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Optical properties and UV photoresponse of Na,,Zn;_,O thin film
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Abstract Na,,Zn;_,O thin films were successfully syn-
thesized on quartz glass substrates by sol-gel method. The
effect of Na content on the microstructure, optical prop-
erties and UV photoresponse of the thin films was inves-
tigated using X-ray diffraction, optical absorbance,
photoluminescence, and conductivity measurements. The
results indicate that the Nag g4Zng 9gO thin film exhibits the
strongest preferential c-axis orientation with a polycrys-
talline hexagonal wurtzite structure and has the largest
optical band gap. An obvious decrease in crystal size has
been observed with the increasing of Na content. A weak
ultraviolet emission band at about 381 nm and a strong
visible emission band have been observed in the photolu-
minescence spectra. The Nagg4ZngogO thin film has the
shortest growth and decay time (45 and 18 s, respectively)
and the largest photoresponse. The results indicate that the
photoresponse can be effectively improved by means of
moderate Na doping.
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1 Introduction

Due to the wide direct band gap (3.37 eV) and large
exciton binding energy (60 meV at 300 K), zinc oxide
(ZnO) has been widely applied in ultraviolet (UV) light
emitting diodes [1], UV photodetectors [2], piezoelectric
devices [3], solar cells [4] and phototransistors [5] etc.
However, the photodetector based on pure ZnO suffers
from the weak responsivity draw backs. It is well known
that the photoconduction in the ZnO is controlled by
oxygen adsorption and desorption on the surface of ZnO
[6, 7]. Photosensitivity and photoresponse of ZnO strong
depend on the surface condition, crystal structure and
doping. Some efforts have been made to obtain ZnO with
fast, sensitive, and high UV response by passivating the
surface of ZnO [8, 9], modifying the nanostructure [10, 11]
or appropriately doping [12, 13]. Dhara and Giri [9]
reported that UV photosensitivity and photoresponse of the
vertically aligned ZnO nanowires can be improved by
means of rapid thermal annealing. Porter et al. [12] thought
that the photoconductive response could be significantly
improved by varying the relative doping concentrations of
nitrogen and tellurium. Therefore, surface modification,
structural improvement and doping can improve the pho-
tosensitivity and photoresponse of ZnO. However, the
preparation of ZnO doped with Na by a facile and low-cost
method and the study of photoconductive UV detector
based on the Na doped ZnO thin film are seldom.

In this letter, the effects of Na doping on the
microstructure and optical properties of Na,,Zn;_,O thin
films have been described in detail. The enhanced photo-
conduction and photoresponse behavior by Na doping have
been observed. The formation mechanism of the photore-
sponse behavior has been explained based on the experi-
mental results.
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2 Experimental

Undoped and Na doped ZnO thin films were prepared by
sol-gel method. All chemicals were of analytical grade and
used as purchased without further purification. Zinc acetate
dehydrate [Zn(CH3COOQ),-2H,0], sodium chloride [NaCl]
and monoethanol amine (MEA) [HO(CH,),NH,] were
used as precursors. The appropriate amounts of zinc acetate
dehydrate, sodium chloride and monoethanol amine was
dissolved into 80 mL of ethylene glycol monomethyl ether
[CH3;0CH,CH,0H] at room temperature. The total amount
of metal (Zn and Na) was fixed at 0.5 mol/L and the molar
ratio of monoethanol amine to metal ions was kept at 1:1.
The obtained solution was magnetically stirred at 60 °C for
2 h to get a homogeneous sol, which served as the coating
sol after being kept for 24 h. Quartz glass substrates
(15 mm x 15 mm) were cleaned ultrasonically in acetone
and deionized water, and dried in an oven. The quartz
substrate was spin coated with sol and heated at 150 °C for
10 min. This above process was repeated for ten times to
obtain the desired thickness. After that, the thin film was
annealed in a tube furnace at 800 °C for 4 h in air.

Microstructure of the thin films were examined using a
X-ray diffractometry (XRD, TD-3500) with Cu Ka radia-
tion (A = 0.15418 nm) operating at 40 kV and 30 mA. The
20 scan range was 30°-80° with a step of 0.02°. Optical
absorbance spectra were measured using a UV-Vis spec-
trophotometer (UV-Vis, SHIMADZU UV2550) in the
wavelength range of 300-600 nm. Photoluminescence (PL)
spectra of the thin films were performed by a laser micro-
Raman spectrometer (Renishaw in Via-Reflex) using He—
Cd laser as light source excited at 325 nm. Photoresponses
of the thin films were measured by an electrochemical
workstation (CHI-660D) at a fixed bias of 5 V by switching
the UV light (A = 254 nm) with a power intensity of
14 pW/em?.

3 Results and discussion

XRD patterns of ZnO, Nag 4Zng9g0 and Nag 16Zng 9,0
thin films are shown in Fig. 1. It can be seen that three
peaks appear at 20 = 31.77, 34.42 and 36.26° in the pat-
terns are assigned to (100), (002) and (101) planes of the
hexagonal phase ZnO (JCPDS 36-1451). No peaks corre-
sponding to either Na metal or its oxides has been observed
in the Na-doped films, which suggested that there is no Na-
related phase present within the detection limit. It also can
be seen that Na doping has the obvious effect on the crystal
orientation of ZnO thin film. In order to characterize
quantitatively the crystal orientation of the thin films, the
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Fig. 1 XRD patterns of ZnO, Nag 04Zng 930 and Nag 164Zng 9,0 thin
films

texture coefficient TCy;) can be obtain by applying the
following formula [14]:

Ly / To(nia)
¥ 2o Loy / Tonia)

where 1) is the experimental relative intensity of (hkl)
plane, Iy is the standard relative intensity of (hkl) plane
and N is the total number of peaks from the thin film. The
value, TCy) = 1, represents the sample with randomly
oriented crystallites, while higher value indicates the
abundance of crystal orientation along (hkl) direction [14].
In our case, N = 3 because three diffraction peaks come
from (/00), (002) and (/01) planes are involved. TC ) of
7Zn0, Nag g4Zng g0 and Nag 16Zng 9,0 thin films are listed
in Table 1. It can be seen that the TC ;) of Nag g4Zng 95O
thin film much larger than 1, which indicated that the
sample of Nagg4ZngogO has the best preferential orienta-
tion along c-axis. Moderate Na doping is in favour of
improving preferential c-axis orientation of the ZnO.
Similar result has been reported by Lai et al. The intensity
of the (002) peak increases with increasing Na content to a

TCyuy = (1)

Table 1 Average grain size and texture coefficient of the thin films

Sample D (nm) Texture coefficient TC )

TC100) TC02) TCo1)
ZnO 63.7 0.55 2.03 0.42
Na0_04Zn0_ggO 63.5 0.45 2.20 0.35
Nao'mzno_gzo 52.2 1.02 1.32 0.66
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maximum at x = (.15, and it decreases with increasing Na
content beyond that point. They thought that suitable Na
doping will be helpful in obtaining a preferable c-orienta-
tion of the ZnO film [15]. Average grain size of the thin
film is calculated after appropriate background correction
by using Scherrer’s formula [16]:

D =0.92/fcosl (2)

where D is the grain size, A is the X-ray wavelength
(42 = 0.15418 nm), f is the full width at half maximum
(FWHM) of the diffraction peak, and 0 is the diffraction
angle. The average grain size of the thin film has been
listed in Table 1. It can be seen that the average grain size
decreases monotonously with the increasing of Na content.
Wang et al. reported that the crystal size of Na,,Zn,_,O
films increases with the increasing of Na content. They
considered that the Nay, defects may increase the Zn;
defects, which can promote the growth of ZnO crystal [17].
However, Lin and Tsai [18] thought that the increasing of
the Al concentration will enhance the nucleation of the
ZnO phase and consequently result in the smaller crystal-
lite size. In our case, the decrease of grain size may be
attributed to the increasing nucleation of ZnO as Na con-
tent increases.

Figure 2 depicts the UV-Vis absorbance spectra of the
undoped ZnO, Nag 04Zng 930 and Nag 16Zng 9,0 thin films.
The ZnO and Nag 16Zn 9,0 thin films have sharp absorp-
tion edge at about 375-385 nm. Compared with undoped
Zn0O, Nagp4ZngogO exhibits a slight blue-shift of the
absorption edge. The optical band gap of the thin film can
be calculated by use of the following relationship in the
high absorption region [19]:

ahv = A(hv — E,)" (3)

where o is the absorbance, hv is the photon energy, E, is
the optical band gap and A is a constant. For direct band
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Fig. 2 Absorption spectra of Na,,Zn;_,O thin films
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gap semiconductor, n = 1/2. The functional dependence of
(ahv)* versus photon energy hv is shown in Fig. 3. The
band gaps of the thin films have been calculated using plots
of (ahv)? versus hv and by extrapolating the linear portion
of the absorption edge to find the intercept with energy
axis. The values of E, of the thin films are listed in Table 2.
It can be seen that E, of ZnO thin film is 3.19 eV. It
increases to 3.20 eV when the value of Na doping increases
to 0.02. Then E, decreases when the value of Na doping
increases to 0.08. The shift of the optical absorption edge
may be attributed to the changes of the quality of ZnO film
[20]. Change of optical band gap energy of ZnO films can
also be attributed to the size of micro- and nanostructures
present on the surface of the films [21]. Etacheri et al. [22]
thought that the increase of optical band gap of Mg doped
ZnO can be attributed to the so-called Moss—Burstein
effect. Suwanboon et al. [23] considered that the increase
of optical band gap might be due to the decrease in the
crystallitesize of Zn;_,Mg,O nanostructures. In our case,
the increasing of optical band gap by Na dopants may be
attributed to the Na ions, which were incorporated as
interstitial donors in the thin film. The decreasing of the
optical band gap as the Na dopants increases from 0.02 to
0.08 may be attributed to the change of crystal size and
preferential orientation along c-axis.

Figure 4 shows the room temperature PL spectra of
undoped ZnO and Na-doped ZnO thin films. It can be seen
that a weak ultraviolet emission centered at about 381 nm
and a strong and broad blue—green—yellow (430-640 nm)
emission band appeared in the PL spectra. Usually, the UV
emission peak originates from the radiative recombination
of free excitions corresponding to the near-band edge
(NBE) emission of ZnO. The strong green—yellow emis-
sion band may be derived from the deep level defects in the
ZnO nanostructures. Generally, the blue, green and yellow
emission bands are attributed to the deep level defects such
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Fig. 3 Plot of (ahv)? versus photon energy for Na,,Zn,_,O thin films
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Table 2 Optical band gap and

photoresponse performance of Sample Optical bandgap/eV Tgan/nA I/nA Rise time/s Decay time/s
Naz.Zn;_,O thin films ZnO 3.19 1.60 16.40 59 26
Nag g4Zng 93O 3.20 194 574.8 45 18
Na0_162n0_920 3.15 6.83 88.10 57 36
Nao.o4zno.9so Nao.1szno.ezo 1.0x107 Nao.1 ezno.szo
_6.0x10° | 50x10° +
=
L)
= 0.0 ; . .
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Fig. 4 PL spectra of Nay,Zn,_,O thin films
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as oxygen vacancies (V,), Zinc vacancies (V,), oxygen
interstitials(O;), Zinc interstitials (Zn;) and oxygen antisites
(Oz,) [24, 25]. The blue emission bands between 450 and
490 nm may be attributed to the electron radiative transi-
tion from the deep donor level of Zn; to an acceptor level of
Vz, [25]. Enhance in blue emission band indicates that
deep donor level of Zn; is increased by Na-doping. The
green emission at 536 nm is due to the electron radiative
transition from the deep donor level of Zn; to an acceptor
level caused by singly ionized charged state of the V.
Yang et al. [26, 27] thought that the visible emission band
centered at about 570 nm is associated with oxygen
vacancies. Kashif et al. [28] considered that the visible
emission at 567 nm are associated with the singly ionized
oxygen vacancy in ZnO and results from the recombination
of a photogenerated hole with the singly ionized charge
state of this defect. In our case, the green emission at about
570 nm may be attributed to the point defect of oxygen
vacancy in the ZnO. Of all of the samples, the sample of
Nag 94Zn( 030 has the strongest green emission at about
570 nm, indicating the most oxygen vacancies appear in
the sample.

To study further the effect of Na doping on the pho-
toresponse (rise and decay), we performed the photore-
sponse measurement of the thin films under UV light
(A = 254 nm). Figure 5 shows the time dependent pho-
tocurrent of the thin films under periodic UV irradiation. Of
all the samples, the sample of Naj n4Zng 93O has the biggest
dark current. The conductance of the thin film increases
first and then decreases with the increasing of Na doping.

Time /s

Fig. 5 Time response of photocurrent under the dark and UV
illumination at a fixed bias voltage

As is well known, oxygen vacancy is donor-doping in ZnO
thin film [29]. The conductance of the thin film increases
with the oxygen vacancy density increase. The result
confirm that the number of oxygen vacancies more than
others, which is well consistent with the results from the PL
spectra. Under the UV irradiation, the photocurrent initially
grows very fast and then slowly increased with time and
reaches the saturation value. When turn off the UV lamp,
the photocurrent take a period of time to recover the initial
value. Rise time is defined as the time needed to reach
90 % of the maximum photocurrent value, while the decay
time is the time needed to reach 10 % of the maximum
photocurrent value. The rise time and decay time of the
thin films are listed in Table 2. It is notable that the rise
time and decay time of Nag 04Zng 95O thin film are 45 s and
18 s, respectively. The result tells us that the performance
of the photoconductor can be effectively improved by
doping moderate Na. In the absence of UV irradiation,
oxygen molecules are adsorbed on the surface by capturing
free electrons from the n-type ZnO [Oy,) + € — 02’( a d>],
thus creating a low-conductivity depletion layer near the
surface [30, 31]. Therefore, the resistance of the thin films
should be dominated by the surface barriers. When ZnO
thin film is illuminated by UV illumination with photon
energies above ZnO band gap, electron—hole pairs are
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excitated [hv — e~ + h']. These electrons/holes easily
cross the depletion layers and contribute to the photo
conductivity. At the same time, the photogenerated holes
can migrate to the surface and neutralize the surface
adsorbed oxygen [At + O3 4a) = O2(g)]. The depletion

width and the surface potential barrier height gradually
reduce until the oxygen desorption and readsorption reach
an equilibrium state, which is responsible for the slow rise
of photocurrent with a saturation value [9, 31, 32].

4 Conclusions

Undoped and Na-doped ZnO thin films were prepared via
the sol-gel method on quartz substrates. Microstructure,
UV-Vis absorbance spectra, PL spectra and time depen-
dent photocurrent under periodic UV irradiation of the thin
films have been measured by X-ray diffractometry, UV—
Vis spectrophotometer, laser micro-Raman spectrometer
and electrochemical workstation. The effects of Na doping
on the microstructure and optical properties of the thin
films were investigated systematically. The best preferen-
tial orientation along c-axis, the largest optical band gap,
the most oxygen vacancies, biggest dark current and the
shortest rise time and decay time have been observed in the
Nag g4Zng 9gO thin film. These results indicate that the Na
doping is an effective method to enhance photoresponse,
which is significant for the fabrication of UV photodetec-
tors based on ZnO.
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