Zn9 700 34.503 0.148 - 5.1948 0.883

Co—C
0 =45x 10“°T 3)
0

where ¢ is the corresponding value for bulk ZnO (5.205 A) and c is
the lattice parameter of films obtained from XRD result. The
positive (negative) sign of o indicates that the films are in a state

of tensile (compressive) press. As seen in Table 1, the stress is
compressive with the Na content in a range of 3-24 at.%, and the
absolute value increases with the increasing of dopant. While the
compressive stress transformed to tensile stress with the Na doping
constant increasing from 24 at.% to 30 at.%. The dramatic change
may be due to lots of Na interstitials in the heavily Na-doped ZnO
film.

3.2. Surface morphologies

Fig. 2 presents the FESEM images of pure and NZO films. The
pure ZnO shows a wrinkle network with spherical nanoparticles,
which can also be seen from the AFM image in the inset of
Fig. 3(a). As shown in Fig. 2(b)-(f), the wrinkle structure almost
disappears and the increase in the grain size can be observed with
the increasing of Na content. As Na doping content increases from
3 to 6 at.%, the samples show denser morphology without visible

Fig. 2. FESEM images of pure ZnO and NZO films: (a) ZnO, (b) Nag03Zng 970, () Nag 0sZnp.940, (d) Nag.12Zng g0, (e) Nag24Zng 760, (f) Nag30Zno 700; the inset of (f) shows the

FESEM image of Nag30Zng 700 film with a magnification of 50,000.
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Fig. 3. AFM images of pure ZnO and NZO films: (a) 0 at.%; (b) 12 at.%; (c) 24 at.%; the inset shows the AFM scanning of pure ZnO film with a 10 pm x 10 pum range.

voids and defects overall the surface. However, many obvious voids
were found when Na content further increases. Especially, the sur-
face of the film doped 30 at.% Na exhibits nanorod shape. The c-axis
orientation may be explained with the change of internal stress
and surface free energy caused by Na doping content [22].

Fig. 3 shows the surface topographys of pure and NZO films. It
can be observed that hexagonally faceted columnar grains play an
important role in the surface morphology. The root mean square
(RMS) roughness of the different films is obtained by the AFM scan-
ning (800 nm x 800 nm). The surface roughness of films in
Fig. 3(a)-(c) is 16.219, 25.791, 53.072 nm, respectively. As revealed
by AFM images, both the surface roughness and the average grain
size increase with an increase in doping ratio. The voids are existed
on the loose surface of thin films when the doping content is 12—
24 at.%. Furthermore, the grains coalesce and grow in the direction
perpendicular to the substrate surface with Na incorporation. These
results suggest that the increase of surface roughness along with
the Na doping content may be attributed to the larger grain forma-
tion and increasing porosity of the films [23]. Geng et al. [24] have
reported that the increasing roughness of Hf-doped ZnO films is
induced by the preferred c-axis growth mode at high concentration
Hf doping. However, Huang et al. [25] suggested that the RMS
roughness of Mg doped ZnO films increased with the doping, which
was due to the aggregation of MgO particles on the film surface.

3.3. Optical properties

Fig. 4 shows the transmittance spectra of pure ZnO and NZO
films. It is clear that the pure ZnO films have an average transmit-
tance higher than 71% in the visible range, and the transmittance

decreases with the increase of Na content. Lv et al. [26] have
reported that the transmittance in the visible light wavelength
range decreases with the increase of Na content, and is only about
40% when the Na/Zn ratio is 6 at.%. However, for the obtained sam-
ples, as Na doping content increases to 24 at.%, the average trans-
mittance is still larger than 62% in the visible range, which is
profitable for the application in optical devices. Compared with
the pure ZnO film, the UV absorption edge of NZO films shows a
red-shift after Na incorporation.
The absorption coefficient o is calculated by Eq. (4) [27-29]

a=-InT/d (4)

where T is the transmittance, d is the film thickness.
For the direct transition semiconductor, the optical band gap E,
can be obtained by using the following equations [27-29]:

ahv = A(hy — Ep)'/? (5)

where o is the absorption coefficient, A is the constant for a direct
transition, h is the Planck’s constant, and v is the photon fre-
quency. The value of E, is given by the linear extrapolation of
the plot of (hv)? versus hv to the energy axis. The optical band
gap as a function of Na content is shown in the inset of Fig. 4. It
shows that the optical band gap of NZO films initially increases
nearly linearly as the doping content increases to 6 at.% and then
decreases nearly linearly with an increase of Na content. Xu et al.
[30] reported that the optical band gap of the K-doped ZnO thin
films by the sol-gel method increased at first and then decreased
with the increasing K content. In the present study, the optical
band gap E; of Na,Zn;_,O film can be expressed in terms of Na
doping content (x):
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Fig. 4. Optical transmittance spectra of pure ZnO and NZO films. Inset shows the
optical band gap as a function of Na content.

E; =0.0025x +3.278, 0 <x <6 at.% (6)
E; =—0.0018x +3.282, 6 at.% < x < 30at.% (7)

Noteworthily, the band gap increases from 3.278 eV (for the pure
Zn0) to 3.293 eV (for the 6 at.% NZO). The band gap extension of
the lightly Na doped ZnO film can be attributed to the decrease of
n-type carrier concentration, which is explained by a combined
effect of the increased substitutional Na (Naz,) density and the
decreased oxygen-vacancy (Vo) density [31,32]. For the heavily Na
doped ZnO, a great majority of Na; defects may induce impurity
levels near the valence band maximum (VBM) and conduction band
minimum (CBM), resulting in the decrease of band gap from 3.293
to 3.25 eV. Previously, Bahsi and Oral [33] revealed that the band
tails resulted from doping could lead to a large number of
band-to-tail and tail-to-tail transitions and thus the absorption
edge shifts to longer wavelength.

Refractive index is one of the fundamental properties for an
optical material, because it is closely related to the electronic
polarizability of ions and the local field inside materials. The eval-
uation of refractive indices of optical materials is considerably
important for the applications in integrated optic devices [26].
The refractive index of Na:ZnO films can be determined from the
following equation [34]:

C[14R &R,
n= {1 —R} TR k (8)
oL
k=x ©

where R is the reflectance, and k is the extinction coefficient. Using
the transmittance, absorption coefficient and film thickness, R
values were calculated. Fig. 5(a) and (b) show the refractive index
and extinction coefficients of NZO films with different Na content
in the range of 370-700 nm. Both the refractive index and extinc-
tion coefficient of all samples decrease along with the wavelength.
It can also be seen that the n values and k values increase with the
increasing doping content. In general, the refractive index of single
crystal ZnO is about 2.0. However, it was found that the average
refractive index of all the obtained films in the visible range was
about 2.4-3.6 in our study.

The fundamental electron excitation spectrum of the film was
described by means of a frequency dependent of the complex elec-
tronic dielectric constant. Real and imaginary parts of the dielectric
constant are related to the n and k values. The real and imaginary
parts can be calculated by using the following formulas [35]:

& =n2(2) — K (Q) (10)
& = 2n(A)k(1) (1)

The real ¢; and imaginary &, parts as a function of wavelength
are shown in Fig. 5(c) and (d), respectively. It can be seen that
the ¢; values and &, values increase slightly with the increasing
Na dopant. It is obvious that the &; values are higher than that
of &,.

3.4. Photoluminescence properties

Fig. 6 shows the room temperature PL spectra of pure and
NZO films. The PL results are found to be strongly dependent
on the Na content. Generally, the intrinsic ZnO usually exhibits
an intense ultraviolet (UV) emission peak which originates
from the radiative recombination of free excitions correspond-
ing to the near-band edge emission (NBE) of ZnO and a broad
visible emission [36]. Two main peaks appeared in the PL
spectra, the sharp ultraviolet emission centered at 388 nm
(3.19eV) and the broad green-yellow emission (450-650 nm).
Fig. 6 shows that with increases of Na content, intensity of
the ultraviolet emission increases initially when the doping
content is 3 at%, and then decreases with higher Na doping
concentration. Similarly, Xu et al. [30] have also found that
the ultraviolet emission become intense after 1at.% K is doped
in ZnO thin film, while it reduces suddenly when the K doping
content increases. However, a dramatical phenomenon
appeared in the visible emission. The intensity of the visible
emission decreases firstly, then increases slightly and decreases
rapidly at last. It's worth mentioning that the violet emission
centered at 424nm (2.92eV) in the range of 380-450 nm
appears as the doping content reaches 30 at.%, which has been
also reported in earlier researches. Peng et al. [37] have found
the violet emission band at 410 nm appeared in the Cu-doped
ZnO films, and they consider that the violet emission is asso-
ciated with zinc vacancy. Jin et al. [38] have reported that
the violet emission centered at 420 nm appeared in the ZnO
films by pulsed laser deposition, which might be attributed
to defects of the grain boundaries. According to energy level
diagram of defects in ZnO [39], the energy interval between
the zinc interstitial defect level and the valence band is about
2.9 eV, which is consistent with the energy of violet emission
at 424 nm (2.92 eV). Therefore, the violet emission can be
ascribed to the zinc interstitial defect level and defects level
in the grain boundaries.

When the doping content is greater than 3 at%, a strong deep
level emission (DLE) centered at around 530 nm is dominated in
the PL spectrum, which is the most commonly observed defect
emission in ZnO nanostructures. This deep level emission can be
commonly attributed to the oxygen vacancies [40-42]. It is found
that the low doping concentration contributes to enhancement of
the UV emission and reduction of the deep level emission, which
is consistent with previous work reported by Yang et al. [43]. The
ratio for the intensity of NBE emission (Iygg) to that of DLE emis-
sion (Ip.g) increases from 2.27 (for ZnO) to 4.74 (for 3 at% Na doped
ZnO0). This result may be explained by the suppressing of V defects
by the Na doping and the passivation of present Vo defects by the
formation of (Naz,—Vo)*"® complexes. Unfortunately, the ratio of
Inge/Ipie declines obviously when the doping content is over
3 at%, indicating the intensity of near band edge emission is sup-
pressed. These results also prove that Na interstitials are more than
Na substitutions in the NZO thin film for higher doping content,
which leads to the reduction in the formation of (Naz,—Vo)"°
complexes.
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Fig. 5. Effect of Na content on the refractive index (a), extinction coefficient (b), real (¢) and imaginary (d) parts of dielectric constants for NZO films.
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Fig. 6. Room temperature PL spectra of pure ZnO and NZO films. Inset shows Ingg/
Ipie as a function of Na content.

4. Conclusions

In summary, NZO films were synthesized via the sol-gel
method on quartz substrates. The effects of Na content on the
structural and optical properties of NZO films were investigated

systematically. The results show that the obtained NZO films
are highly c-axis orientated. An apparent increase in crystallinity
is observed with increasing Na content. The surface of the heavily
Na doped samples (30 at.%) exhibits nanorods morphology. The
increase of surface roughness along with the Na content may be
attributed to the larger grain formation and more porosity of
the films. As Na doping content increases from 3 at.% to 24 at.%,
the average transmittance for the obtained samples is still larger
than 62% in the visible range. The optical band gap initially
increases and then decreases nearly linearly with an increase of
Na content owing to a combine effect of the ratio of Naz, to Na;
defects and Vo defects. The refractive index of NZO thin films
can be controlled by the Na doping content, which contributes
to the applications in designing integrated optic devices. PL spec-
tra shows two main peaks: a sharp ultraviolet emission centered
at 388 nm and a broad green-yellow emission (450-650 nm). The
violet emission centered at 424 nm appeared in the spectra of
30 at.% NZO. It was found that the low doping concentration con-
tributes to the enhancement of Iygg/lpig ratio, which can be
explained by the suppressing of Vo defects by the Na doping
and the passivation of present Vo defects by the formation of
(Naz,-Vo)"® complexes.
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