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Abstract Lithium and nitrogen dual-doped ZnO films

[ZnO: (Li, N)] with Li concentrations of 4 at.% were

grown on glass substrates by ion beam enhanced deposition

(IBED) and then annealing in Ar flow. The influence of

post-annealing time on their structural, optical and elec-

trical properties was studied. The co-doped ZnO: (Li, N)

films have a ZnO wurtzite structure. Electrical property

studies indicated that the ZnO: (Li, N) film annealed at

500 �C in Ar showed p-type conductivity with a lowest

resistivity of 10.83 X cm. The transmittance of ZnO: (Li,

N) film is above 80 % in visible range and the band gap of

ZnO: (Li, N) film have a evident narrowing after p-type

doping.

1 Introduction

Zinc oxide is considered as a promising material for ultra-

violet (UV) light-emitting diodes, laser diodes and pho-

todetectors [1, 2]. It is necessary to obtain p-type and n-type

ZnO films for the development of ZnO based devices. Now,

high quality n-type ZnO films have been prepared easily by

doping with Al, Ga, In [3]. However, p-type ZnO is difficult

to achieve due to the rise of lattice Madelung energy [4],

low solubility of acceptor doping and self-compensation

[5]. Nitrogen has been regarded as the more soluble group-

V impurity, having the shallowest acceptor level compared

to P and As [6]. However, the low solubility of N acceptor

doping is unfavorable for successful p-type doping. Li is

also better acceptor with shallower acceptor levels, but

there are two kinds of doping position in the ZnO lattice,

substitutional Li occupying Zn sites (denoted as LiZn) and

interstitial sites (denoted as Lii). Theoretical calculations

predicted that Li prefers to occupy interstitial sites (Lii),

acting as the donor, rather than the Zn sites (LiZn), acting as

the acceptor [7], So Li doping easily form Lii atom and

LiZn–Lii donor complex [8]. Yamamoto [9] has supposed

Li–N dual-acceptor co-doping method may be the best way

for producing high quality p-type ZnO based on their strain

effects and energy levels of substitutional LiZn and NO ac-

ceptors. Up to now, several groups have fabricated Li–N

dual-doped ZnO [denoted as ZnO: (Li, N)] by various

techniques such as radio-frequency magnetron sputtering

[10], pulsed laser deposition [11], sol–gel [12], molecular

beam epitaxy [13]. Although p-type ZnO: (Li, N) films have

been investigated widely, its stable properties still need

enhancement, and the mechanism of the p-type conductivity

is not clear yet. Ion beam enhanced sputtering can prepare

high purity thin film under high vacuum. Deposition is

carried out in the field-free region. The substrate is not a part

of electric circuits and will not produce the substrate tem-

perature caused by electron impact. It is known that ion

beam sputtering can offer some technological parameters to

control the growth of thin film. We used ion beam enhanced

deposition (IBED) method to prepare ZnO: (Li, N) films

and studied the influence of post-annealing time on prop-

erties of ZnO: (Li, N) thin film.

2 Experiment

ZnO (99.9 % in purity) powder mixed with 4 at.% Li2O

(99.9 % in purity) powder was pressed as the sputtering
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target. Before the deposition, the glass substrates were

cleaned thoroughly with acetone, isopropanol, deionized

water and finally cleaned with the help of an ultrasonic bath

for 30 min and dried. Subsequently, Li-doped ZnO ceramic

target was sputtered by Ar? ions with an energy of

2.5 keV. N?/Ar?(flow ratio 5/1) mixed ions beam ex-

tracted from the ion source with energy of 25 keV and a

beam current of 2 mA was vertically implanted into the

deposited ZnO films. The direction of sputtering beam was

45� with respect to the target. The substrates were placed

on a round holder rotated with a speed of 24 rpm [14]. All

the films were deposited for 3 h 45 min and the thickness

of the films was about 190 nm measured by dektak 150

surface profiler. After deposition, the films were annealed

under different atmosphere and temperature. The annealing

treatment was performed in rapid thermal annealing (RTA)

oven. All the samples were characterized by X-ray

diffraction (XRD) with Cu ka radiation (k = 0.1541 nm).

XRD patterns were recorded from 15� to 70� (2h) with a

scanning step of 0.02�. A SDY-4 four-point probe system

was used to determine the conductive type and sheet re-

sistance. The electrical properties of the ZnO:(Li, N) films

were measured by the Hall effect measurement system

[MMR’s Variable Temperature Hall System (VTHS)] in

the Van der Pauw configuration at room temperature.

Electrodes were fabricated by depositing metal indium on

the surface of films and sintering at a pressure of 10-3 Pa.

Ohmic contact between the indium spots and film was

confirmed prior to Hall measurement. The optical transition

through the film was measured with a spectrophotometer

(SHIMADZU UV3600). Room temperature photolumi-

nescence (PL) spectra were recorded in the range of

300–700 nm by a spectrophotometer. The 325 nm laser

line from helium-cadmium laser with a power of 50 mW

was employed as excitation source for the PL

measurement.

3 Results and discussion

ZnO:(Li, N) films were annealed at different temperature in

Ar, N2, O2 atmosphere for various annealing time. We

found that the p-type conductive properties of ZnO:(Li, N)

films were better in Ar than in N2 and O2, and better at

500 �C than at other temperatures, so we mainly studied

the properties of ZnO:(Li, N) films annealed under 500 �C

in Ar.

3.1 X-ray diffraction

Figure 1 shows the XRD patterns of ZnO: (Li, N) films

annealed in Ar at 500 �C for different time. There are five

prominent peaks which correspond (100), (101), (110),

(112) and (201) planes of ZnO crystal. The positions and

relative intensities of the five dominant peaks match well

with the standard XRD pattern of bulk zinc oxide (JCPDS

PDF card No: 79-2205). There are no other peaks related to

Li3N, Li2O, Zn3N2, or other mixed compounds. It can be

seen from Fig. 1 that all ZnO: (Li, N) films exhibit the

preferential orientation of (100) plane and possess ZnO

hexagonal wurtzite structure. The (100) peak becomes

stronger and sharper, and the diffraction angle shifts to-

wards a higher angle but changes little with the increase of

annealing time as shown in Fig. 1. The former implies

improvement of crystal quality of the film, and the latter is

due to relaxation of tensile stress in the film [15]. Table 1

shows 2h value, FWHM of (100) peak and grain size of the

ZnO: (Li, N) film. The FWHM values of (100) peak is

related to the grain size of the films. A smaller FWHM

means a larger grain size and better crystal quality of the

whole film. It can be seen from Table 1 the position of

(100) peak increased from 31.440� to 31.640� and the

FWHM value gradually decreased from 0.678� to 0.602�
with increase of annealing time. Meanwhile the grain size

of ZnO: (Li, N) films increased from 13.59 to 15.33 nm.

The increase of 2h means the decrease of lattice constant of

the ZnO: (Li, N) films with increase of annealing time. This

reveals that substitution mechanism is executed [16, 17].

This can be attributed to the fact that the length of LiZn–O

(0.197 nm) and Zn–NO (0.196 nm) bonds is slightly shorter

than that of Zn–O (0.199 nm) bond [18, 19]. This could

make the lattice constant decrease and produce some strain

in the films, the strain changes among atomic spacing of

semiconductors will affect the energy gap [20]. However,

the a-axis lattice constant is calculated to be 0.3381 nm for

the ZnO: (Li, N) film annealed 35 min, which is somewhat

larger than the value of 0.3249 nm of bulk ZnO [21]. It is

Fig. 1 XRD patterns of ZnO: (Li, N) films annealed in Ar at 500 �C

for different time
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well known that Li doped in ZnO has two chemical states

of Lii donor and LiZn acceptor and that Lii increases the

lattice while LiZn reduces it. Therefore, the increment of

the a-axis lattice constant implies the existence of many Lii
in the ZnO:(Li, N) films.

3.2 Electrical properties

Table 2 shows the electrical parameters of the ZnO: (Li, N)

films annealed in Ar at 500 �C. The measurement results

show that the ZnO: (Li, N) film had no conductive type

before annealing, indicating that Li and N had not been

incorporated into the lattice. When annealed for 5 min, the

n-type conduction appeared and sheet resistance was

3 M X/h. When annealed for 10–30 min, the p-type con-

duction appeared and sheet resistance decreased from 1.80

to 0.57 M X/h with the increase of annealing time. This

indicated that the LiZn and NO atoms in ZnO:(Li, N) films

increased with the increase of annealing time. After an-

nealed for 35 min, the conduction type of ZnO: (Li, N) film

was strong p-type but the sheet resistance began to increase

(0.82 M X/h). And the conduction type of ZnO: (Li, N)

film changed to n-type when annealed over 35 min. The

transition of the electrical properties induced by annealing

may be attributed to the activation of the p-type doped

elements (LiZn, NO). However, the lowest sheet resistance

of p-type ZnO: (Li, N) films was 0.57 M X/h which

behaved high resistance conductivity. This may be ascribed

to the following reasons: (1) The formation enthalpy of

-348.28 kJ mol-1 for ZnO is much smaller than

-20 kJ mol-1 for Zn3N2, there would be a low tendency

for Zn3N2 to form, resulting in the low solubility of N

acceptor doping [5].This is in agreement with XRD ana-

lyze. There are no peaks related to Zn3N2 in our XRD

patterns. (2) Existence of some main intrinsic donor defects

such as interstitial Zn and O vacancy which balanced out

the act of acceptors. (3) Total energy calculations show that

the formation energy of the LiZn–O bond is higher, some Li

atom prefers to occupy the interstitial sites (Lii), acting as

the donor [7]. When annealed above 40 min, the p-type

conduction disappeared. This indicated that overlong an-

nealing time made nitrogen escape from the thin film [14],

especially escaped from the substitutional sites and led to

more oxygen vacancies, and made Li atoms separate out

from the lattice of ZnO, which decreased the hole con-

centration of film and resulted in the p-type conduction

disappearing. Table 3 is the results of the Hall-effect

measurements carried out at room temperature. ZnO: (Li,

N) film annealed for 30 min shows a hole concentration of

3.72 9 1017 cm-3, hole mobility of 1.82 cm2/V s, and

resistivity of 10.83 X cm. Compared to other preparation

methods, the electrical properties of ZnO: (Li, N) film

prepared by IBED are superior to that by RF-magnetron

sputtering method [22, 23] and plasma-assisted molecular

beam epitaxy [24], but inferior to that by pulsed laser de-

position method [11, 25]. We may draw the conclusion

from what has been discussed above: appropriate annealing

can eliminate the sputtering damage and improve the

crystal quality, and help lithium to incorporate in ZnO

lattice and realize the substitutional action. But overlong

annealing time made nitrogen escape from the thin film,

especially escaped from the substitutional sites and led to

more oxygen vacancies, and made Li atoms separate out

from the lattice of ZnO.

3.3 Optical transmittance and reflectance spectra

Figure 2 shows the optical transmittance and reflectance

spectra of p-type ZnO: (Li, N) films annealed in Ar at

500 �C for 0–35 min. It can be seen that the As-deposited

film has a relatively lower transparency, but still exhibits a

visible light transmittance above 70 %. The optical

Table 1 Position, FWHM of (100) peak and grain size of the ZnO:

(Li, N) films annealed in Ar at 500 �C

Annealing time (min) 2h(�) FWHM (�) Grain size (nm)

0 31.440 0.678 13.59

15 31.600 0.609 15.15

25 31.620 0.606 15.23

35 31.640 0.602 15.33

Table 2 Sheet resistance and conductive type of ZnO: (Li, N) films

annealed in Ar at 500 �C

Annealing time (min) Conductive type Sheet resistance (M X/h)

0 – [2000

5 n 3.00

10 p 1.80

15 p 1.70

20 p 1.20

25 p 0.60

30 p 0.57

35 p 0.82

40 n 0.48

45 n 0.80

Table 3 Electrical properties of ZnO:(Li, N) films annealed in Ar at

500 �C for 30 min

Concentration/

9 1017 cm-3
Mobility/

cm2V-1s-1
Resistivity/

X cm

3.72 1.82 10.83

J Mater Sci: Mater Electron (2015) 26:2669–2673 2671

123



transmittance of annealed ZnO:(Li, N) films increases as

the annealing time goes up. The average transmittance in

the visible region is above 80 % for all annealed films.

Meanwhile, the absorption edge of ZnO:(Li, N) films has a

red shift with increase of annealing time. This result indi-

cates that annealing makes the crystal grain size enlarge,

which reduces deformation and damage induced by ion

implantation, and is in agreement with XRD analyze. The

band gaps of the ZnO:(Li, N) films are estimated by optical

absorption spectra. The absorption coefficient a of the

ZnO:(Li, N) films is calculated according to Eq. (1) from

the transmittance and reflectance spectra in Fig. 2.

a ¼ 1

d
ln

1� Rð Þ2

T
ð1Þ

where a is absorption coefficient, d is the thickness of the

ZnO:(Li, N) film, R and T, the transmissivity and reflec-

tivity of the ZnO:(Li, N) film. For direct band gap semi-

conductor, the relationship between a and energy gap Eg

can be written as Eq. (2) [20]

ðahvÞ2 ¼ Aðhv� EgÞ ð2Þ

where the coefficient A is a parameter related to the band

tail states, Eg is energy gap and hm is the photon energy.

The band gap of the ZnO:(Li, N) films can be evaluated in

the standard manner from a plot of (ahm)2 as a function of

the energy of the incident radiation and extrapolating the

linear part of the curve to intercept the energy axis. Fig-

ure 3 shows the curve of (ahm)2 versus hm. The band gaps

of ZnO:(Li, N) with different annealing time are evaluated

to be 3.34 eV (as-deposited film), 3.31 eV (annealed

15 min), and 3.30 eV (annealed 35 min), respectively, all

are smaller than that(3.37 eV) of intrinsic ZnO. This result

reveals that there are more and more Li atoms incorporated

into ZnO matrix with the increase of annealing time from

10 to 35 min. A widening of the band-gap is usually ob-

served for n-type ZnO doped with donors; while p-type

ZnO has shown band-gap reduction if doped with accep-

tors. According to previous discussion the band gap nar-

rowing of p-type ZnO:(Li, N) may be ascribed to the

following effects: (1) The formation of the Lii–No complex

generates an additional fully occupied impurity band above

the valance band maximum (VBM), resulting in an upward

shift of the VBM and a decrease in the band gap [8, 10]. (2)

The lattice constant of ZnO:(Li, N) films decreases and

some compressive strain in the films produces as Li and N

atoms are incorporated into the ZnO matrix because the

radius of Li? ions (0.076 nm) is little larger than that of

Zn2? ions (0.074 nm) and the radius of N- ions (0.013 nm)

is smaller than O2- ions (0.014 nm), which leads to the

relaxation of the compressive biaxial strain after annealing

[26, 27].

4 Conclusion

ZnO:(Li, N) films were prepared on glass substrates by

IBED method. The influence of post-annealing time on the

structural, electrical and optical properties of p-type

ZnO:(Li, N) films were investigated. It is found that the

ZnO:(Li, N) films exhibit the ZnO wurtzite structure. The

ZnO:(Li, N) films show p-type conduction when annealed

in Ar at 500 �C for 10–35 min. The lowest resistivity of

p-type ZnO:(Li, N) films is 10.83 X cm when annealed for

30 min. The transmittance of ZnO:(Li, N) thin films on the

glass substrate are above 80 % in the visible range. The

band gap energy of ZnO:(Li, N) films decreases with the

increase of annealing time and is smaller than that of in-

trinsic ZnO (3.37 eV).

Fig. 2 Optical transmittance and reflectance spectra of ZnO: (Li, N)

films annealed in Ar at 500 �C

Fig. 3 (ahm)2 versus hm spectra of ZnO:(Li, N) films annealed in Ar

at 500 �C for different time
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