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Abstract

Zinc oxide thin films doped with Li and Mg were prepared by the sol-gel method, and effects of doping on microstructure and

electrical properties were examined. The doped films exhibited c-axis-orientation after final heating at 500�C for 30 min in flowing
oxygen. The ZnO crystallite size increased by doping and the surface of the films became rougher. The current density of the films
was reduced by doping probably due to the formation of acceptor levels (Li-doping) and the reduction of oxygen defects (Mg-

doping). The film with a nominal composition of Zn0.85Li0.10Mg0.05O showed the lowest current density of 1.7�10
�6 A cm�2 in the

present study.# 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is an n-type semiconductor with a
band-gap of 3.2 eV.1 Recently, a ferroelectric phase tran-
sition at temperatures 330–470 K was found in Li-doped
ZnO ceramic specimens.2�4 The spontaneous polarization
of Zn0.9Li0.1O was 0.9 mC cm�2 along the c-axis at room
temperature. Joseph et al.5 prepared ZnO:Li films by
pulsed laser deposition and observed ferroelectric beha-
vior. It is known that ZnO exhibits a wide range of the
resistivity from 10�4 to 1010 �cm.6,7 In the case of ferro-
electric device application, the leakage current density
should be as low as 10�6 A cm�2.8,9 Reduction of carriers,
suppression of oxygen defects and control of the micro-
structure are supposed to be crucial to reach this value.
A number of different techniques have been utilized to

prepare ZnO thin films. The sol-gel method is one of the
attractive processes due to controllability of composi-
tions, simple facilities, low cost, etc. The films with pre-
ferential c-axis-orientation of ZnO grains perpendicular
to the substrate can be easily obtained by the sol-gel
process.10 In the present work, we investigated effects of
Li and Mg doping on the microstructure and properties
of ZnO films.

2. Experimental procedure

Zn(CH3COO)2.2H2O and LiCl or MgCl2.6H2O were
dissolved in 2-methoxyethanol, and monoethanolamine
was added to the solution. The concentration of metal ions
was 0.75 mol/l and nominally x and y values in ‘‘Zn1�x�y
LixMgyO’’ were varied from 0 to 0.20 (for x) or 0.10 (for
y). The solution was stirred at 60�C for 1 h with reflux,
and then dip-coated on Pyrex glass substrates. The
coating films were dried at 300�C for 2 min immediately
after coating. After repeating the coating procedure five
times, the films were finally heated at 500�C for 30 min in
flowing oxygen. The films are distinguished with their
nominal compositions using x and y values hereafter,
since quantitative analysis of dopants has not been done.
The crystalline structure of the films was confirmed by

X-ray diffraction (XRD) analysis using CuKa radiation
with a Jeol JDX-8P diffractometer. The crystallite size
of ZnO was determined using the Scherrer’s equation,
D=0.9l/(�cos�), where D is the crystal size, l the X-ray
wavelength, � the broadening of the diffraction peak
and � the diffraction angle. X-ray photoelectron spec-
troscopy (XPS) was carried out using MgKa radiation
with a Jeol JSP-9000MX. The microstructure was
observed by field emission scanning electron microscopy
(FESEM) with a Hitachi S-4700 microscope. The cur-
rent density of the films was measured by a two probe
method with Au electrodes.11
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3. Results and discussion

Fig. 1 shows XRD patterns of the Li-doped ZnO films
after the final heat treatment at 500�C. Any of the films
exhibits a strong (002) peak, indicating the c-axis orien-
tation of ZnO grains perpendicular to the substrate. It is
also seen that the intensity of the (002) peak increases
with Li-doping up to x=0.15. The ZnO crystallite size is
summarized in Table 1. Non-doped ZnO has the size of
19.6 nm, while the Li-doped ZnO has slightly larger
sizes with typical 27.0 nm for x=0.05. It is believed that
the interstitial zinc plays an important role in the grain
growth of ZnO.1,12 In the case of trivalent Al-doping,
the concentration of the zinc interstitials is reduced,
resulting in the suppressed grain growth of ZnO. This is
because the diffusivity is decreased in ZnO. A similar

effect can be observed in F-doped ZnO.13 On the con-
trary, Li-doping mainly occurs as follows,1

Li2O ! Li0Zn þ Liþi þOO;

where Li0Zn represents lithium on zinc lattice site, Liþi
lithium in interstitial position, and OO oxygen on lattice
site. Since Li+ has a smaller ionic radius of 0.060 nm
than Zn2+ having 0.074 nm, the diffusivity in the Li-
doped ZnO is expected to be higher. The present results
coincide with this consideration.
Fig. 2 shows FESEM photographs of the surface of the

films. The increase in the grain size by Li-doping can be
observed. Uniform size distribution is also seen. However,
the Li-doped film becomes porous as compared to the
non-doped ZnO film. Although we have been trying to
optimize the drying and heating process, the condition
employed is not suitable for the densification of the
films at present. The thickness of the films was on the
order of 200 nm according to the cross-sectional obser-
vation.
The Au electrode has higher work function than ZnO

and the Au/ZnO contact forms Schottky barrier.14,15

Fig. 1. XRD patterns of the non-doped and Li-doped ZnO (nominal

Zn1�xLixO) thin films after heating at 500
�C for 30 min.

Table 1

The crystallite size, the current density at 5 V, and the �/�0 values of the
Li- and Mg-doped ZnO thin films with nominal compositions of

Zn1�x�yLixMgyO

Dopant Nominal

composition

Crystallite

size (nm)

Current

density (A cm�2)

�/�0

ZnO 19.6 1.9�10�4 1

Li x=0.05 27.0 4.6�10�5 4.2

x=0.10 25.1 3.0�10�6 65.4

x=0.15 22.4 5.5�10�6 34.6

x=0.20 20.0 1.5�10�5 13.1

Mg y=0.01 24.0 1.2�10�4 1.6

y=0.03 26.4 1.5�10�5 13.1

y=0.05 24.9 1.0�10�5 19.2

y=0.10 30.6 – –

Li, Mg x=0.10, y=0.03 22.2 3.2�10�6 61.5

x=0.10, y=0.05 24.8 1.7�10�6 115.4

x=0.15, y=0.05 25.1 4.4�10�6 42.3 Fig. 2. FESEM photographs of the surface of the (a) non-doped and

(b) Li-doped (x=0.10) ZnO thin films.
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Therefore, the current (I)–voltage (V) characteristic of
the Au/ZnO(:Li)/Au structure is nonlinear. Never-
theless, Li-doping obviously reduces the current density
of the films as shown in Fig. 3. Doping of 10 mol% Li is
optimal. At an applied voltage of 5 V, the current den-
sity is in the order of 3.0�10�6 A cm�2 as summarized
in Table 1. The reduced current density is attributed to
the replacement reaction of the Li interstitials as fol-
lows,1,16

Liþi þ ZnZn þ e� ! Li0Zn þ Znþi

or

Liþi þ e� ! Li0Zn þ Vþ
O

For x=0.15 and 0.20, the current density is higher than
that for x=0.10. A similar result was reported previously
for the spray pyrolysed ZnO films.17With the fact that the
grain size is smaller in these two films as read from
Table 1, we can assume that too much lithium is not
soluble in ZnO lattice and segregates probably in the
grain boundary.
ZnO exhibited c-axis orientation with Mg-doping up

to y=0.05 as confirmed by XRD. (100) and (101) peaks
also appeared in the film with y=0.10. No peaks due to
rock-salt MgO were observed in any film. The film of
y=0.10 was often exfoliated off the substrate after the
heat treatment. The Scherrer crystallite size increased by
Mg-doping as shown in Table 1. Although the role of
isovalent Mg2+ is not clear, a smaller ionic radius of
0.065 nm may be effective for diffusivity. The XPS ana-
lysis of Mg revealed that Mg was bonded with oxygen
and peak intensity of Mg 2p increased with increasing y
value.
Fig. 4 shows FESEM photograph of the surface of

the film with y=0.05. The surface is rougher and the

grain size is larger compared to the Li-doped film shown
in Fig. 2.
Fig. 5 shows I–V characteristics of the films. The cur-

rent density decreases with increasing y value. At the
applied voltage of 5 V, the current density of 1.0�10�5

A cm�2 is obtained for y=0.05, which is larger than
that of the Li-doped ZnO with x=0.10. Substitution of
Mg2+ for Zn2+ has no significant contribution to the
cation charge in ZnO. In spite of this, the current den-
sity was reduced. The n-type conduction of ZnO is
attributed to the interstitial zinc and/or oxygen vacancy.
Therefore, the above result should be explained by the
decrease of the oxygen defects by Mg-doping since Mg–
O bond has more ionic character than Zn–O.3

A ZnO thin film co-doped with Li and Mg (nominal
Zn0.85Li0.10Mg0.05O) was prepared on the basis of the
above results. The film was also c-axis oriented. The
Scherrer crystallite size was calculated to be 24.8 nm,
which was larger than that of the non-doped ZnO. The

Fig. 4. FESEM photographs of the surface of the Mg-doped (y=0.05)

ZnO thin film.

Fig. 3. I–V characteristic of the Li-doped ZnO thin films. Fig. 5. I–V characteristic of the Mg-doped ZnO thin films.
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SEM observation revealed that the surface of the film
was composed of grains with the size of 40–60 nm. No
remarkable change in the microstructure was observed
between the Li-doped and the Li,Mg-doped ZnO films.
Fig. 6 shows I–V characteristics of the film. The cur-

rent density is lowest among all the films prepared in the
present study. The value at the applied voltage of 5 V is
1.7�10�6 A cm�2. This can be explained by mixed effects
of Li-doping with the formation of the acceptor level and
Mg-doping with the reduction of the oxygen defects.
Other compositions, nominal Zn0.87Li0.10Mg0.03O and
Zn0.80Li0.15Mg0.05O, were also examined, which resulted
in an increased current density.
Finally we estimated a ratio �/�0 from the I–V mea-

surement of the films where � and �0 are the electrical
resistivity of the doped and non-doped ZnO films as listed
in the last column of Table 1. The resistivity of the doped
ZnO films is predominantly determined by the film com-
positions. Keeping the resistivity high, the microstructure
of the films should be improved in further work.
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Fig. 6. I–V characteristic of the ZnO thin films co-doped with Li andMg.

2112 S. Fujihara et al. / Journal of the European Ceramic Society 21 (2001) 2109–2112


