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Room temperature ferromagnetism (RTFM) was observed in Li-N codoped ZnO thin films [ZnO:

(Li, N)] fabricated by plasma-assisted molecular beam epitaxy, and p-type ZnO:(Li, N) shows the

strongest RTFM. Positron annihilation spectroscopy and low temperature photoluminescence

measurements indicate that the RTFM in ZnO:(Li, N) is attributed to the defect complex related

to VZn, such as VZn and Lii-NO-VZn complex, well supported by first-principles calculations. The

incorporation of NO can stabilize and enhance the RTFM of ZnO:(Li, N) by combining with Lii to

form Lii-NO complex, which restrains the compensation of Lii for VZn and makes the ZnO:(Li, N)

conduct in p-type. VC 2011 American Institute of Physics. [doi:10.1063/1.3657412]

Dilute magnetic semiconductors (DMSs) have attracted

much interest due to their favorable magnetic, magneto-

optical, and magneto-electrical properties for application of

spin-dependent electronic devices.1 In the past decade, ZnO

has been extensively investigated as a candidate DMS host

material because it was predicted to have room temperature

ferromagnetism (RTFM) as doped by transition metals

(TMs), such as Mn and Co, etc.2 However, the origin of the

RTFM is still argued. Some researchers attribute the RTFM

to the magnetic atoms incorporating into ZnO, but others

assign the RTFM to the uncontrolled Mn or Co clusters or

their secondary phases.3 Recently, some research groups

found that nonmagnetic ion doped ZnO also exhibit ferro-

magnetism, namely, so called “d0” FM.4 However, ferro-

magnetic properties of ZnO thin films doped by nonmagnetic

ion are strongly dependent on growth condition. Some

researchers believed that the correlation between FM and

growth conditions suggest that defects may play an impor-

tant role in the observed magnetic behaviors of ZnO.5

Although several experimental and theoretical investigations

have been carried out, the mechanism behind the enhance-

ment of FM by doping nonmagnetic ion is still conflict.

Recently, many reports indicated that an additional hole

doping is essential to stabilized the ferromagnetic ground

state in DMS.6 Therefore, choosing appropriate acceptor

dopant is proven to be a proper method to enhance the

RTFM. As the best candidates for achieving p-type ZnO, Li

and N have attracted our attention due to the matching of

their atomic radius with Zn and O and shallow acceptor lev-

els. Many studies have been carried out to clarify the origin

of the FM for Li doped ZnO thin films.7 Especially, Yi

et al.8 have achieved the RTFM by doping Li and proposed

that the origin of RTFM is due to the VZn induced by Li dop-

ing in ZnO. However, one ultimate challenge is the ampho-

teric nature of Li, where Li acts as a donor on an interstitial

site (Lii), but an acceptor on an substitutional site (LiZn),

leading to self-compensation. Based on the density func-

tional theory, Wardle et al.9 have predicted the existence of

the neutral Lii–LiZn complex. The compensation between

LiZn and Lii decreases the hole concentration of ZnO, result-

ing in decreasing of RTFM. Therefore, in our previous work,

the Li and N codoped method is proposed to solve the self-

compensation problem.10 The introduction of NO is expected

to enhance the RTFM by formation of Lii-NO complex,

which depresses the compensation of Lii for LiZn and VZn,

and makes VZn concentration increase and ZnO conduct in

p-type.

In this study, in order to indentify the origin of the RTFM

of Li-N codoped ZnO [ZnO:(Li, N)], a series of ZnO:(Li, N)

with different Li doping concentration were fabricated on

c-sapphire substrates by plasma-assisted molecular beam epi-

taxy (P-MBE) using high pure metal Zn, Li, and NO as metal

and gas source, respectively. Temperature-dependent photolu-

minescence (TDPL) was measured using the He-Cd laser line

of 325 nm as the excitation source. The compositions of

ZnO:(Li, N) thin films were detected by time-of-flight second-

ary ion mass spectrometry (TOF-SIMS) (TOF-SIMS IV

instrument from IONTOF Gmbh). Electrical properties were

characterized with the Van der Pauw configuration in a Hall

effect measurement system. Magnetization measurements

were carried out by using a high sensitive superconducting

quantum interference devices magnetometer (SQUID, Quan-

tum Design). The thickness of the ZnO films was determined

by field-emission scanning electronic microscope (FESEM).a)Electronic mail: binyao@jlu.edu.cn.
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The volume of the films was estimated to be 1� 10�5,

1.26� 10�5, and 4.25� 10�6 cm3 for Li doping concentration

of 3.6%, 6.1%, and 11.2%, respectively. Furthermore, the vol-

ume and magnetization measurements were carried out

repeatedly and the average values were treated as final results

to reduce measurement error.11 The diamagnetic background

of the sapphire substrates was carefully calibrated and sub-

tracted from the raw data. Positron annihilation experiments

(PAS) were performed to indentify the cation vacancy at

room temperature with a monoenergetic positron beam. Posi-

trons were implanted at energies from 0 to 20 keV.

Figure 1 shows the M-H loops measured at room tem-

perature for the ZnO:(Li, N) thin films with Li doping con-

centration of 3.6%, 6.1%, and 11.2%. With the increase of Li

doping concentration to 3.6%, the ZnO:(Li, N) thin films

shows FM properties and n-type conductivity, and the satura-

tion magnetization (Ms) increases to 1.1 emu/cm3. When the

Li doping concentration reaches to 6.1%, the ZnO:(Li, N)

transforms from n-type to p-type with the hole concentration

of 8.2� 1016 cm�3 and a mobility of 1.4 cm2/V s, and the Ms
increases significantly to 2.5 emu/cm3. With further increase

of Li doping concentration to 11.2%, the sample becomes

insulting, and the Ms decreases to 1.6 emu/cm3.

As expected, the undoped ZnO shows n-type conduc-

tion. With the increasing of Li doping concentration, resistiv-

ity and carrier concentration of ZnO:(Li, N) thin films

increase and decrease, respectively. As the Li concentration

reaches to 6.1%, the ZnO:(Li, N) transforms from n-type to

p-type and has kept stable p-type conductivity. The origin of

p-type conductivity is attributed to LiZn and VZn.10,12 More

details of the electrical properties of undoped ZnO and

ZnO:(Li, N) can be found in our previous works.10

To explore the origin of the RTFM, SIMS, and TDPL

measurements were performed, as shown in Fig. 2. Figures

2(a) and 2(b) show the depth profile of the main elements in

ZnO:(Li, N) thin films with Li doping concentration of 6.1%

and 11.2%, respectively. As expected, the concentrations of

Zn and O were constants across the ZnO:(Li, N). Moreover,

the measurements show that Li and N are incorporated into

ZnO and uniformly distributed throughout the ZnO:(Li, N)

thin films. Figures 2(c) and 2(d) show the 80 K PL spectra of

undoped ZnO and ZnO:(Li, N) with Li doping concentration

of 11.2%, respectively. For the undoped sample, there reveals

a strong ultraviolet emission located at 3.36 eV, which is

assigned to the neutral-donor bound excitons (D0X).13 For

the sample with Li concentration of 11.2%, there exist four

peaks in the blue-ultraviolet range, located at 3.34, 3.30,

3.22, and 3.06 eV, respectively, which are attributed to

neutral-acceptor bound excitons (A0X), stacking faults,

donor-acceptor pair transition (DAP), and the electron transi-

tion from conduction-band minimum (CBM) to VZn level,

respectively.13–15 The 3.06 eV peak is dominant, hence,

we speculate a large amount of VZn in the ZnO:(Li, N) thin

films.

To verify the scenario, positron annihilation spectros-

copy (PAS) measurements were performed to detect cation

vacancies. It is well known that PAS is very sensitive to neg-

atively charged and neutral vacancy-type defects and has

been proved to be a powerful tool to investigate vacancy

defects in semiconductor.16 With the help of PAS, the va-

cancy defects can be identified and their concentrations are

determined. Figure 3 shows the plots of the S parameter as a

function of positron implantation energy for the undoped

ZnO and ZnO:(Li, N) with Li doping concentration of

11.2%. The inset shows the plots of the W values as a func-

tion of S value for the both samples. It can be seen from the

inset that the S and W values lie on a straight line, which

means that the two samples contain the same vacancy

defects.17 It is well known that VZn are dominant acceptors

in undoped ZnO. Therefore, based on the above discussion,

VZn related defects are the main defect trapping positrons

inside the films. Based on change of the S shown in Fig. 3,

the plots can be divided into three parts. In the part I of

energy range of 0 to 2 keV, the S decreases sharply with

increasing energy and both plots overlap, which is due to the

positron annihilations and formation of positronium atoms at

the surface of the samples.18 The plots in the part II of

energy range between 2 and 8 keV can be regarded as the

characteristic of the two samples. In the part II, the S param-

eter of the ZnO:(Li, N) shows a distinct increase, in compari-

son with undoped ZnO, implying that the amount of VZn

increases with the increasing of Li doping concentration.

While in the part III of energy range of 8-20 keV, positrons

annihilate mainly in the sapphire substrate, leading to over-

lapping of the two plots.

FIG. 1. (Color online) Room temperature magnetic hysteresis loops of

ZnO:(Li, N) thin films with various Li doping concentration.

FIG. 2. (Color online) The TOF-SIMS depth profile of ZnO:(Li, N) thin

films with Li concentration of (a) 6.1% and (b) 11.2%, respectively, as well

as the 80 K PL spectra of (c) undoped ZnO and (d) ZnO:(Li, N) thin films

with Li concentration of 11.2%.
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According to recent reports, VZn can provide magnetic

moment in both ZnO and ZnMgO.5,19 In order to well under-

stand the origin of FM, the electronic structure and density of

states of VZn and LiZn and defect complexes of Lii-NO and

Lii-VZn in ZnO:(Li, N) were calculated by using first-

principles based on density-functional theory. It is found that

LiZn, Lii-NO, and Lii-VZn complexes are not capable to con-

tribute to magnetic moment. However, a single VZn favors a

spin polarized state and each VZn carries a magnetic moment

of 1.82 lB. In addition, some other types of complex defects

are also taken into consideration, such as Lii-LiZn-VZn and Lii-

NO-VZn. It is noted that the Lii-LiZn-VZn complex does not

induce magnetic moment, but the Lii-NO-VZn complex con-

tributes a magnetic moment of 1.46lB. Furthermore, we cal-

culated the formation energy of Lii-LiZn-VZn and Lii-NO-VZn

complexes related to oxygen chemical potential. It is found

that the formation energy of Lii-NO-VZn complex is lower

than that of Lii-LiZn-VZn complex, which means Lii-NO-VZn

complex forms more favorably than Lii-LiZn-VZn complex in

ZnO:(Li, N). Since Lii-LiZn-VZn complex has lower formation

energy than VZn throughout the entire range of oxygen chemi-

cal potential, it is indicated that an amount of Lii-NO-VZn

complexes exists in ZnO:(Li, N) and contributes to FM.8 Base

on the experimental and theoretical results mentioned above,

it is deduced that the origin of FM of ZnO:(Li, N) thin films is

related to VZn and Lii-NO-VZn complex.

Recently, several reports suggested that NO results in

magnetism due to the unpaired 2p electron of N and O atoms

in N doped ZnO.20 However, NO cannot contribute to mag-

netism of the ZnO:(Li, N), since it easily combines with Lii
to form non-magnetic Lii-NO complex.10 Although the for-

mation of the Lii-NO annihilates the NO magnetism, it makes

more VZn contribute magnetism by depressing the compen-

sation of Lii for VZn. Therefore, the incorporation of N can

enhance and stabilize the FM of ZnO:(Li, N). The recent

investigation on Li monodoped ZnO indicated that more VZn

are induced in ZnO with increasing Li doping concentration,

leading to the increment of Ms.8 However, in the present

work, the Ms of ZnO:(Li, N) increases initially and then

decreases as Li concentration increases in the range of

0%–11.2%. It can be explained as follows: When Li doping

concentration is in a low range, a small amount of VZn is

induced in ZnO:(Li, N) and possible compensation of Lii for

VZn is depressed by formation of Lii-NO complex, leading to

weak FM. When Li doping concentration increases continu-

ously, more VZn are generated, resulting in the increase of

FM. With further increasing of Li concentration, some Lii
may not combine with NO to form Lii–NO complex due to

the limited solubility of NO in ZnO. The excessive Lii will

compensate for VZn by formation of non-magnetic Lii-VZn

complex and make the Ms decrease.

In summary, RTFM was observed in ZnO:(Li, N) thin

films grown on c-sapphire by P-MBE. The Ms of ZnO:(Li, N)

increases with increasing Li doping concentration in the range

of 0%-6.1%, but decreases from 6.1% to 11.2%, and p-type

ZnO:(Li, N) shows the strongest RTFM. The RTFM of

ZnO:(Li, N) is attributed to VZn and Lii-NO-VZn complex.

The incorporation of NO can stabilize and enhance the RTFM

by formation of the Lii-NO complex, which yields more VZn

by restraining compensation of Lii for VZn.
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