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Abstract

Ni-doped ZnO (ZnO:Ni) films were fabricated on Si(0 0 1) substrates by reactive electron beam evaporation at low substrate

temperature. The as-grown films were then annealed in oxygen ambient at higher temperatures. X-ray diffraction (XRD) results

indicated that 5 at.% Ni-doped samples are still of single phase with the ZnO-like wurtzite structure. Photoluminescence (PL)

measurements of Ni-doped samples illustrated the UV-PL emission centered at about 384 nm, which is ascribed to the near-

band-edge (NBE) emissions of ZnO-like band structures. The UV-PL intensity becomes stronger along with the increase of

annealing temperatures and reaches a maximum magnitude after annealed at 450 8C. However, along with the further increase of

annealing temperatures, UV-PL intensity diminishes again. The UV-PL intensity of 450 8C-annealed samples is 213 times

stronger than that of as-grown (doped) samples, which may render potential applications in optoelectronic devices, such as UV

luminescent devices.
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1. Introduction

In recent years doped ZnO thin films have been the

subject of much attention because of their potentials

for important applications such as luminescent mate-

rials, [1] gas sensors, [2] heterojunction solar cells, [3]

transparent conductors, [4] and the diluted magnetic

semiconductors (DMS) for use as the materials of

spintronics [5,6]. Unintentionally doped ZnO films

usually present n-type conductors owing to their

incorporated large amount of O vacancies in the films,

and have poor stability in corrosive environments or

even in the humid air ambient. The electrical and

optical properties of such ZnO films are often altered

by adsorption of O2, CO2, CH groups, and water.

Therefore, crystalline ZnO films have been doped to

enhance their properties with elements of the groups

IA, such as Li, and IIIA or VA, such as Al, Ga, In, N, P,

As, Sb, etc. [7–12]. It is known that unintentionally

doped ZnO film is an n-type conductor, while p-type
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ZnO materials can be realized by doping with N, As or

Sb [10–12]. On the other hand, doping zinc oxide

materials with transition metal elements of the group

VIII, such as Fe, Co and Ni, can attain the diluted

magnetic semiconductors. However, doping was

usually not done with transition elements of the groups

IB and IIB, probably due to the incompatibility in the

electron affinity or in the ionic radii of such elements

with that of Zn.

With the intention to find new luminescent and spin-

electronic materials, we report in this letter the doping

of ZnO films with nickel (Ni) by reactive electron

beam evaporation technique at a low substrate tem-

perature. The as-grown (doped) films were then

annealed in oxygen ambient at higher temperatures.

The annealing effects on the ensuing changes in

morphological, structural, and optical properties of

Ni-doped ZnO films have been studied. The studies

show remarkable modifications of these properties

through such annealing.

2. Experimental

Ni-doped ZnO (ZnO:Ni) films were grown in a

reactive e-beam evaporation system [13]. Fine-

polished Si(0 0 1) wafers were used as substrates.

The pretreatment of Si(0 0 1) substrates was the same

as described earlier [14]. The evaporation sources both

for ZnO and Ni epitaxial layers are the sintered

polycrystalline ZnO and Ni (both with the purity of

99.95%) target, respectively. Ni-doped ZnO films

were realized by evaporating the ZnO and Ni target

alternately at a substrate temperature of 230 8C.

Before evaporation the background pressure in the

reaction chamber was 3:0 � 10�3 Pa, then the high-

purity oxygen gas was introduced into the chamber

and the gas pressure was kept at 3:0 � 10�2 Pa. During

depositions of ZnO and Ni epitaxial layers, the partial

vapor pressure of ZnO and Ni was set at 2:0 � 10�2

and 0:5 � 10�2 Pa, respectively. The growth rate for

ZnO and Ni was about 3.8 and 0.8 Å/s, which was

calibrated by ex situ film thickness measurements

using a TENCOR a-step 200 profiler. The film surface

roughness was also surveyed with the a-step profiler.

All of Ni-doped ZnO films presented in this work

are composed of five Ni layers. Each of Ni layer is

nominally 10 Å in thickness and is sandwiched

between two ZnO layers, while each of ZnO layer

is nominally 200 Å in thickness except the first layer

of ZnO on Si(0 0 1) substrate with thickness of nom-

inally 1140 Å. The as-grown ZnO:Ni films were then

annealed in oxygen ambient at different temperatures,

350, 450, 550 and 650 8C. The duration of each

annealing treatment is same, 1 h. Energy dispersive

X-ray detection (EDX) measurements were carried

out to characterize the ratio of Ni:Zn (at.%) in Ni-

doped ZnO films. Z-AFM-II atomic force microscope,

D/Max-IIIB X-ray diffractometer, S-4700 II field

emission scanning electron microscopy and Shimadzu

RF-540 fluorophotometer were employed to charac-

terize the plan and cross-sectional morphologies,

microstructures and photoluminescent properties of

ZnO:Ni films. In the PL measurements an ozone-free

xenon lamp is used as the excitation source, the

excitation line is set at 240 nm and the slit width of

fluorophotometer is set at 10 nm. The detection energy

is scanned from 330 to 650 nm and a filter is used to

eliminate the disturbance of excitation source at

480 nm.

3. Results and discussion

A Comparison of AFM images of undoped and Ni-

doped ZnO (ZnO:Ni) films grown on Si(0 0 1) sub-

strates is shown in Fig. 1, (a) is for as-grown undoped

ZnO, (b) is for as-grown ZnO:Ni film with an EDX

measured Ni:Zn ratio of 5:95 at.% and, (c) is for the

same ZnO:Ni film but has undergone annealing treat-

ment at 650 8C for 1 h. The film thickness correspond-

ing to Fig. 1a and b is 350 and 220 nm, respectively.

By comparison of Fig. 1a and b, it is found that the

surface morphologies of the two films are presumably

same, i.e., both of the undoped and Ni-doped ZnO

films present pillar-like growth characteristics. The

strong resemblance of the surface morphologies

between these two films is ascribed to the small

concentration of Ni (5 at.%) in the doped film and

the compatibility of ion radii between Ni2þ and Zn2þ

[15]. Consequently, the average surface roughness

of undoped and Ni-doped ZnO films are small, 4.8

and 3.5 nm, respectively. It is noted that the average

surface roughness of Ni-doped ZnO film (3.5 nm)

is slightly smaller than that of undoped ZnO

film (4.8 nm), which is probably ascribed to their
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discrepancy in thickness. On the other hand, by com-

paring the morphologies between the as-grown and

annealed (at 650 8C) ZnO:Ni films shown in Fig. 1, it

is found that although the annealed sample still pre-

sents pillar-like characteristics, its grain size turns

much larger and its surface turns rougher.

The ratio of Ni and Zn in the doped film is inves-

tigated by the EDX measurement under the plan

detection mode. The EDX spectroscopy is equipped

on an S-570 scanning electron microscope (SEM).

The size of focused electron spot in EDX experiment

is about 2 mm in diameter and the spot is scanned

within a selected area (60 mm � 40 mm) on the film.

The penetrated depth of focused high energy electrons

into the ZnO:Ni sample is about 2.5 mm. Fig. 2 illus-

trates the EDX pattern of an as-grown ZnO:Ni sample.

As is seen, the peak at 7.47 keV is from radiation of Ni.

The average Ni content in ZnO:Ni film is calculated

according to the integral intensity of Ni peak with

its ionization cross-section taken into account. The

Ni:Zn ratio surveyed is 5:95 (at.%) with an experi-

mental error of about 10% on account of the small

thickness of ZnO:Ni film compared with the pene-

trated depth of focused high energy electrons in the

EDX measurement.

Fig. 3 shows the comparison of X-ray diffraction

(XRD) patterns of as-grown ZnO:Ni films with dif-

ferent Ni contents. The ratio Ni:Zn for curves (a), (b)

and (c) related samples are 5:95, 11:89 and 38:62

(at.%), respectively. As is seen, 5 at.% Ni-doped ZnO

film is still of single phase with the highly c-axis

oriented ZnO-like wurtzite structure, while other

orientations such as (1 0 0) and (1 0 1) planes of

ZnO-like structure and even with a Ni phase would

emerge in XRD pattern if Ni content in ZnO:Ni film

exceeding a certain concentration, as evidenced in

curves (b) and (c) in Fig. 3. The line width of

(0 0 2) diffraction peak for curve (a) is 0.328, which

is comparable to that of undoped ZnO film grown on

Si(0 0 1) substrate (0.288) [14], indicating its good

crystallite quality. The c-axis oriented single phase

property of 5 at.% Ni-doped ZnO is possibly due to its

small Ni content and to that Ni residues in the film

incorporated into the lattice of ZnO crystallites as

interstitial or substitutional impurities. Ni substitu-

tional impurities would be formed by Ni2þ ions partly

substituting the Zn2þ sites in the lattice, because Ni2þ

ions are prone to be formed in the oxygen environ-

ment. On the other hand, for the 5 at.% Ni-doped ZnO

sample it is found that after annealed at appropriate

temperature the line width of its (0 0 2) diffraction

peak turns narrower compared with that of as-grown

ZnO:Ni. The line width of 350 8C-annealed sample is

narrower than that of as-grown film, and the line width

of 450 8C-annealed sample is even narrower than that

Fig. 1. Comparison of AFM images of undoped and 5 at.% Ni-doped ZnO (ZnO:Ni) films: (a) as-grown undoped ZnO, (b) as-grown ZnO:Ni

and (c) 650 8C-annealed ZnO:Ni film.
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Fig. 2. An EDX pattern of Ni-doped ZnO film on Si(0 0 1). The

ratio of Ni:Zn is 5:95 (at.%).
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of 350 8C-annealed one. Shown in Fig. 4 is the com-

parison of XRD patterns of 5 at.% Ni-doped ZnO

samples as-grown and annealed at different tempera-

tures. Curve (a) in Fig. 4 is for as-grown ZnO:Ni film

and (b) is related to 450 8C-annealed sample, whose

FWHM of dominant (0 0 2) diffraction peak is 0.268,
which is 0.068 narrower than that of as-deposited

sample (0.328). The narrower line width of (0 0 2)

peak of 450 8C-annealed sample suggests its better

crystal quality. The crystal quality improvement of

ZnO:Ni film after annealed at 450 8C is mainly attrib-

uted to the recovery of microstructural defects and the

homogenization of the film. However, along with the

further increase in the annealing temperatures, such as

at 550 or 650 8C, the crystallite quality of ZnO:Ni

films deteriorated. As seen from curve (c) of 650 8C-

annealed sample in Fig. 4 that, besides the (0 0 2) peak

which is from the ZnO-like wurtzite structure of the

film, a substrate peak of Si(0 0 2) and a broad amor-

phous phase are also emerged in the region from 32 to

378, indicating the deterioration of the lattice and the

degradation of the film quality because the high

annealing temperature (such as 650 8C) caused the

desorption of oxygen in the ZnO lattice. It is inter-

estingly found the modifications in XRD patterns with

different annealing temperatures are in good agree-

ment with the changes in luminescent properties that

will be discussed in the following section.

Shown in Fig. 5 is a high-resolution cross-sec-

tional FESEM image of the as-grown ZnO:Ni film

with Ni content of 5 at.%. It is noted that the high-

brightened strip with thickness of about 30 nm is the

SiO2 layer. The SiO2 layer was formed prior to the

deposition of the first ZnO layer owing to the oxy-

gen-enriched growth environment. On the other

hand, as seen from Fig. 5 that the epitaxial film

thickness is 210 nm which is consistent with our

design that the total thickness of the multilayer

ZnO:Ni film is about 220 nm. However, the promi-

nent characteristics of the cross-sectional FESEM

image is that only three interfaces, Si/SiO2, SiO2/

ZnO and ZnO/ZnO:Ni, are clearly seen, while the
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Fig. 3. Comparison of XRD patterns of as-grown ZnO:Ni films

with different Ni contents. The ratio Ni:Zn for curves (a), (b) and

(c) related samples are 5:95, 11:89 and 38:62 at.%, respectively.
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Fig. 4. Comparison of XRD patterns of 5 at.% Ni-doped ZnO

sample as-grown and annealed at different temperatures: (a) as-

grown, (b) 450 8C-annealed and (c) 650 8C-annealed.
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interfaces between Ni and ZnO layers are illegible.

The illegibility of Ni/ZnO interfaces is probably

attributed to the fact that the Ni layers are ultrathin

(about 10 Å) and to the diffusion interactions

between Ni and ZnO layers. Consequently, the

slightly (5 at.%) Ni-doped multilayer ZnO:Ni film,

even achieved at a relatively low growth temper-

ature (230 8C), presents its quasi-homogenization

of compositional distribution along the c-axis direc-

tion perpendicular to the substrate surface and only

the main interfaces, Si/SiO2, SiO2/ZnO and ZnO/

ZnO:Ni are observed.

Fig. 6 illustrates the comparisons of room tempera-

ture photoluminescence (PL) spectra between as-

grown and annealed ZnO:Ni samples with Ni content

of 5 at.%. It is seen that a peak centered at 384 nm

dominates all of the PL spectra, which is ascribed to

the near-band-edge (NBE) recombination transitions

of ZnO-like band structures of Ni-doped ZnO films

(the room temperature band gap of ZnO is about

3.37 eV). However, a prominent feature of the NBE

emission is the asymmetry of the broad line shape.

One can model each of the PL spectra as a super-

position of two Gaussian lines centered at 384 and

470 nm, which are probably attributed to the emis-

sions from free excitons of ZnO-like electronic struc-

tures and from Ni3þ and/or interstitial oxygen related

impurities, respectively [16]. On the other hand, it is

found the PL intensity becomes stronger along with

the increase of annealing temperatures and reaches a

maximum magnitude after annealed at 450 8C. Shown

Fig. 5. High resolution cross-sectional FESEM image of as-grown

ZnO:Ni film with Ni content of 5 at.%.
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Fig. 6. Comparisons of UV-PL properties of 5 at.% Ni-doped ZnO

(ZnO:Ni) film as-grown and annealed at different temperatures: (a)

as-grown, (b) 350 8C-annealed, (c) 450 8C-annealed, (d) 550 8C-

annealed and (e) 650 8C-annealed.
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in Fig. 7 is UV-PL intensities at 384 nm as a function

of annealing temperatures. As is seen, the UV-PL peak

intensity of 450 8C-annealed samples is 213 times

stronger than that of as-grown (doped) samples. The

mechanism of UV-PL intensity enhancement along

with the increase of annealing temperature is the

recovery of microstructural defects and the homoge-

nization of the film, just as what has been verified by

XRD measurements as shown in Fig. 4b. However,

along with the further increase in the annealing tem-

peratures, such as annealed at 550 or 650 8C, the UV-

PL intensity of ZnO:Ni films decreased again, sug-

gesting the deterioration of the lattice and degrading of

the film because of the too high annealing tempera-

tures. The annealing temperature dependent PL prop-

erties of 5 at.% Ni-doped ZnO films are well

consistent with their XRD results. And the ultrahigh

UV-PL intensities of such ZnO:Ni films after annealed

at appropriate temperature (about 450 8C) would

make them very important in applications such as

UV luminescent materials.

4. Conclusions

In conclusion, Ni-doped ZnO (ZnO:Ni) films with

different nickel content were achieved on Si(0 0 1)

substrates by reactive electron beam evaporation at

low substrate temperature. XRD results indicated that

slightly Ni-doped (5 at.%) samples are still of single

phase with the highly c-axis oriented ZnO-like wurt-

zite structure. Annealing ZnO:Ni films at appropriate

temperatures would result in the recovery of micro-

structural defects and the homogenization of the film,

and consequently, enhance the UV-PL intensities of

ZnO:Ni films by more than two orders of magnitude.

The ultrahigh UV-PL intensities of appropriate tem-

perature annealed ZnO:Ni films would make them

very important in applications such as UV luminescent

materials.
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