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We report the structural, dielectric and electronic properties of Zn1−x Lix O (x = 0.1, 0.05, 0.10)
thin films prepared on Pt(111)/Ti/SiO2 /Si substrates by using pulsed laser deposition (PLD). Xray diffraction (XRD) analyses revealed that all of films had a single phase as the Zn-O bond
length gradually increased with increasing Li content at first and then decreased after a certain
threshold. 5-at% and 10-at% Li-doped ZnO thin films show p-type behavior based on Hall-effect
measurements. The existence of defects, such as Lii (interstitial Li) and LiZn (substitutional Li at
the Zn site), should be considered in the host materials. The relationship between the defects and
the Li concentration is consistent with the dielectric results. The stabilization of p-type thin films
as to the behavior of defects is also discussed theoretically.
PACS numbers: 72.80.Ey, 73.61.Ga, 77.55.-g
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I. INTRODUCTION

to the formation of interstitial Li(Lii ), which act as shallow donors and further suppress the hole concentrations

In the most recent period, many researchers keep a

[14]. But there is also some experimental proof to sup-

high enthusiasm in research of zinc oxide(ZnO) for its

port the feasibility of Li ions for p-type doping. For

wide bandgap (∼3.3 eV) [1] and high exciton bingding

instance, electron paramagnetic resonance (EPR) data

energy (60 meV) [2]. The material applies to solar cells

indicate that LiZn can be incorporated as an acceptor

[3], sunscreens [4], varistors [5] etc for its economical su-

[15,16]. Furthermore, optically-detected-EPR (ODMR)

periority. For pure ZnO, it is n-type material itself and

has been reported involving LiZn as an acceptor [17,18].

it is hard to meet the need of lightemitting devices. The

The pulsed laser deposition (PLD) technique is consid-

key point is the fabrication of low resistance p-type ZnO.

ered to be more useful in growing high quality thin films

However, there exist some difficulties in achieving low-

of metal oxide materials for its good characteristics [19].

resistivity p-type ZnO film, such as self-compensation,

The system is more advanced than other techniques in

deep acceptor level and low solubility of the acceptor

easy controlling high quality products and wide applica-

dopants [6]. Among the group-V elements, N has been

tion. The Plasma of the source target materials reforms

used as a popular p-type dopant [7–11] while p-type

on certain substrate. One can change the properties of

samples have also been successfully obtained with other

films by controlling pulse repetition rate, growing time,

dopants such as P and As [11,12].

temperature and atmosphere etc.

Lithium (Li) has also been considered as a potential
acceptor dopant, since LiZn (substitutional Li on the Zn

II. EXPERIMENTS

site) is predicted to form an acceptor level much shallower than those of group V elements [13]. However,

Zn1−x Lix O ceramic targets (x = 0.01, 0.05 and 0.10)

because of its small radius, the incorporation of Li leads

are prepared by using a solid state reaction and mix∗ E-mail:

ing the source materials ZnO (99.99%) and Li2 CO3
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Fig. 1. (Color online) XRD patterns of Zn1−x Lix O thin
films for x = 0.01, 0.05 and 0.10, respectively. The inset
is dependence of the Zn-O bond length on Li doping
concentrations.
(99.997%) together. The admixture is ball-milled by
using a high-speed ball-milling machine for 10 hrs and
pre-burning at 850 ◦ C for 3 hrs. After the second ballmilling, the powder is made into pellets under 50MPa
pressure and sintered at 1100 ◦ C for 5 hrs. The PLD
system employed a pulsed KrF excimer laser with a 248
nm wavelength and a 30 ns pulse width. The energy
is approximately 200 mJ. The Zn1−x Lix O thin films
are grown on Pt(111)/Ti/SiO2 /Si substrates at 1 Hz
for 10 minutes and at 3 Hz for 50 minutes in an atmosphere of oxygen at a pressure of 10 mTorr. The
substrate-to-target distance was 45 mm, and the substrate temperature was 500 ◦ C. The X-ray diffraction
(XRD) patterns are obtained by using X-ray diffractometer(XïPERT PRO) with CuKα = 1.5406 Å radiation.
The dielectric property of these samples were measured
over temperature range of 35 - 180 ◦ C and frequency
range of 100 Hz-100 kHz by using Impedance/Gain-phase
Analyzer (NOVOCONTROL GmbH SI1260). The electrical properties of as-deposited ZnO thin films are examined by Hall-effect measurements (Ecopia, HMS-3000)
using the van der Pauw configuration at RT.

III. RESULTS AND DISCUSSION
The XRD spectra of Zn1−x Lix O (x = 0.01, 0.05, 010)
thin films are shown in Fig. 1. No additional diffraction
peaks are observed in result and it may be confirmed as a
single-phase structure. And the Li-doped ZnO thin films
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Fig. 2.
(Color online) FE-SEM images of the
Zn0.99 Li0.01 O thin films. (a) Thin films start to grow
as columnar particles (1) and the particles begin to get
wide (2-4), consequently, the neighbor particles meet together and form the thin films (5). (b) Surface image of
Zn0.99 Li0.01 O thin films. (c) Cross section image shows
the columnar traces.
show strong high-preferential (002) peak along with Pt
(111) substrate peaks. The (002) peaks are not aligned
and the shifts are in the direction of increasing 2θ as the
proportion of Li increased. For more, the FWHM of the
thin films decreases with the increasing of Li concentration.
As follows the calculating formula [20], we get the ZnO bond length of Zn1−x Lix O and shown in the inset of
Fig. 1. We can observe the lattice expansion firstly with
increasing Li concentration and then shrinking of the lattice. J.B.Yi et al. [21] attributed at low concentration
interstitial Li(Lii ) which is easily formed and ultimately,
after the Lii reaches a saturation point, the additional
Li atoms replaced Zn site (LiZn ). When the Lii predominates, the additional atoms must make the ZnO lattice
to expand. Following the rise of Li dopant, LiZn would
surpass the Lii but the large ionic radii differences between the parent Zn and Li ions (Zn2+ = 0.83 Å , Li+
= 0.68 Å should cause misshapen contraction.
As shown in Fig. 2, we can see the surface condition
of ZnO:Li thin films from side-looking and over-looking
by FE-SEM images. From side-looking angle, we can see
that the surfaces are very flat and rarely little prominent
particles. The films part and substrate part can be easily
divided by naked eyes.
From the FE-SEM images of Fig. 2, we can clearly
see that the thin film is formed by little short columnar
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Table 1. Transport properties of Zn1−x Lix O thin films for x = 0.01, 0.05 and 0.10.
Li concentration
1%
5%
10%

Resistivity (Ω·cm)
0.23
1.91
2.89

Mobility (cm2 /V·s)
20.5
5.6
1.7

Carrier Type Conc. (cm−3 )
-1.1 × 1019 (n)
+2.3 × 1018 (p)
+5.1 × 1018 (p)

particles and the palpable boundaries. The whole process of the fabrication can be imagined with left inset
process image. Firstly, when the plasma of the source
material reaches the substrate, it has enough energy to
transform on the surface, for the Li-doped ZnO films
show high preferential c-axis orientation growth, so this
material may play a role of grain seed. The ZnO starts
to grow as columnar particles. When the particles grow
longer, the plasma may not reach the substrate and cannot get enough energy for transforming. Consequently,
they start to grow on the surface of the short particles,
and the particles begin to get wide. And at the end of
process, the neighbor particles meet together and form
the thin film.
The dielectric measurements are carried out on
Zn0.99 Li0.01 O thin films over a frequency range of 102
- 105 Hz under the continually heating process, and the
results are shown in Fig. 3(a). Below 100 ◦ C, the dielectric constants rarely vary. A sharp increase appears from
120 ◦ C and reaches the top at 152 ◦ C and then goes down
quickly while the temperature keeps rising. H.Terauchi
[22] reported that it was a glass-like nature which was
observed in material Cd1−x Znx Te. The phenomenon is
considered phase transition and the corresponding temperature of crest called Curie temperature (Tc ). In the
case of Zn0.99 Li0.01 O thin film, different frequencies af-

Fig. 3. (Color online) (a) Temperature dependence of
dielectric constant for the Zn0.99 Li0.01 O thin film over a
frequency range from 102 Hz to 105 Hz. (b) Temperature dependence of dielectric constant for the variation
of dopant concentration of Zn1−x Lix O thin films at 100
Hz.

fect to dielectric constant values but it does not seem as
the structural Tc point because of no anomaly at high
frequency side. This phenomenon seems to be related
on the transition of ionic conduction with increasing of
temperature. Figure 3(b) shows the variation of dopant
concentration of Zn1−x Lix O thin films with temperature
under frequency of 100 Hz. We can see that the dielectric constants increase according to the increasing of Li
concentrations from 1 at% to 10 at%. This behavior
may be caused by the partial replacement of Zn by Li
ions and the ionic conduction is increased resultantly.
When replacing the divalent Zn by monovalent Li ions,

the resulting compensating oxygen vacancies may also
influence the dielectric properties [23].
According to studies of J. B. Yi et al [21] and M. G.
Wardle et al [24], when Li concentration is low, most of
Li atoms formed Lii and prefer octahedral site. With
the raise of dopant concentration, stable defects become
complex Lii +LiZn or even only LiZn from Lii . Moreover,
from the inset of Fig. 1, the diversification of Zn-O band
length also plays an important role in the transition of
ionic conduction. Dhananjayïs work [23] gives the similar
explication.
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Table 2. Transport properties of Zn1−x Lix O thin films for x = 0.01, 0.05 and 0.10 after 1 month hold-time.
Li concentration
1%
5%
10%

Resistivity (Ω· cm)
0.32
2.94
4.51

Carrier Type Conc. (cm−3 )
-3.9 × 1019 (n)
+8.7 × 1017 (p)
+7.5 × 1018 (p)

Mobility (cm2 / V·s)
24.1
10.3
3.8

We show an overall consideration of Hall-effect and

concentrations and the structural, dielectric and elec-

dielectric measurements data such as Table 1. At low

tronic properties of films are shown. Considering the

proportion of Li dopant, Lii brings electrons to ZnO far

changes of Zn-O bond lengths and p-type performance,

from producing holes and so the Zn0.99 Li0.01 O thin film

the Li related defects such as interstitial Li (Lii ) and sub-

presents n-type. As Li increases, LiZn begins to ap-

stitutional Li (LiZn ) play an important role in the sys-

pear in ZnO and it supplies holes. It may be seemed

tem. At low Li concentration, the Lii has been formed

that the p-type behavior should emerge macroscopically

preferentially at octahedral site and it is in agreement

when the hole concentration overcomes electron concen-

with the XRD results and structural characteristics. For

trations. After the first time of Hall-effect measurements,

the ZnO thin films of high concentration of Li ions,

all of the thin films are kept in a container in a clean open

the complex of Lii +LiZn is stable in the host material

air at room temperature for 1 month. As shown in Table

and the experimental results corroborate it. And also,

2, the transport property of Zn0.99 Li0.01 O changes little

the stabilization of p-type ZnO thin films has been ex-

and the stability of the n-type film is still good. On the

pounded experimentally and theoretically. In spite of

contrary, the carrier concentration of Zn0.95 Li0.05 O and

relative long time keeping in a steady condition, it seems

Zn0.90 Li0.10 O film change from 2.3 × 1018 to 8.7 × 1017

that the Lii +intrinsic-defect complexes are more stable

18

and 5.1 × 10

18

to 7.5 × 10 , respectively. But they show

p-type behavior still. Therefore the p-type characteris-

in donor states and the extra electrons offset the holes
which are brought by LiZn .

tics of Zn0.95 Li0.05 O and Zn0.90 Li0.10 O thin films should
be much enough of stable behavior in time varying.
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