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Gold-doped ZnO (ZnO:Au) films were grown on quartz substrates at room temperature by radio fre-
quency magnetron sputtering technique and then annealed in the temperature ranging from 350 to
800 �C in argon ambience. It is found that the Au substitute for Zn in positive univalence (Au1þ

Zn ) in the
as-grown ZnO:Au film. When the ZnO:Au is annealed above 600 �C, some of the Au1þ

Zn begin to precipitate
from the ZnO:Au and become metal Au existing in the grain boundaries of the ZnO:Au, implying that the
solid solubility of Au in ZnO decreases with increasing temperature. p-type conductivity is obtained in
the ZnO:Au annealed at 350 �C, but the conductivity changes gradually from p-type to n-type with
increasing annealing temperature. The optical band-gap of the ZnO:Au shows red-shift compared to
undoped ZnO. The ZnO:Au shows room temperature photoluminescence (PL) quenching as annealed
below 800 �C, but has two weak PL peaks, located at 2.417 and 3.299 eV, respectively, as annealed at
800 �C. The electrical and optical properties of the ZnO:Au are affected by the chemical states and content
of the Au doped, and the mechanism of the effects are suggested in the present paper.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, wide bandgap semiconductors involving SnO2,
TiO2, ZnO, AlN, etc. have been extensively studied as they have
numerous potential applications in many fields, such as gas sen-
sors, transparent conducting thin films, and catalysis [1–7]. Such
semiconductors with interesting and useful properties are attract-
ing more and more research attention. Among these semiconduc-
tors, considering the potential applications in laser diodes (LDS)
and short-wavelength semiconductor light-emitting diodes (LEDs)
[8,9], ZnO has been most widely researched due to its direct wide
band gap of 3.37 eV and larger exciton binding energy of 60 meV at
room temperature [10–12]. However, the greatest problem that
hinder the application and development of ZnO based optoelec-
tronic device remains to be the fabrication of reliable and stable
p-type ZnO thin films [13,14]. To overcome these difficulties, a
great deal of effort has been devoted to fabricate p-type ZnO by
doping of various elements, such as group-I (Li [15], Na [16] and
K [17]) and group-V (N [18], P [19], As [20] and Sb [21]) elements
in the recent years, but due to the low dopant solubility, self-
compensation of shallow acceptors from native donor defects
and doping donor defects (such as Lii [22], and (N2)O [23]) as well
as the poor crystal quality, the optimal choice of acceptor species
remains to be determined, the key question on the p type conduc-
tivity of ZnO is still open.

First-principle calculation predicted that the formation energies
of group-IB (Cu, Ag and Au) ions with positive univalence at Zn
sites of ZnO are much lower than those at the interstitial sites,
hence substitutional doping of IB-group element in ZnO can greatly
avoid the self-compensation, and is considered as an effective p-
type doping method [24]. However, since IB-group elements have
three kinds of valence and only univalent IB-group ion occupying
Zn site of ZnO acts as acceptor, realization of substitutional doping
and controlling of the chemical states are very important for
obtaining p-type IB-group element doped ZnO. Up to now,
Cu-doped ZnO and Ag-doped ZnO have been synthesized and
investigated by several groups. He et al. [25] has obtained Cu-
doped ZnO nanorod arrays, where Cu exist in the chemical states
of Cu1+ and Cu2+ in the ZnO, and Cu1+ can convert into Cu2+ by
annealing. In our previous study [26] p-type ZnO films has been
synthesized by alloying of S with ZnO and heavy doping of Cu with
magnetron sputtering, where some of Cu exist in the state of
CuZn

1+. Lee et al. [27] has obtained Ag-doped ZnO films by pulsed
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Fig. 1. Schematic diagram of the ceramic target used for fabrication of the ZnO:Au
film by radio frequency magnetic sputtering.
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laser deposition, where some of Ag substitute for Zn in univalence
(AgZn

1+) and some of Ag exist in the grain boundaries or surface in
the chemical state of metal (Ag0). However, literatures about Au-
doped ZnO (ZnO:Au) are reported little up to now, the chemical
states of Au doped in ZnO, as well as their effect on electrical and
optical properties are still under investigation. Key question on
the chemical states of Au in the ZnO:Au is still open.

In the present work, in order to explore the possibility of prep-
aration of p-type ZnO with good luminescence by Au doping, the
ZnO:Au films were deposited on quartz substrates by magnetron
sputtering and post annealing techniques, chemical states of the
Au doped in the ZnO film was characterized and the effect of chem-
ical states of the Au on electrical and optical properties of the
ZnO:Au was investigated.
Fig. 2. XRD patterns of the as-grown and different temperature
2. Experimental details

JGP450 magnetron sputtering apparatus (made in Chinese academy of science
Shenyang scientific instrument factory, China) was used for sputtering deposition.
Undoped ZnO films were grown on quartz substrates at room temperature by mag-
netron sputtering of the ZnO (99.99%) ceramic target, while Au-doped ZnO films
were prepared by sputtering of the ZnO ceramic target with Au (99.999%) wires
on its surface, as schematically shown in Fig. 1, and the Au doping content is con-
trolled by adjusting the ratio of surface area of the Au wires to the sputtering area.
High purity argon was used as working gas, which was introduced into the growth
chamber when the chamber was evacuated to a base pressure of 6 � 10�4 Pa, and
the working pressure was kept at 1 Pa during depositing process. All the as-grown
films were cut into 5 mm square small pieces and annealed at 350, 600 and 800 �C,
respectively, under argon atmosphere for 15 min, the film thickness was estimated
to be 900 nm by the cross section morphology scanning electron microscopy (SEM)
image of the film.

Structures of the films were characterized using Rigaku D/Max-RA X-ray diffrac-
tometer (XRD) with Cu Ka radiation (k = 1.5418 Å). The chemical state of Au in the
ZnO:Au was detected by X-ray photoelectron spectroscopy (XPS) (ESCALAB 250 XPS
instrument) with Al Ka (ht = 1486.6 eV) X-ray radiation source, prior to measure-
ments all the films were etched by Ar+ ions for 120 s, and all XPS spectra were cal-
ibrated by C1s peak (284.6 eV). Surface morphology of the films was detected by
field emission scanning electron microscopy (FE-SEM). The electrical properties
were measured with the van der Pauw configuration by a Hall Effect measurement
system (Lakeshore HMS 7707) at room temperature with magnetic field scope from
3 to 15 KG, and ohmic contacts of the electrodes were confirmed initially. Optical
band gap of the films were characterized using an UV–Vis spectrophotometer
(Shimadzu, Kyoto, Japan (UV-3101PC)). The room temperature photoluminescence
(PL) spectra of the ZnO:Au were recorded by the UV Labran Infinity Spectrophotom-
eter, which was excited by the 325 nm line of a He–Cd laser with a power of 50 mW.
3. Result and discussion

The structures of the as-grown and annealed undoped ZnO (de-
noted as ZnO) and ZnO:Au films are analyzed via XRD, as shown in
Fig. 2. For the as-grown and 350, 600 and 800 �C-annealed ZnO
films, only (002) diffraction peaks are observed, as shown in
Fig. 2(a–d), indicating all the films are c-axis preferred orientation.
annealed (a)–(d) undoped ZnO and (e)–(h) ZnO:Au films.



Fig. 3. XPS spectra of (a)–(c) the Au 4f of the different temperature annealed ZnO:Au films and XPS spectra of (d)–(f) the Au 4d of the ZnO:Au films annealed at different
temperature.

Table 1
The relative content of Au, Zn and O in the ZnO:Au films measured by XPS.

Sample Annealing
temp. (�C)

Zn
content
(at.%)

O content
(at.%)

Au0

content
(at.%)

Au+1

content
(at.%)

ZnO:Au 350 52.4 44.1 – 3.5
ZnO:Au 600 48.7 48.1 1.5 1.7
ZnO:Au 800 57.6 37.8 3.1 1.5
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For the as-grown and 350, 600 �C-annealed ZnO:Au films, diffrac-
tion peaks with diffraction angles closed to that of (100), (002)
and (110) peak of ZnO with wurtzite structure (PDF No. 36–
1451) are observed, and no diffraction peak of metal Au or Au re-
lated phase is detected, as shown in Fig. 2(e–g). However, as the
annealing temperature reaches 800 �C, Au (111) peak located at
38.23o is detected (PDF No. 04–0784) in the 800 �C-annealed
ZnO:Au besides the (100), (002) and (110) diffraction peaks, as
shown in Fig. 2(h), implying that some of Au incorporate into
ZnO to form the ZnO:Au in the deposition process but some of
the Au in the ZnO:Au precipitate as the ZnO:Au is annealed.

It is well known that Au has three kinds of chemical states
including metal Au, Au1+ and Au3+. In order to well understand
the chemical states of Au in the ZnO:Au films. XPS measurement
was performed for the annealed ZnO:Au films. The Au 4f XPS spec-
tra for the 350, 600 and 800 �C-annealed ZnO:Au are illustrated in
Fig. 3(a–c). Since the XPS spectra of Zn 3p and Au 4f overlaps at the
binding energy interval of 80–96 eV [28], the measured XPS spec-
trum was fitted using Lorentz-Gaussian fitting method. For the
350 �C-annealed ZnO:Au, the XPS spectrum can be fitted into four
peaks, located near the binding energy of 84.4, 87.2, 88.6 and
91.3 eV, respectively, which correspond to Au1+ 4f7/2, Au1+ 4f5/2,
Zn2+ 3p3/2 and Zn2+ 3p1/2, respectively, suggesting that the Au exist
in the univalence state and substitute for Zn in the as-grown and
350 �C-annealed ZnO:Au [29–31]. For the 600 and 800 �C-annealed
ZnO:Au, the XPS spectra of Au 4f are fitted into six peaks, as shown
in Fig. 3(b) and (c), the two additional peaks located near 83.5 and
87.5 eV are observed besides the peaks of the Au1+ and Zn2+ [29],
which are attributed to Au0 4f7/2 and Au0 4f5/2, respectively. With
increasing annealing temperature, the intensity of Au0 4f peak
increases evidently, meanwhile, the intensity of Au1+ 4f decreases,
indicating that some of Au1+ precipitate from ZnO:Au and form
metal Au as the annealing temperature is above 600 �C. This result
is further confirmed by the Au 4d XPS spectra of the 350, 600 and
800 �C-annealed ZnO:Au, as shown in Fig. 3(d–f). Peaks located
near 335.3 and 353.5 eV, corresponding to Au0 4d5/2 and Au0

4d3/2 are detected only in the ZnO:Au films annealed at 600 and
800 �C, moreover, the intensity of the peaks increases with the in-
crease of annealing temperature, indicating the content of metal
Au increases with the increasing annealing temperature.

Table 1 gives the content of Au0, Au1+, Zn and O of the 350, 600
and 800 �C-annealed ZnO:Au estimated using XPS data of Fig. 3 and
following formula:

Cx ¼
Ix=SxP

iIi=Si
ð1Þ

where Ix and Sx are the peak area and sensitivity factor of the se-
lected element, respectively, and Ii and Si are the peak area and sen-
sitivity factor for the zinc, oxygen and gold, respectively. It can be



Fig. 4. Surface morphology SEM images of the (a) as-grown, (b) 350 �C, (c) 600 �C, and (d) 800 �C-annealed ZnO:Au.

Table 2
The electrical properties of the ZnO and ZnO:Au films annealed at various
temperatures.

Sample Annealing
temp (�C)

Resistivity
(X cm)

Carrier
density
(cm�3)

Mobility
(cm2/Vs)

Type

ZnO 350 Insulated – – –
ZnO 600 1.72 � 102 1.39 � 1016 2.82 n

5.29 � 1016 0.74 p

ZnO 800 1.90 � 101 3.33 � 1017 1.00 n
ZnO:Au 350 1.63 � 104 2.38 � 1015 0.16 p
ZnO:Au 600 Insulated – – –
ZnO:Au 800 2.40 � 103 7.16 � 1015 0.37 n
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seen from Table 1 that the ZnO:Au is Zn-rich as annealed at temper-
atures not larger than 600 �C, and the ratio of Zn to O decreases and
is closed to the stoichiometric ratio of 1:1 with increasing temper-
ature, due to that more and more Zn escape from ZnO with increas-
ing annealing temperature [32]. However, upon annealing
temperature reaches 800 �C, oxygen begin to escape greatly from
the film in the rate higher than Zn, leading to the content of Zn is
much larger than that of O and the formation of large amount of
VO and Zni donors. In addition, it is also found that the Au1+ begins
to precipitate from the ZnO:Au at annealing temperatures more
than 600 �C and becomes metal Au, and the content of metal Au
(Au0) increases while the content of Au1+ decreases with the
increasing annealing temperature, which meaning that the solid
solubility of Au in ZnO decreases with increasing annealing
temperature.

In order to investigate the change of composition of the ZnO:Au
with temperature and position of the metal Au by analysis of sur-
face morphology of the film, SEM was performed for the ZnO:Au
films. It can be seen from Fig. 4(a–c) that the surfaces of the as-
grown ZnO:Au film and the films annealed at 350 and 600 �C con-
sist of dense nanoparticles, and the morphology of the surface has
not apparent change with the increasing annealing temperature.
However, compared to Fig. 4(a–c), the surface occurs obvious
change when the ZnO:Au is annealed at 800 �C, and there appears
a lot of holes in the surface, as shown in Fig. 4(d). The obvious
change confirms that a large amount of O and Zn escape from
ZnO at annealing temperature of 800 �C, concluded from XPS mea-
surement. In addition, no Au nanoparticle or cluster is observed on
the surfaces, as shown in Fig. 4(a–d). Moreover, XPS measurements
for the ZnO:Au annealed at 600 and 800 �C also indicate that the
relative content of metal Au is almost the same before and after
surface stripping. Therefore, it can be concluded that the metal
Au does not exist on the surface but in the grain boundaries of
the ZnO:Au.

Hall-effect measurement results of the ZnO and ZnO:Au films
annealed at various temperatures are summarized in Table 2. It
can be seen that they show different electrical properties
with annealing temperature. The insulating properties of the
350 �C-annealed ZnO is due to poor crystal quality. The p/n proper-
ties means that the 600 �C-annealed ZnO shows arbitrary conduc-
tion type at different applied magnetic fields, suggesting that
native acceptor defects have been considerably formed and com-
pete with the native donors. As annealing temperature increases
from 600 �C to 800 �C, the undoped ZnO return to n-type conduc-
tion due to that native donor defects become dominate again. Dif-
fering from the ZnO, the ZnO:Au annealed at 350 �C shows p-type
conduction, which is due to the high doping content of Au1+ accep-
tor in the films, which compensated most of the native donor de-
fects, as shown in Table 1. When annealing at 600 �C, due to
precipitation of Au1þ

Zn acceptor from the ZnO:Au, the acceptors are
mostly compensated by native donors, resulting in insulating prop-
erties of the 600 �C-annealed ZnO:Au. When annealed at 800 �C,
more Zni generate and content of Au1+ decreases in the ZnO:Au,
so the ZnO:Au conducts in n-type. However, the electron concen-
tration is near two order of magnitude smaller than that of the
ZnO annealed at 800 �C, which is due to existence of the Au1+

acceptor in the 800 �C-annealed ZnO:Au. The results of Tables 1
and 2 indicate that the Au can incorporate into ZnO in Au1+ and
occupy the Zn site (denoted as Au1þ

Zn ), and the Au1þ
Zn acts as

acceptor. The evolution of conductivity with increasing annealing



Fig. 5. The plots of (aht)2 vs. photon energy ht of the as-deposited and different
temperature annealed (a) undoped ZnO, (b) ZnO:Au films. (c) Plots of the band gap
of the ZnO and ZnO:Au films as a function of the annealing temperature.
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temperature is related to the change of the relative content of the
Au1þ

Zn and intrinsic defects.
Fig. 5 shows the plot of (aht)2 vs. the photon energy ht of the

as-deposited and annealed ZnO and ZnO:Au film. It can be seen
from Fig. 5(a) and (b) that the optical band gap gradually shift from
3.220 to 3.269 eV with increasing annealing temperature for the
ZnO but from 3.205 to 3.258 eV for the ZnO:Au. The blue-shift of
the band gap is due to that both films are subjected to biaxial ten-
sile stress induced by thermal mismatch between the films and
substrate [33]. It is worth noting that the band edge of the ZnO:Au
is smaller than that of the ZnO at the same preparation conditions,
as shown in Fig. 5(c), which is mainly due to the dopant effect of
Au. Au, as a group-IB element, its occupied d orbital energies is
near the oxygen p level, and both the O p and the Au d orbits have
t2 symmetry in tetrahedral environment [24]. When the Au atom
occupies the Zn site, the strong p-d coupling between Au and O
occurs, moving the O 2p level up and narrowing the direct
fundamental band gap. Therefore, the band-gap of the ZnO:Au is
smaller than that of the ZnO. Different from the absorption spectra
of undoped ZnO, the ZnO:Au has an obvious band-tail absorption,
which is a reflection of defect density induced by incorporation
of Au into ZnO.

In addition, a small absorption peak is observed at 2.0–2.4 eV in
the absorption spectra of the ZnO:Au annealed at a temperature
range of 600–800 �C, and its intensity increases with increasing
annealing temperature. It is known from Table 1 that some Au1þ

Zn

escape from the ZnO:Au and form metal in the film as annealing
temperatures of 600–800 �C. Based on literature reported previ-
ously [34], the small peak should be attribute to the local surface
plasmon resonance (LSPR) absorption of Au deposited on ZnO. It
is reported that the LSPR intensity increases with increasing the
amount of Au/ZnO interface [35–37]. Therefore, the increase of
the LSPR intensity is due to increase of the amount of Au0 with
increasing annealing temperature, since the more the content of
Au0, the more the interface.

In order to investigate further the effect of Au doping on the
optical properties of ZnO films, room temperature photolumines-
cence measurement was performed for the ZnO:Au and ZnO an-
nealed at 600 and 800 �C. It is found that both annealed ZnO
show strong PL emissions, one is an ultraviolet (UV) band originat-
ing from the near-band emission, and the other is a wide visible
band originating from the defects emission, as shown in Fig. 6(a)
and (b). However, the ZnO:Au film has no emission peak in the
wavelength region from the UV to visible when annealed below
600 �C, as shown in Fig. 6(c), but show two very weak emission
peaks as annealed at 800 �C compared to the ZnO that annealed
at 800 �C, as shown in Fig. 5(d). This repeatable experimental phe-
nomenon is obviously contrary to the literatures reported previ-
ously, where UV luminescence is enhanced for noble metal
nanoparticle (Ag, Au)/ZnO nanocomposite [38,35,39]. It is noted
from the reported literatures that Au is not incorporated into
ZnO, but exists in the form of metal Au on the surface of ZnO in
the noble metal/ZnO nanocomposite, which formed the metal–
semiconductor contact and enhanced the electron transfer be-
tween Au and ZnO, resulting in the UV luminescence enhance-
ment. With the combination analysis of the reported literatures
and our experimental results, it is confirmed that the room tem-
perature PL quenching of the ZnO:Au is attributed to the substitu-
tional doping of Au in the ZnO films. It can be seen from the XPS
calculation results that the relative content of Au1þ

Zn significantly
decreases from 3.5 at.% to 1.5 at.% as the annealing temperature
increases from 350 �C to 800 �C. That is to say, only the 800 �C-
annealed ZnO:Au with the smallest Au1þ

Zn content has emission
peaks, while both the band edge and visible emissions of the 350
and 600 �C-annealed samples with higher Au1þ

Zn content are com-
pletely quenched. Hence, it is responsible to propose that the PL
quenching is attribute to the existence of nonradiative recombina-
tion centers induced by Au1þ

Zn or defects related to Au1þ
Zn in the

ZnO:Au film, moreover, the quenching degree is proportional to
the content of Au1þ

Zn in the films. We now take up the investigation
of PL quenching in the ZnO:Au films, but do not understand well
the transport and kinetic process of the quenching effect now.
Therefore, the mechanism of PL quenching in the Au doped ZnO
films will be studied in detail in our subsequent work.
4. Conclusions

The ZnO:Au films were prepared by radio frequency magnetron
sputtering and post annealing techniques. It is found that the Au
exists in the chemical state of Au1þ

Zn in the as-grown ZnO:Au film,
but begins to precipitate from the ZnO:Au and exists in the form
of metal Au in the grain boundaries of the ZnO:Au as the ZnO:Au



Fig. 6. Photoluminescence spectra of the undoped ZnO annealed at (a) 600 �C, (b) 800 �C and the ZnO:Au annealed at, (c) 600 �C, and (d) 800 �C.
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is annealed at temperatures above 600 �C, implying that the solid
solubility of Au in ZnO decreases with increasing temperature.
The Au1þ

Zn acts as acceptor, and p-type conductivity is observed in
the 350 �C-annealed ZnO:Au, but the conductivity changes gradu-
ally from p-type to n-type with increasing annealing temperature
due to decrease in the content of Au1þ

Zn . The optical band-gap of
the ZnO:Au shows red-shift compared to ZnO, which is attributed
to the shift up of O 2p level induced by strong p-d coupling be-
tween O and Au. The room temperature PL quenching occurs in
the ZnO:Au annealed below 800 �C, which may be due to existence
of nonradiative recombination center formed by the Au1þ

Zn or the
defects related to the Au1þ

Zn . The present work indicates that p-type
ZnO can be obtained by Au doping, but it is still needed further
optimize experimental method and technique to improve its elec-
trical and luminescence properties.
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