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Li-doped, p-type ZnO thin films have been realized via dc reactive magnetron sputtering. An
optimized result with a resistivity of 16.4 � cm, Hall mobility of 2.65 cm2 /V s, and hole
concentration of 1.44�1017 cm−3 was achieved, and electrically stable over a month. Hall-effect
measurements supported by secondary ion mass spectroscopy indicated that the substrate
temperature played a key role in optimizing the p-type conduction of Li-doped ZnO thin films.
Furthermore, ZnO-based p-n homojunction was fabricated by deposition of a Li-doped p-type ZnO
layer on an Al-doped n-type ZnO layer. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2172743�

ZnO has now gained much attention as a promising ma-
terial for short-wavelength optoelectronic devices, such as
light emitting diodes and laser diodes, because of its large
exciton binding energy �60 meV�, wide band gap of 3.37 eV
at room temperature,1 and the availability of large-area ZnO
substrates. However, the realization of p-type ZnO, which is
indispensable to practical applications of ZnO-based devices,
has thus far proven difficult due to its asymmetric doping
limitations.2 The optimal choice of acceptor species remains
to be determined, with a number of candidates receiving par-
ticular attention. N substituting for O appears promising;3–6

While other group-V dopants, such as P and As, have also
been investigated.7,8 Group-I species substituting for Zn,
such as LiZn, theoretically possess shallower acceptor levels.9

However, contradictory theoretical calculation results have
been reported for Li-based p-type doping in ZnO. Lee et al.

proposed a Li–H codoping method for fabricating low-
resistivity p-type ZnO.10 Whereas Wardle et al. suggested
that p-type doping may be limited by the formation of
complexes, such as LiZn–Lii, LiZn–H, and LiZn-AX.11 As far
as we know, Li doping typically increases the resistivity of
otherwise n-type ZnO.12 There have been a few reports
on p-type ZnO doping with Li. In this letter, p-type ZnO thin
films were realized via monodoping of Li acceptor by
adopting dc reactive magnetron sputtering.

Li-doped ZnO thin films were prepared on glass sub-
strates by dc reactive magnetron sputtering in the O2–Ar
ambient. The insulating glass substrates assured that any
p-type conduction must come from ZnO thin films without
interference from the substrates. The sputtering target was a
disk of Zn metal �99.99% purity� mixed with 0.1 at. % Li
�99.999% purity�. The vacuum chamber was evacuated to a
base pressure of 10−3 Pa, and then sputtering gases, high
purity O2 �99.999%� and Ar �99.999%�, were introduced
with a constant total pressure of 4 Pa. The Li-doped ZnO
thin films were deposited at the substrate temperature rang-
ing from 450 °C to 600 °C. It should be noted that the back-
ground electron concentration for nominally undoped ZnO
thin films prepared under the same condition was mid-
1016 cm−3, which was much lower than 1018 cm−3 typically

reported for sputtering. The O2 /Ar gas ratios as well as the
sputtering pressure were optimized to suppress the back-
ground carrier concentration. Room temperature and
temperature-dependent Hall-effect measurements were car-
ried out in the van der Pauw configuration �BIO-RAD
HL5500PC�. The depth profile of ZnO thin films was inves-
tigated by a CAMECA IMS-3f secondary ion mass spectros-
copy �SIMS�. Moreover, ZnO-based p-n homojunction was
fabricated by deposition of a Li-doped p-type ZnO layer on
an Al-doped n-type ZnO layer. Ohmic contact between the
In–Zn alloy electrode and ZnO thin film was confirmed prior
to current-voltage �I-V� characteristics measurements of the
p-n junction.

The thickness of Li-doped ZnO thin films deposited for
30 min is approximately 350 nm measured by cross-
sectional scanning electron microscopy measurement �FEI
Sirion 200 FEG SEM�. Only two peaks corresponding to
�002� and �004� plane of ZnO are observed in the x-ray dif-
fraction pattern �Bede D1 x-ray diffraction system using Cu
K� ��=1.541 Å�, dates not shown�, suggesting a high �002�

preferential orientation for the Li-doped ZnO thin films. The
results of room temperature Hall-effect measurements are
summarized in Table I. It is seen that p-type conduction can
be achieved in all growth temperature ranging from
450 °C to 600 °C. The optimized result is realized at the
substrate temperature of 550 °C with a resistivity of
16.4 � cm, Hall mobility of 2.65 cm2 /V s, and hole concen-
tration of 1.44�1017 cm−3. The acceptor activation energy is
estimated to be 110±10 meV, derived by using the relation
p�T3/2 exp�−EA / �kBT��, and the dates of temperature-
dependent Hall-effect measurements on the sample grown at
550 °C, as depicted in Fig. 1.

a�Author to whom correspondence should be addressed; electronic mail:
yezz@zju.edu.cn

TABLE I. Electrical properties of Li-doped ZnO thin films deposited at
different substrate temperatures.

Substrate
temperature

�°C�

Resistivity
�� cm�

Hall
mobility

�cm2 /V s�

Carrier
concentration

�cm−3�

Carrier
type

450 999 0.71 8.67�1015 p

500 91.2 2.19 3.13�1016 p

550 16.4 2.65 1.44�1017 p

600 268.6 2.34 9.98�1015 p
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To investigate the stability of the p-type conduction, the
sample with the optimized result was re-examined several
weeks later. As shown in Fig. 2, the Li-doped ZnO thin film
kept p-type conduction without any obvious degradation in
electrical properties for a month, which confirmed the stabil-
ity and reproducibility of the p-type behavior, identified by
Hall-effect measurements.

Further study of the dependence of p-type conduction of
Li-doped ZnO on substrate temperature was carried out by
SIMS measurement. Double-layer-structured Li-doped ZnO
thin film was grown via a two-step process: 600 °C high-
temperature growth followed by 450 °C low-temperature
growth. It is shown in Fig. 3 that the two-layer-structure has
been clearly identified, with a thickness of about 350 nm for
each layer and the outdiffusion effect for Li element is more
evident compared to that of Zn and O. Moreover, it is found
that the Li concentration in ZnO decreases with the elevated
substrate temperature, which is due to the high vapor
pressure of Li species.

Based on the previous Hall effect and SIMS measure-
ments, the mechanism of p-type doping in ZnO:Li is pro-
posed tentatively. The Li concentration in ZnO is sensitive to
the substrate temperature, as identified by SIMS measure-
ment. Thus, high-temperature growth �600 °C� results in
p-type ZnO with a low Li acceptor concentration, which is
responsible for the relatively low hole concentration of
9.98�1015 cm−3. When the substrate temperature decreases
to 550 °C, more Li atoms substitute for Zn, which act as an
effective acceptor and thus the optimized p-type conduction
is achieved. With further decrease in substrate temperature,

especially to 450 °C, redundant Li atoms are incorporated
into the ZnO matrix. It has been theoretically predicted that
p-type doping in ZnO increases the Madelung energy,13

which could induce the localization of the acceptor states.14

Therefore, in the case of low-temperature growth, part of the
LiZn acceptor may be unstable due to the relatively high
Madelung energy. The formation of Lii �Ref. 9� or LiZn–Lii
complexes11 is energetically favored, which becomes the
limitation for Li-based p-type doping in ZnO. This inference
can also be supported by Hall-effect measurements, since the
sample grown at low temperature of 450 °C possesses low
hole concentration of 8.67�1015 cm−3 and low Hall mobility
of 0.71 cm2 /V s. It is the possible Lii or LiZn–Lii defects
acting as “hole killer” and scattering center that reduce the
hole concentration and Hall mobility evidently. That may
also be the reason for the typical high resistivity in Li-doped
ZnO.3,12 However, further investigation on the mechanism of
p-type doping in ZnO:Li is still in progress.

To further confirm the p-type conduction in Li-doped
ZnO thin films, ZnO-based p-n homojunction was fabricated
by deposition of a Li-doped p-type ZnO layer on an Al-
doped n-type ZnO layer, as illustrated in the inset in Fig. 4.
In–Zn alloy was used as both n-side and p-side electrodes,
showing linear I-V characteristics indicative of good ohmic
behavior �Fig. 5�. Figure 4 shows the I-V characteristics of
the ZnO homojunction. The device exhibits rectification for

FIG. 1. Temperature-dependent Hall-effect measurements show the varia-
tion of hole concentration as a function of inverse temperature for the
sample grown at 550 °C.

FIG. 2. The results of electrical properties for Li-doped, p-type ZnO thin
film re-examined several weeks later.

FIG. 3. SIMS depth profiles of Li-doped ZnO thin film grown via a two-step
process: 600 °C high-temperature growth followed by 450 °C low-
temperature growth.

FIG. 4. I-V characteristics of ZnO:Li/ZnO:Al p-n homojunction measured
at room temperature. The inset shows the schematic of the homojunction.
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repeated measurements, with very reproducible characteris-
tics, which is consistent with the formation of a p-n junction
at the interface.

In conclusion, we have demonstrated the growth of low-
resistivity, p-type ZnO thin films via monodoping of Li
acceptor by adopting dc reactive magnetron sputtering. The
acceptable p-type conduction, identified by room tempera-
ture and temperature-dependent Hall-effect measurements,
has been electrically stable over a month. Moreover, ZnO-
based p-n homojunction was fabricated by deposition of a
Li-doped p-type ZnO thin film on an Al-doped n-type ZnO
film, which provides another dopant source choice for
formation of p-type ZnO.
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FIG. 5. I-V characteristics of In/Zn alloy contacts on p-type ZnO:Li and
n-type ZnO:Al thin films.
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