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’ INTRODUCTION

ZnO has always been considered as one of the most promis-
ing material candidates for ultraviolet light emitting diodes and
laser diodes because of its direct wide band gap (∼3.37 eV) and
relatively large exciton binding energy (60 meV), compared
with that of GaN (25 meV) and ZnSe (22 meV), at room
temperature.1 The successful demonstration of room-tempera-
ture electroluminescence from ZnO-based homo- and hetero-
junctions have proved that the material is ideal for next
generation short wavelength optoelectronic devices.2�5 Recent
studies on the growth of p-type ZnO resolve the long existing
problem of doping asymmetry in ZnO and the stability of p-type
conductivity.6�8 All possible p-type dopants, such as group V
elements [N, P, As, Sb] and group I and IB elements [Li, Na, K,
Ag, Cu], have been tried to realize p-type conduction and UV-
electroluminescence in ZnO.9�13 Few attempts have been made
to realize the lasing action in ZnO-based p�n junctions and
multiquantum wells.14,15 Nitrogen substitution at the oxygen site
in ZnO appears to be promising for p-type conduction and many
groups have reported room-temperature electroluminescence
from N-doped ZnO-based homojunctions.2,3 P, As, and Sb seem
to be good candidates for p-type dopants. Among group I
elements, theoretically, Li possesses shallow acceptor levels.16

However, no electroluminescence is achieved from Li-substi-
tuted (LiZn) ZnO-based homojunctions. Contrary to theoretical
prediction, it was observed experimentally that Li doping in ZnO
increases the resistivity drastically by several orders and makes it
insulating. This is because Li being a small ion can easily occupy
the interstitial positions (Lii) rather than the substitutional sites.
Thus stabilizing the Li-ion in the ZnO lattice as an acceptor

dopant and the growth of low resistive and stable p-type ZnO still
remains a challenging problem.

The donor�acceptor codoping method is believed to be
promising, because it will enhance the acceptor solubility limit
and raise the acceptor to shallow level.17 Lee et al. have suggested
that codoping Li with H will be ideal for getting low resistive
p-ZnO.18 However, formation of complexes such as LiZn�Lii,
LiZn�H, and LiZn�AX will limit the p-type doping concen-
tration.19 Zeng et al. have reported a low resistivity of 16.4
Ω cm with a Hall mobility of 2.65 cm2 V�1 s�1 by Li mono-
doping.20 The same group has tried Li�Ndual-acceptor doping in
ZnO (ZnO: Li�N) and achieved a low resistivity of 0.93 Ω cm
and a Hall mobility of 0.75 cm2 V�1 s�1 with acceptor activation
energy of 95 meV.21 Recently, our group has reported a dramatic
decrease in the bulk resistivity of Ni doped ZnO.22 This was
attributed to the impurity d-band splitting of Ni ion in the
tetrahedral crystal field of ZnO. Recent experimental and theore-
tical reports show that incorporation of Li in transition metal
(TM) ion doped ZnO will stabilize the ferromagnetic ordering
thereby increase the Curie temperature.23,24 However, what
happens to the stability of p-type conduction when a TM ion is
incorporated in Li-doped ZnO lattice, remains to be seen. This
question has motivated us to examine the codoping of Li�Ni to
achieve a stable and low resistive p-type ZnO. To the best of our
knowledge, no report is published on Li�Ni-codoped p-ZnO thin
films. In this letter, we report on the growth of Li�Ni codoping in
ZnO and demonstrate that the system is promising to achieve
highly stable and low resistive p-ZnO.
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ABSTRACT: We report on the growth of Li�Ni codoped p-type ZnO thin films
using pulsed laser deposition. Two mole percent Li monodoped ZnO film shows
highly insulating behavior. However, a spectacular decrease in electrical resistivity,
from 3.6� 103 to 0.15Ω cm, is observed by incorporating 2 mol % of Ni in the Li-
doped ZnO film. Moreover, the activation energy drops to 6 meV from 78meV with
Ni incorporation in Li:ZnO lattice. The codoped [ZnO:(Li, Ni)] thin film shows
p-type conduction with room temperature hole concentration of 3.2 � 1017 cm�3.
Photo-Hall measurements show that the Li�Ni codoped p-ZnO film is highly stable
even with UV illumination. XPS measurements reveal that most favorable chemical
state of Ni is Ni3þ in (Li, Ni): ZnO. We argue that these Ni3þ ions act as reactive
donors and increase the Li solubility limit. Codoping of Li, with other transitional
metal ions (Mn, Co, etc.) in place of Ni could be the key to realize hole-dominated
conductivity in ZnO to envisage ZnO-based homoepitaxial devices.
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’EXPERIMENTAL DETAILS

ZnO, Zn1�xLixO, Zn1�yNiyO and Zn1�x�yLixNiyO (x = 0.02 and
y = 0.02) thin films were grown by pulsed laser deposition (PLD)
technique. PLD targets were prepared using conventional solid state
reaction method. Li-doped, Ni-doped, and Li�Ni-codoped ZnO pow-
ders were synthesized by mixing stoichiometric amounts of ZnO, NiO,
and Li2CO3. Initially the powders were ground for 1 h, heated at 750 �C
for 12 h, and then pressed into 12 mm diameter pellets and sintered at
900 �C for 12 h. Quartz substrates were used for the growth after
cleaning them by ultrasonic cleaner using ethanol, acetone, and deio-
nized water. 300 nm thick films were grown at a substrate temperature of
400 �C with O2 partial pressure of 0.15 mbar. Crystalline nature of the
ZnO films was analyzed by X-ray diffractometer (XRD) (PANalytical,
XPERT-pro) using Cu KR radiation. Electrical resistivity, carrier con-
centration, and mobility of the ZnO films were measured by Physical
Property Measurement System (PPMS, Quantum Design). Indium
contacts were used for both Hall effect and electrical resistivity measure-
ments with Van der pauw configuration. Photo-Hall measurements were
performed with the same contacts and geometry of that of ordinary
(no UV exposure) Hall measurements. Li�Ni codoped ZnO thin film
was exposed toUV light of 12μW(365 nm) for a fixed time (e.g., 10min)
and then Hall measurements were performed. This was repeated for
longer UV exposure times like 20min, 30 min, etc. Carrier concentrations

of all the films were calculated using theHall coefficient that wasmeasured
at a magnetic field strength of 7 T. For Li-doped ZnO, electrical resistivity
measurement was carried out using liquid nitrogen as cryogene. X-ray
photoelectron spectroscopy (XPS) measurements were performed using
PHI Versa Probe (Physical electronics, USA).

’RESULTS AND DISCUSSION

X-ray diffraction patterns reveal that the films are predomi-
nantly oriented in (002) direction of the wurtzite hexagonal
structure (Figure 1a). However, the presence of minor (100) and
(101) peaks show that the films are polycrystalline in nature,
which may be due to the amorphous nature of the quartz sub-
strate. No trace of any secondary phases is found in the films. The
ionic radii of Li, Ni, and Zn in the tetrahedral coordination are
0.59, 0.69, and 0.74 Å, respectively. Hence when the smaller ions
are substituted in place of Zn, XRD peaks shift toward higher 2θ
values, which is clearly seen in the Figure 1b. Figure 2 shows the
variation of the c-lattice parameter with the addition of Li and Ni
to ZnO lattice. The value of c for the undoped ZnO is 5.215 Å,
which is found to decrease for all the doped films (Li mono-
doped, 5.195 Å; and Li�Ni codoped, 5.176 Å). This clearly
indicates the incorporation of Li and Ni in to the ZnO lattice.

Table. 1 gives a summary of parameters obtained from electrical
transport study on Li-monodoped, Ni-monodoped, and Li�Ni-
codoped ZnO thin films. Room-temperature electrical transport
measurements show that 2mol % of Li-monodoped ZnO thin film
is highly resistive in nature with a resistivity of 3.6 � 103 Ω cm.
Zeng et al. have reported that above 0.5 at % of Li doping in ZnO
leads to a very high resistivity of about 1� 103 to 1� 104Ω cm.20

Figure 1. (a) XRD patterns of undoped, Li-doped, Ni-doped, and
Li�Ni-codoped ZnO thin films, (b) magnified (002) ZnO peaks of un-
doped and doped ZnO thin films.

Figure 2. c-Lattice parameter of the undoped, Li-doped, Ni-doped, and
Li�Ni-codoped ZnO thin films.

Table 1. Room-Temperature Electrical Transport Properties
of Li-Doped, Ni-Doped, and Li�Ni-Co-doped ZnO Thin
Films

sample

carrier

type

resistivity

(Ω cm)

carrier

concentration

(cm�3)

activation

energy

(meV)

Li-doped ZnO 3.6 � 103 78

Ni-doped ZnO n 0.21 3.1� 1017 11

Li�Ni-codoped ZnO p 0.15 3.2� 1017 6
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To overcome this doping limitation, we codoped 2 mol % of Ni
with Li in ZnO. For comparison, 2 mol % of Ni-monodoped ZnO
thin film also was grown at the same condition. Ni monodoped
ZnO thin film shows resistivity ∼0.21 Ω cm, whereas room-
temperature resistivity of Li�Ni-codoped ZnO thin film is∼0.15
Ω cm, which is 4 orders of magnitude less compared with Li-
monodoped ZnO thin film. Figure 3a shows the temperature
dependent electrical resistivity of the Li-monodoped, Ni-mono-
doped, and Li�Ni-codoped ZnO thin films. Figures 3b�d show
the Arrhenius curve fits, ln(F) versus 1/T, of the thermally
activated band conduction mechanism of Li-monodoped, Li�Ni-
codoped and Ni-monodoped ZnO thin films. From the ln(F)
versus 1/T plots, we have calculated the activation energy of these
three films. Li-monodoped ZnO thin film shows activation energy
of 78 meV, and the activation energy drops to 6 meV for Li�Ni-
codoped ZnO thin film. Ni-monodoped ZnO thin film shows
activation energy of ∼10 meV. These values clearly reveal that
incorporation ofNi in Li: ZnO lattice increases the conductivity by
several orders. Because of high resistivity, Hall effect measure-
ments could not carried out on Li-monodoped ZnO thin film. Ni-
monodoped ZnO thin film shows n-type conductivity with an
electron concentration of 3.1 � 1017 cm�3 and a mobility of
∼96 cm2 V�1 s�1, whereas Li�Ni-codoped ZnO thin film
exhibits a stable p-type conductivity with a hole concentration of
3.2 � 1017 cm�3 and a high mobility of 130 cm2 V�1 s�1. It is
known that confirming p-type conduction in ZnO-based thin films
is a difficult problem, and hence in addition to finding the sign of
the Hall coefficient, we have carried out magnetic field variation
(from 0 to 7 T) of the Hall voltage for the Ni doped and Li�Ni
codoped ZnO thin films. It is very clear from Figure 4 that the
linear plot of Vxy as a function of applied magnetic field (B) for

Li�Ni-codoped ZnO thin film shows positive slope that is a clear
indication of p-type conduction. However, Ni-doped ZnO shows
negative slope as expected for n-type conduction. Li�Ni-codoped
ZnO thin film shows relatively high mobility compared with
the reported values for Li-doped ZnO thin films. Similar values
of high mobility were observed by Bian et al. and others in N�In-
and N�Al-codoped p-ZnO thin films.25,26 They have shown a
maximum mobility of 166 cm2 V�1 s�1 with a low resistivity,
9 � 10�3 Ω cm. Moreover such high hole mobility values were
reported even for the wide band gap p-GaN thin films.27,28 Very
recently, Samanta et al. have shown a room-temperature mobility
of 57.44 cm2 V�1 s�1 for PLD-grown Sb-doped ZnO thin
films.29 Wang et al. have reported p-type conduction in undoped
polycrystalline ZnO thin films with high Hall mobility of

Figure 3. (a) Temperature-dependent electrical resistivity and (b�d) ln(F) vs 1/T fits of the Li-doped, Li�Ni-doped, and Ni-codoped ZnO thin films.

Figure 4. Variation in transverse voltage (Vxy) with magnetic field for
Ni-doped (n-type) and Li�Ni-codoped (p-type) ZnO thin films.
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261 cm2V�1 s�1.30 This was attributed to the formation of quasi-
two-dimensional hole gas (2DHG) at the grain boundaries of the
polycrystalline thin film. In our present study, our Li�Ni-codoped
ZnO is also a polycrystalline thin film and hence there is a
possibility of formation of the 2DHG at the grain boundaries that
may lead to high carrier mobility.

Panels a and b in Figure 5 show the temperature-dependent
Hall (T-Hall) measurements of Li�Ni-codoped ZnO thin film.
The film shows stable p-type conductivity for the complete
temperature range (300�5 K) indicating holes are the only
major carriers in the system. Themobility increases with decrease
in temperature and a maximum value of 160 cm2 V�1 s�1 is
observed at 5 K. To examine the stability of p-type conduction,
we performed Hall measurements by illuminating the p-ZnO
thin film with UV-light (λ = 365 nm) of 12 μWpower. Figure 5c
gives the hole concentration at different UV exposure times.
Interestingly we observed that the p-type conductivity is highly
stable even with 120 min of UV exposure time. Moreover, the
hole concentration slightly increases with UV illumination and
saturates at 40 min of exposure time and remains the same up to
120 min of UV exposure. This is in agreement with Yao et al.
report, which shows that nitrogen doped n-ZnO thin film turns
to p-ZnO by irradiating several times with sun light and remains
p-type.31 However some reports show that p-ZnO reverts to
n-ZnO upon illuminating with UV irradiation.32 Figure 5d gives
the hole concentration with time after deposition. Over a span of
180 days, several Hall measurements were carried out to examine
the stability of p-type conduction with time. The measurement
results show that the film retains its p-type behavior even after
180 days of storage with almost the same hole concentration as on

the day of deposition. This result clearly indicates that the p-type
conduction in Li�Ni-codoped ZnO thin film is highly stable.

It is interesting to note that Li�Ni-codoped p-ZnO thin film
exhibits a low resistivity of 0.15Ω cm, while comparing with Li-
doped ZnO and dual-acceptor doped p-ZnO: Li�N system.21

How does an isovalent (Ni2þ) doped Li:ZnO thin film shows a
low resistive, high mobility, and stable p-type conduction? The
origin of low resistivity and high p-type conductivity can be
understood as follows: On the basis of theoretical calculations,
Pei et al. have reported that when Li andNi is codoped in ZnO, Li
tends to substitute the sites near Ni ions.24 Petit et al. have shown
that when a transitionmetal (TM) alone is doped in ZnO a stable
TM2þ configuration is favored, whereas, TM3þ configuration is
favored when an additional hole is introduced in to the ZnO
lattice.33 Thus in a Li�Ni-codoped ZnO system, Li is likely to be

Figure 5. (a) Temperature dependence of hole concentration, (b) temperature variation of themobility, (c) hole concentration withUV exposure time,
and (d) hole concentration as a function of the storage time after deposition of the Li�Ni-codoped ZnO thin film.

Figure 6. X-ray photoelectron spectra of Li-doped, Ni-doped, and
Li�Ni-codoped ZnO thin films. (a) Ni 2p levels of Ni-doped ZnO thin
film and (b) Ni 2p levels of Li�Ni-codoped ZnO thin films.



1978 dx.doi.org/10.1021/am200197a |ACS Appl. Mater. Interfaces 2011, 3, 1974–1979

ACS Applied Materials & Interfaces RESEARCH ARTICLE

the nearest site of Ni ion and hence promotes Ni2þ into Ni3þ. To
verify this theory, we have performed XPS measurements on Li-
doped, Ni-doped, and Li�Ni-codoped ZnO thin films. Panels a
and b in Figure 6 show the Ni 2p levels of Ni-doped and Li�Ni-
codoped ZnO thin films. For 2mol % of Ni-doped ZnO thin film,
Ni 2p3/2 level consists of two peaks centered around 853.63 and
855.74 eV corresponding to Ni2þ and Ni3þ chemical states,
respectively. The area ratio (Ni3þ/Ni2þ) of the Ni3þ and Ni2þ

ion is found be 2.6. For Li�Ni-codoped ZnO thin film, peaks
corresponding to Ni2þ and Ni3þ chemical states are centered at
853.49 and 855.85 eV, respectively. The area ratio of Ni3þ/Ni2þ

ion for this codoped system is 7.8. This reveals that the concen-
tration of Ni3þ ion increases in Li�Ni codoped ZnO, when
compared with that of Ni-doped ZnO, when Liþ ions are added
and clearly indicates that in the Li�Ni codoped ZnO system, the
most favorable chemical state of Ni ion is Ni3þ. As reported by
Yamamoto et al. this Ni3þ ion will act as a reactive donor like Al
in Li�Al-codoped ZnO and form Liþ�Ni3þ�Liþ (acceptor�
donor�acceptor) complexes, which are responsible for p-type
conductivity.17 This reactive donor (Ni3þ) will increase the Li
solubility limit and raises acceptor (Li) into a shallow level. This
is the reason why Li�Ni codoped ZnO thin film shows low
resistivity when compared with Li doped ZnO and dual-acceptor
doped p-ZnO:Li�N thin films.

To further verify the p-type conductivity of Li�Ni-codoped
ZnO thin films, we have fabricated p-ZnO/n-Si heterojunction
diodes to demonstrate the rectifying current�voltage (I�V) cha-
racteristics. The junction area was defined as 300 μm � 300 μm

using standard optical lithography technique. For ohmic contacts,
Ni/Au and Al were deposited by e-beam and thermal evaporation
techniques on p-ZnO and n-Si, respectively. Figure 7a shows the
room temperature (300 K) I�V characteristics of the hetero-
junction diode. The diode shows a typical rectifying behavior, with
a turn on voltage of 0.8 V. This study further confirms p-type
conduction in Li�Ni-codoped ZnO thin films. Figure 7(b) shows
the I�V characteristics between two Ni/Au contact pads on
p-ZnO layer. The linear I�V curves confirm that the contact is
ohmic. Thus, it can be concluded that the rectifying nature of the
diode is indeed due to p-ZnO/n-Si interface and not to any
Schottky barrier formed at the metal/ZnO interface.

’CONCLUSIONS

In summary, a method has been proposed to realize highly
stable and low resistive p-ZnO thin film by codoping with Li and
Ni. Using this method, a low resistivity of 0.15 Ω cm with a
hole concentration of 3.2� 1017 cm�3 and a mobility of 130 cm2

V�1 s�1 have been achieved in Li�Ni codoped ZnO thin film.
Photo-Hall measurements clearly confirm the stability of the
Li�Ni-codoped p-ZnO thin film with UV irradiation. The low
resistivity and p-type conduction in Li�Ni-codoped ZnO thin
film could be attributed to the presence ofNi3þ defects, which act
as a reactive donors by forming acceptor�donor�acceptor
complexes with Liþ defects and increases Li solubility limit. In
addition to optoelectronic applications, this system may find
potential applications in spintronics.
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