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We investigated the electrical, magnetic, and magnetotransport properties of Li–Ni codoped ZnO

thin films in the electron dominated, hole dominated, and insulating regimes. In a narrow window

of oxygen growth pressure, 10−3–10−2 mbar, the films exhibited p-type conductivity with a

maximum hole concentration �8.2�1017 cm−3. Magnetoresistance exhibited by the films is

attributed to scattering of charge carriers due to localized magnetic moments. Insulating films

showed superparamagnetic behavior, whereas both n-type and p-type films showed room

temperature ferromagnetism. Our findings suggest that oxygen vacancies and Ni ions in cation site

are jointly responsible for ferromagnetism that is not dependent on the carrier type. © 2010

American Institute of Physics. �doi:10.1063/1.3449122�

ZnO has been extensively studied because of its sub-

stantial and intriguing properties in the field of trans-

parent electronics, optoelectronics, and dilute magnetic

semiconductors.
1–3

The search for p-type conductivity and

room temperature ferromagnetism in ZnO are the most ac-

tive research areas in recent years. It has been shown that

p-type conductivity can be realized by codoping of group I

or group V elements with a reactive donor and the intriguing

results on room temperature ferromagnetism has been shown

to be materialized by doping with transition metal �TM� ions

in ZnO.
4–6

There have been a lot of literatures on the real-

ization of room temperature ferromagnetism in TM ion

doped ZnO, TM ion doped p-ZnO, and even in unintention-

ally doped ZnO thin films grown by various techniques.
7–12

Nevertheless, the origin of ferromagnetism in ZnO is still an

open debate, i.e., whether the ferromagnetism is an intrinsic

property of the material or does it arise from the dopant

clusters. It has been theoretically predicted by Dietl that

room temperature ferromagnetism can be achieved in Mn

doped p-ZnO.
11

However, Sato et al.
13

reported room tem-

perature ferromagnetism in Co doped ZnO with n-type dop-

ing. On the contrary, Coey’s group
14,15

reported the role of

oxygen vacancies to obtain ferromagnetism in ZnO and other

oxide systems. Recent reports also show that oxygen vacan-

cies play a key role in controlling p-type conductivity and

ferromagnetism in ZnO.
16–18

When compared with the Co or

Mn doped ZnO thin films, reports on systematic transport

studies are scarce in Ni doped ZnO thin films. In particular,

we hardly find any experimental report on the transport stud-

ies in Li–Ni codoped ZnO thin films. Hence, in this paper we

have made a systematic effort to carry out electrical, mag-

netic, and magnetotransport studies in the n-type, p-type, and

insulating regimes to understand the origin of ferromag-

netism, if any, in ZnO.

Zn0.96Li0.02Ni0.02O thin films with a thickness of 300 nm

were grown on c-sapphire substrates at 400 °C with an oxy-

gen pressure varying from 3.5�10−5 to 0.35 mbar using

pulsed laser deposition �Neodymium doped Yttrium Alu-

minium Garnet �Nd:YAG� laser, �=355 nm operated at

10 Hz with a laser fluency �2.7 J cm−2�. The films were

characterized by x-ray diffraction and x-ray photoelectron

spectroscopy �XPS� for structural and valence state analysis,

respectively. Electrical resistivity, Hall effect, and magne-

toresistance �MR� measurements were performed using

physical property measurement system �PPMS, Quantum

Design, USA�. Magnetization measurements were carried

out using Quantum Design SQUID—vibrating sample mag-

netometer.

Figure 1�a� shows the XRD ��-2�� plots of the Li–Ni

codoped ZnO thin films grown at different oxygen pressures.

All the films showed preferential c-axis �00l� orientation of

the wurtzite ZnO. No secondary and metallic Ni peaks were

observed in any of the films. Figures 1�b� and 1�c� show the

XPS results of the film grown at 0.035 mbar. It is found that

the O 1s level consists of two peaks, OI and OII, centered at

532.43 eV and 530.99 eV, respectively. The former corre-

sponds to surface oxygen states and the later corresponds to

oxygen vacancies. Ni 2p3/2 level consists of two peaks cen-

tered at 853.63 eV and 855.74 eV corresponding to Ni2+ and

Ni3+ chemical states, respectively. We did not observe any

metallic Ni peak in the spectra indicating that there has been

no Ni segregation in the film.

Figure 2�a� shows the temperature dependent electrical

resistivity ��� of the Li–Ni codoped ZnO thin films grown at

different oxygen partial pressures. All the films show typical

semiconducting behavior with activated band conduction at

high temperatures �T�200 K� and variable range hopping

�VRH� conduction at low temperatures. A linear fit of three-

dimensional VRH, ln � versus T−1/4, is shown in Fig. 2�b�.
Figure 2�c� gives the room temperature electrical transport

properties of the Li–Ni codoped ZnO thin films as a function

of oxygen growth pressure. We have observed three interest-

ing conductivity regimes. The films grown at oxygen

pressure in the range 10−5 and 10−4 mbar show n-type con-

ductivity and exhibited electron concentrations �3.2

�1018–2.4�1017 cm−3. The films grown at 10−1 mbar anda�
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above show insulating behavior and because of the high re-

sistivity of these films, Hall effect measurements could not

performed on these insulating films. However, we observed

an interesting narrow window of growth pressure between

10−3 and 10−2 mbar, in which the films showed stable p-type

conduction. Variation in Hall voltage with the magnetic field

with a positive slope and clear rectifying characteristics of

p-ZnO/n-Si p-n junction unequivocally confirm the p-type

behavior �not shown�. Hereafter, the films grown at 10−5,

10−4, 10−3, 10−2, and 10−1 mbar will be referred as N1, N2,

P1, P2, and I, respectively. The films P1 and P2 show hole

concentration �8.2�1017 cm−3 and 2.4�1017 cm−3, re-

spectively, at room temperature. The acceptor activation en-

ergy of the p-type films can be derived from the relation,
5

p�T3/2 exp�−EA /kBT�, where, kB is the Boltzmann’s con-

stant and T is the absolute temperature. Figures 2�d� and 2�e�
show the linear fit, ln�p /T3/2� versus 1 /T, from which the

hole activation energy EA has been calculated as 26 meV and

30 meV for the films P1 and P2, respectively.

Figures 3�a�–3�d� show the MR as a function of the ap-

plied magnetic field of the samples N1, N2, P1, and P2,

respectively. The %MR was calculated using the relation

%MR= ��R�H�−R�0�� /R�0���100, where R�H� is the resis-

tance of the sample in an applied magnetic field, H, and R�0�
is the resistance at zero magnetic field. At H=80 kOe,

samples N1, N2, and P1 showed a maximum negative MR

�15.8%, 14.7%, and 12.6%, respectively, at 5 K. Sample

P2, for which MR could not be measured at 5 K, due to

increase in resistivity, showed a negative MR of 3.5% at

25 K. To understand the origin of MR, all the data were fit by

the equation originally developed by Khosla et al.
19

�R

R0

= − a2 ln�1 + b2B2� +
�c2B2�

�1 + d2B2�
, �1�

where B is the magnetic field, B=	H. The negative part in

Eq. �1� is described by spin scattering that takes in to account

FIG. 1. �Color online� �a� XRD patterns of the Li–Ni codoped ZnO thin

films grown at various oxygen pressure. ��b� and �c�� XPS spectra of the

Li–Ni codoped ZnO thin film grown at 0.035 mbar depicting O 1s and

Ni 2p levels, respectively. FIG. 2. �Color online� Electrical transport properties of Li–Ni codoped ZnO

thin films �a� temperature dependent electrical resistivity, �b� VRH, ln ��� vs

T−1/4, and �c� room temperature electrical transport properties as a function

of oxygen partial pressure. ��d� and �e�� Linear fit to ln�p /T3/2� vs 1 /T of P1

and P2 thin films, respectively.

FIG. 3. �Color online� MR of the �a� N1 �n-type�, �b� N2 �n-type�, �c� P1

�p-type�, and �d� P2 �p-type� Li–Ni codoped ZnO thin films. Circle repre-

sents the experimental data and the solid line represents least square fit.
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of the third-order expansion of the s-d exchange Hamiltonian

while the positive part can be obtained from the two-band

model. The fitting parameters a and b are given by,

a2 = A1J�F�S�S + 1� + 	M2
�

and b2 = �1 + 4S2
2�2J�F

g

4� g2	2

��kT�2
,

where A1 is the measure of spin based scattering, 	M
 is the

average magnetization, S is the spin of the localized moment,

J is the exchange integral, �F is the density of states at the

Fermi energy, g is the g-factor, and � is a numerical constant.

The parameters c and d are functions of conductivity and

charge carrier concentrations. It is clear from the Fig. 4 that

the least square fits are in good agreement with the experi-

mental curves for all the samples. The fit parameter b has

been found to decrease linearly with T as per theory
19 �not

shown here�. Moreover, the fitting parameter a decreases

with increase in oxygen partial pressure revealing that the

average magnetization declines at high oxygen partial pres-

sures. Hence the negative MR may originate from the scat-

tering of the charge carriers due to localized magnetic mo-

ments.

In order to understand the influence of oxygen vacan-

cies, carrier concentration, and carrier type on the ferromag-

netic ordering, we have carried out the magnetic measure-

ments of the Li–Ni codoped ZnO thin films that showed

n-type, p-type, and insulating behavior. Figure 4 shows the

magnetization measurements �M-H� of the N1, P1, P2, and I

samples. The insulating film �I� does not show any coercive

field indicating superparamagnetic nature. However, both

n-type �N1� and p-type �P1 and P2� films showed clear hys-

teresis loops �see inset of Fig. 4� at 300 K revealing room

temperature ferromagnetism. Magnetization versus tempera-

ture �M-T� curves of the samples N1 and P1 clearly showed

the Curie temperature is above 300 K. Very interestingly we

have observed that the saturation magnetization �Ms� of the

films strongly depends on the oxygen growth pressure

and carrier concentration and not on the carrier type. The

film N1, with n=3.3�1018 cm−3, exhibited a maximum

Ms of 0.12 	B /Ni. The films P1 �p=8.2�1017 cm−3�, P2

�p=2.1�1017 cm−3�, and I showed Ms of �0.07 	B /Ni,

0.06 	B /Ni, and 0.009 	B /Ni, respectively. This clearly

shows that the oxygen vacancies and carrier concentration

play a crucial role in determining ferromagnetic ordering,

which can be more suitably explained using defect mediated

mechanism—the so called bound magnetic polaron �BMP�
mechanism.

14
The exchange interaction between one local-

ized carrier trapped by oxygen vacancies and many sur-

rounding Ni ions align all the spins around the carrier local-

ization center, forming BMP.
20

More the oxygen vacancies,

greater the volume occupied by BMPs and hence large the

probability of Ni ions overlapping that enhance the ferro-

magnetic ordering. Thus, Ni substitution in the zinc cation

site and the oxygen vacancies may be jointly responsible for

the observed ferromagnetism.

In summary, systematic thin film growth was undertaken

to evolve n-type, p-type, and insulating ZnO. Electrical,

magnetic, and magnetotransport studies of Li–Ni codoped

ZnO suggest that both p-type conductivity and ferromagnetic

ordering can be tuned by carefully controlling the oxygen

vacancies. Moreover, our study clearly shows that the ob-

served room temperature ferromagnetism has no dependence

on the charge carrier type but solely depends on oxygen va-

cancies and the extent of carrier density.
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