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a b s t r a c t

ZnO films are prepared on Ag-coated glass substrates by wet chemical method at low temperature using
Zn(NO3)·6H2O and dimethylamine borane complex (DMAB). The structural, electrical and optical prop-
erties of ZnO films are investigated by X-ray diffraction, scanning electron microscope, four-point probe
method and photoluminescence, respectively. The ZnO film deposited at 90 ◦C is the most compact
vailable online 8 April 2010
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films with a c-axis preferred orientation. The cooling rate affects the optical and electrical properties
of ZnO films dramatically. The ZnO films cooled at −15 ◦C exhibit the lowest electrical resistivity of
0.525 � cm and the strongest photoluminescence in visible light. The increase of the conductivity and
the enhancement of the photoluminescence are attributed to the increase of oxygen vacancies in the
films.
lectrical property
ptical property

. Introduction

Zinc oxide (ZnO), a representative II–VI group compound semi-
onductor, has a direct wide bandgap of 3.37 eV and a large exciton
inding energy of 60 meV, a low power threshold for optical pump-

ng, and a high transmittance of visible light about 80% at room
emperature. Therefore, lots of investigations have been done on
nO films in order to apply these films to practical applications,
uch as, solar cells [1], photo detectors [2], light-emitting devices
3], thin film transistors [4], and surface acoustic wave guides [5].

There are several methods that can be used to prepare ZnO films,
uch as sputtering [6], pulsed laser deposition [7], chemical vapor
eposition [8], molecular beam epitaxy [9], and sol–gel process
10], etc. However, these methods are not well suited for large area
oating, low temperature processing, and low cost. In this work,
e choose a simple and low-cost method—wet chemical prepa-

ation to prepare the ZnO films on large area substrates at a low
emperature [11].

It is well known that concentration of oxygen vacancies has a
reat influence on optical and electrical properties of ZnO films.
oreover, it is very difficult to control the concentration of oxygen
acancies in the ZnO films by modulating the growth and thermal
reatment conditions. In this work, the ZnO films are obtained on
g-catalyzed substrates by low-temperature wet chemical method.
he influence of oxygen vacancies on optical and electrical prop-
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erties of ZnO films are studied by comparative measurements of
electrical conductivity and photoluminescence (PL) of ZnO films. A
low resistivity of 0.525 � cm has been obtained.

2. Experimental procedures

2.1. Synthesis of nanorod ZnO films

Prior to deposition, glass substrates were cleaned ultrasonically in ethanol and
acetone for removing organic impurities and rinsed in distilled water. Ag layer was
deposited on the glass substrate using a two-step Sn/Ag activation process at room
temperature [12]. Subsequently, the Ag-coated glass substrates were immersed into
aqueous solution at 70 ◦C, 80 ◦C, 90 ◦C, respectively, which contains 0.05 M zinc
nitrate hexahydrate [Zn(NO3)·6H2O] and 0.05 M dimethylamine borane complex
(DMAB) [(CH3)2NHBH3]. The films were taken out after 1 h, and annealed at 500 ◦C
in air for 1 h. After annealing, the films were cooled (i) in furnace, (ii) in air, (iii) at
−15 ◦C. Three samples were characterized for each preparation parameter set.

2.2. Characterization

The crystal structure of the ZnO films was characterized by using an X-ray
diffractometer (Philips X’ Pert Pro with Cu K�, 0.154056 nm). The surface mor-
phology and cross-section of the films were observed by a field emission scanning
electron microscope (FE-SEM, Hitachi S-4800). The sheet resistance was mea-
sured by four-point probe method (SX1934 digital four-point testing instrument,
0–2 × 106 �/�). The photoluminescence was obtained by using a He–Cd laser with
325 nm wavelength as excitation source.
3. Results and discussion

Fig. 1 shows the surface and cross-section morphologies of the
ZnO films. From Fig. 1, we can see that all films present regu-
lar hexagonal nanorods. The average diameters of ZnO nanorods

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gaomz@lzu.edu.cn
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ig. 1. SEM images of the morphology of ZnO films at different deposition temperatu
t 90 ◦C.

eposited at 70 ◦C, 80 ◦C and 90 ◦C are 40 nm, 60 nm, and 100 nm,
espectively. The compaction of the ZnO films increases with
ncreasing temperature. The film deposited at 90 ◦C holds the high-
st degree of compaction. We think the enhanced compaction is
ue to a more sufficient growth of the nanorods with increasing
eposition temperature. From Fig. 1(d), the thickness of the film is
stimated to be about 750 nm. In conclusion, with increasing depo-

ition temperature, the size of ZnO nanorods increases and the ZnO
lms become more compact.

Fig. 2 shows XRD patterns of the ZnO films. Diffraction peaks
ith 2� = 31.8◦, 34.4◦, 36.2◦, 47.5◦, 56.6◦, 62.8◦, 67.8◦ are observed in

he XRD patterns. These peaks are improved to be the (1 0 0), (0 0 2),

ig. 2. XRD patterns of the ZnO films deposited at different temperatures for 1 h.
1 h: (a) 70 ◦C, (b) 80 ◦C, (c) 90 ◦C, and (d) the cross-section of the ZnO film deposited

(1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2) diffractions of the hexagonal
wurtzite ZnO (JCPDS card No. 36-1451), and no peaks from other
impurities are detected. This indicates that all the prepared ZnO
films are single hexagonal wurtzite ZnO phase.

The formation process of ZnO films can be understood by the
following reactions [11]:

Zn(NO3)2 → Zn2+ + 2NO3
− (1)

(CH3)2NHBH3 + H2O → BO2
− + (CH3)2NH + 7H+ + 6e− (2)

NO3
− + H2O + 2e− → NO2

− + 2OH− (3)

Zn2+ + 2OH− → Zn(OH)2 (4)

Zn(OH)2 → ZnO + H2O (5)

The XRD results also show that the ZnO films have a c-axis pre-
ferred orientation. With the increase of deposition temperature,
the intensity of diffraction peaks increases, which indicates that
higher deposition temperature results in better crystallinity of the
ZnO films.

To further prove the (0 0 2) preferred growth, texture coefficient
(TC) was calculated from the X-ray data. TC represents the texture
of the particular plane, deviation of which from unity implies the
preferred growth. The different texture coefficient TC (h k l) can be
calculated from the X-ray data using the well-known formula [13]:

TC(h k l) = I(h k l)/I0(h k l)
N−1

∑
nI(h k l)/I0(h k l)

(6)

where I(h k l), I0(h k l), N and n are the measured relative intensity of

a plane (h k l), the standard intensity of the plane (h k l) taken from
the JCPDS data, the reflection number and the number of diffraction
peaks, respectively. The value of the texture coefficient indicates
the maximum preferred orientation of the films along the diffrac-
tion plane. In other words, the TC value means that the increase in
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Table 1
TC values of (0 0 2), (1 0 0) and (1 0 1) planes for ZnO films prepared at different
temperatures.

Temperature

70 ◦C 80 ◦C 90 ◦C

TC (0 0 2) 1.67 1.81 2.20
TC (1 0 0) 0.79 0.63 0.34
TC (1 0 1) 0.54 0.56 0.46

Table 2
Resistivities of ZnO films under different cooling conditions.

Cooling condition
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gen [20,21]. Vanheusden et al. [16] and Wang et al. [22] reported
that oxygen vacancies are responsible for the green emission in
ZnO. As shown in Table 3, with increasing cooling rate, area of green
and yellow emissions increases. The increase of the emissions is

Table 3
Fitting results from PL spectra of ZnO films.

Cooling condition Peak 1 Peak 2
As-grown In furnace In air At −15 ◦C

Resistivity (� cm) >150 27.9 9.98 0.525

referred orientation is associated with increase in the number of
rains along that plane.

Table 1 summarizes the texture coefficient (TC) of three crystal
rientations, such as (0 0 2), (1 0 0) and (1 0 1) plane for the ZnO
lms. Among all the crystal orientations, the TC of (0 0 2) plane
as the highest value. With increasing deposition temperature, TC
f (0 0 2) plane increases. The films deposited at 90 ◦C show the
ighest TC = 2.20 for (0 0 2) plane. The results indicate that higher
emperature is helpful for (0 0 2) preferred growth.

Table 2 lists the resistivity of the ZnO films under different
ooling conditions. From Table 2, we can see that the resistivity
ecreases gradually with increasing cooling rate and a lowest resis-
ivity of 0.525 � cm has been obtained, which is a little higher than
l-doped ZnO prepared by sol–gel method [14]. The improvement
f the conductivity is due to the increasing carrier mobility and
he decrease of grain boundary scattering resulted from a higher
rystallinity after annealing. Additionally, the decrease of resistivity
ay also relate to the density of oxygen vacancies in the films which

s influenced by the cooling rates. Oxygen vacancies can be intro-
uced both from the crystal growth process and from the oxygen
toms escaping from the films at high temperatures.

The balanced concentration of oxygen vacancies under temper-
ture T is described as follows:

= Nsites exp

(
− Ef

kBT

)
(7)

here Nsites stand for the concentration of sites where the defects
an occupied. Ef is related to chemical potentials of zinc, oxygen
nd zinc oxide which depend on the growth conditions, kB is Boltz-
ann’s constant, and T is the temperature.
According to Eq. (7), with the increase of the annealing tem-

erature, the concentration of oxygen vacancies increases. After
nnealing at 500 ◦C for 1 h, a high concentration of oxygen vacan-
ies in the ZnO films formed. Then the films are cooled down rapidly
rom 500 ◦C to room temperature. In this process, the oxygen vacan-
ies could be “frozen” and kept in the films to room temperature. In
ther words, more oxygen vacancies in ZnO films are obtained by
apid cooling. Therefore, the concentration of the oxygen vacancies
s larger for ZnO film cooled at −15 ◦C than that of ZnO films cooled
n other manners. The increase of the carrier concentration results
n the increase of the conductivity for ZnO film cooled at −15 ◦C.

Fig. 3(a) shows the normalized PL spectra of the ZnO films. The
eak around 380 nm is attributed to band-edge emission, which
orresponds to recombination of free-excitons. The broad PL emis-

ion in the visible range is attributed to the oxygen defect [15,16].
ompare with the annealed films, the PL spectra of the unannealed
lm exhibits the weakest visible light emission. With increasing
ooling rate, the intensity of the PL in the visible range becomes
tronger. The ZnO film cooled at −15 ◦C shows the strongest emis-
Fig. 3. (a) The normalized room-temperature PL spectra of all films. (b) The Gaus-
sians fitting result of the room-temperature PL spectra for ZnO films cooling at
−15 ◦C.

sion in the visible range. In order to further study the effects of
oxygen vacancies on the PL in the visible range, the PL spectra
within the wavelength range of 440–650 nm are fitted using two
Gaussians curves centered at wavelengths of 535 nm (2.32 eV) and
596 nm (2.08 eV). The two superposition peaks locate in the green
and yellow ranges, respectively. A typical deconvolution of a PL
spectrum in terms of these two contributions is shown in Fig. 3(b)
for the ZnO films after background subtraction. Table 3 summarizes
the fitting parameters, peak positions, area, full width at half max-
imum (FWHM) for the films. Many researchers have reported the
green and yellow emissions in ZnO [17–22]. Most of the literatures
reported that the yellow emission can attribute to interstitial oxy-
Peak
(nm)

FWHM
(nm)

Area Peak
(nm)

FWHM
(nm)

Area

In furnace 535 76.7 151 593 69.7 229
In air 535 75.7 312 593 72.7 623
At −15 ◦C 535 72.8 780 593 74.6 1901
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ttributed to the increase of oxygen vacancies and interstitial oxy-
en in the ZnO films, oxygen vacancies and interstitial oxygen of the
nO films originating from annealing at high temperature is kept
n the films, when cooling down to room temperature. Therefore,

ith the increase of the cooling rate, the concentration of oxygen
acancies increases. The results are consistent with that of obtained
egarding the electrical properties.

. Conclusions

The single-phase hexagonal wurtzite ZnO films are prepared on
he Ag-coated glass substrate by wet chemical method at different
eposition temperatures. With the increasing deposited tempera-
ure, the size of ZnO nanorods, the compaction degree of the ZnO
lms and the c-axis preferred orientation increase.

With the increase of cooling rate, the conductivity of the films
s greatly improved and the PL intensity in visible range becomes
tronger. The increase of the conductivity and the enhanced PL
ntensity in green energy range are attributed to the increase of
xygen vacancies in the films.
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18] Y.H. Leung, A.B. Djurišić, Z.T. Liu, D. Li, M.H. Xie, J. Phys. Chem. Solids 69 (2008)

353.
19] L.E. Greene, M. Law, J. Goldberger, F. Kim, J.C. Johnson, Y. Zhang, R.J. Saykally, P.
21] Y.G. Wang, S.P. Lau, X.H. Zhang, H.W. Lee, S.F. Yu, B.K. Tay, H.H. Hng, Chem.
Phys. Lett. 375 (2003) 113.

22] M. Wang, C.H. Ye, Y. Zhang, G.M. Hua, H.X. Wang, M.G. Kong, L.D. Zhang, J. Cryst.
Growth 291 (2006) 334.


	Influence of cooling rate on optical properties and electrical properties of nanorod ZnO films
	Introduction
	Experimental procedures
	Synthesis of nanorod ZnO films
	Characterization

	Results and discussion
	Conclusions
	Acknowledgments
	References


