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Photoluminescence from Au nanoparticles
embedded in Au:oxide composite films
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Au:oxide composite multilayer films with Au nanoparticles sandwiched by oxide layers (such as SiO2, ZnO, and
TiO2) were prepared in a magnetron sputtering system. Their photoluminescence (PL) spectra were investi-
gated by employing a micro-Raman system in which an Argon laser with a wavelength of 514 nm was used as
the pumping light. Distinct PL peaks located at a wavelength range between 590 and 680 nm were observed in
most of our samples, with Au particle size varying from several to hundreds of nanometers. It was found that
the surface plasmon resonance (SPR) in these composites exerted a strong influence on the position of the PL
peaks but had little effect on the PL intensity. © 2006 Optical Society of America

OCIS codes: 160.4670, 300.6280, 310.1860.
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. INTRODUCTION
hotoluminescence (PL) in metal is very rare owing to its

acking of bandgap. In 1969, Mooradian reported a first
bservation of optically excited radiation from the metal
urfaces of Au and Cu.1 Mooradian attributed this radia-
ion to the recombination of the electrons in the s,p con-
uction band near the Fermi surface and the holes in the
bands generated by optical excitation. However, in this

eport the quantum efficiency of such an emission was es-
imated to be only about 10−10, and this value has not
hanged too much for a long time owing to the samples
sed in PL measurement, usually in the form of bulk
etal or metal films with different surface roughness.2

ust recently, very great PL quantum efficiency was
chieved in metal nanoparticle systems.3–9 For example,
ather strong (quantum efficiency of 10−4–10−5) visible
Ls from Au nanorods and nanoclusters smaller than
5 nm have been reported in Refs. 3 and 4, respectively.
he PL peaks of noble metals (e.g., Au) were also found to

ocate in a wide range varying from the visible to the
ear-infrared region.2,3,10–14 Usually the visible photolu-
inescence was due to the interband transition between

he s,p conduction bands and the d bands, while the in-
rared one was owing to the intraband transition inside
he sp conduction band. Relative theoretical studies have
lso made some progress in dealing with the origins of
his PL phenomenon.15,16

Band structure is quite helpful for using better under-
tanding and interpreting the PLs from noble metals. In
his paper, we mainly are concerned about Au and its
and structure. In the first Brillouin-zone of Au, the en-
rgy separation between the Fermi surface and d holes
ear the high-symmetry points X and L is about 1.8 and
.4 eV, respectively.1,13 Both of them are far from the
0740-3224/06/122518-4/$15.00 © 2
oint where the conduction band and the d band overlap.
hen the energy of the pump light is great enough, the

lectrons in the upper d bands have a probability to be ex-
ited if vacant conduction bands exist at that point; then
oles are created at d bands. However, if the recombina-
ion process occurs later, these holes first move closer to
he conduction band electrons near the Fermi surface
hrough the intraband scattering; then the interband ra-
iative relaxation happens. That is, PL peak energy is
trongly controlled by the energy gap between the Fermi
evel and the d bands. As a result, visible PLs may be
enerated.13 With further enhancement of the energy of
he pump light, Mooradian predicted that an emission of
hotons with energy around 4 ev should occur owing to
he excitation of the electrons in the lower d bands.1

Nanoparticles of noble metal-doped dielectric composite
aterials such as Au, Ag, and Cu have received intense

nterest on their nonlinear optical properties in recent
ears due to their very large nonlinear optical suscepti-
ilities that stem from great enhancement of the local
eld near the surface plasmon resonance (SPR)peak.17,18

uch enhancement of the local field could mediate the
uorescence of the materials absorbed on or capped by the
etal particles.19,20 It was found that two-phonon absorp-

ion in noble metals, which then gave visible light emis-
ion, was also associated with this enhancement.13 How-
ver, at present little attention has been paid to the PLs of
hese composites. We noticed that most of the samples
sed in the metal PL measurement were bulk metals,
etal films with different surface roughness, or nanopar-

icles supported by a substrate where the SPR effect was
ot dramatic.
In this paper we report an investigation of PLs gener-

ted by the Au nanoparticles embedded in different oxide
006 Optical Society of America
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atrices (such as SiO2, ZnO, and TiO2). The Au:oxide
omposite multilayer films were prepared in a magnetron
puttering system in which the Au particles were sand-
iched between the oxide layers. Their PLs were studied
y employing a micro-Raman system in which an Argon
aser with a wavelength of 514 nm was used as the pump
ight. Distinct PL peaks could be observed in most of our
amples. The position of the PL peaks in these composites
as found to depend strongly on their SPRs.

. EXPERIMENTS
he Au:oxide multilayer composite films Au:SiO2,
u:ZnO, and Au:TiO2 were deposited in a multitarget
agnetron sputtering system with autocontrolled target

witching capability (Denton SJ/24 LL). The targets were
in. �5.08 cm� in diameter with their surfaces inclined

bout 45° toward the substrate and could be controlled by
ither a dc or an rf power supply. In our experiments, the
arget SiO2, Ti, Zn, and Au with high purity were
ounted on the target holders when needed. The sub-

trate holder could rotate around the normal axis in order
o obtain a film with uniform thickness and composition.
he Au target was controlled by an rf power supply to get
lower deposition rate, whereas the oxide films could be

btained by introducing an oxygen atmosphere (the ratio
f Ar:O2 was about 8:2 to 9:1) into the chamber during
he sputtering of metal or oxide targets. The refractive in-
ex of the pure SiO2, ZnO, and TiO2 film prepared in our
puttering condition was 1.5, 1.9, and 2.4, respectively,
hich was measured by an ellipsometric system at a
avelength of 632 nm. Prior to the multilayer deposition,

he growth rate of each component was calibrated by
eparately sputtering each target under the same deposi-
ion condition. The average concentration of metal Au in
hese composite films could be changed by adjusting the
atio of the layer thicknesses of Au and the oxide.

To create Au nanoparticles, a high-temperature furnace
as employed in our experiments to make a thermal

reatment on the as-grown composite films. In this fur-
ace, the heating/cooling rate and the annealing duration
ould be automatically adjusted by changing the program
arameters. According to our earlier experience, the an-
ealing temperature of Au:ZnO and Au:TiO2 composite
lms should be set to around 600–700°C. At this tem-
erature, the size of both the oxide crystallites and the Au
anoparticles formed during the annealing was not very

arge and a better dispersion of Au particles inside the
omposites was obtained. However, the Au:SiO2 films
ould stand a relatively high annealing temperature (as
igh as 950–1050°C). The annealing duration was usu-
lly set from 1 s to several hours in order to obtain Au
articles with different sizes and shapes. Also, the cross-
ectional microstructures of our composite films were in-
estigated by TEM (Philips CM120).

The optical absorption spectra of all the composite films
ere obtained by using a UV–VIS spectrophotometer

Perkin Elmer, Lambda 20) in a wavelength range be-
ween 300 and 1000 nm. Measurement of the PLs of our
omposite films was carried out in a typical micro-Raman/
hotoluminescence system (RM3000) in which an Argon
aser with a wavelength of 514 nm was applied as the
umping light and an optical microscope was installed in
rder to collect more light emitted by the samples.

. RESULTS AND DISCUSSIONS
elected cross-sectional TEM pictures of the composite
lms prepared in our experiments are shown in Fig. 1. It

s obvious that the as-grown Au:SiO2 composite film has
n apparent multilayer structure [as shown in Fig. 1(a)]
n which very small Au particles connect with each other
o form an almost continuous Au film [the thin and dark
ines in Fig. 1(a)] and Au layers are well separated by
iO2 films [the layers with light contrast in Fig. 1(a)].
EM images of other two kinds of as-grown composite
lms, Au:ZnO2 and Au:TiO2, will not be displayed here,
ecause they are very similar to that shown in Fig. 1(a).
ut after thermal treatment, the microstructure of these
omposite films becomes quite different. The multilayer
tructure still remains in Au:SiO2 films annealed at
50°C for 2 h [seen in Fig. 1(c)], while it is completely
amaged in Au:ZnO and Au:TiO2 films annealed only at a
emperature of 700°C for 2 h [seen in Figs. 1(b) and 1(c)].
oth the TEM investigation and the x ray diffraction
easurement (the results not presented here) revealed

hat ZnO and TiO2 films were easily crystallized during
he thermal annealing, and this resulted in the formation
f holes inside the composites. Therefore, the small Au
articles from different layers could go together to form
arge Au particles. In most of the annealed Au:SiO2 films,
he shape of Au particles was strongly dependent on the
hermal annealing conditions and the thickness of Au lay-
rs, whereas their size distribution was usually narrow.
or example, pancake-like Au particles could appear in

he films with a thicker layer of Au or annealed for very
hort time.21 However, the situation was reversed in the
ther two kinds of films. That is, the Au particles in
u:ZnO and Au:TiO2 films usually were of the same
hape but with a very wide size distribution.

The typical optical absorption spectra of our annealed
omposite films are displayed in Fig. 2(A). It is clear that

ig. 1. Selected cross-sectional TEM images of the composite
lms prepared in our experiment: (a) as-grown Au:SiO2 film; (b)
u:ZnO film annealed at 700°C for 2 h; (c) Au:SiO2 film an-
ealed at 950°C for 2 h; (d) Au:TiO2 film annealed at 700°C for
h.
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ll these composite films possess dramatic SPR peaks.
he SPR peaks of Au:SiO2, Au:ZnO, and Au:TiO2 are lo-
ated at about 530 nm [Fig. 2(A)(a)], 580 nm [Fig.
(A)(b)], and 660 nm [Fig. 2(A)(c)], respectively. Usually
he larger the dielectric constant of the host material is,
he more redshifted of the SPR peak of the composite is.
n addition, the SPR peaks in Au:SiO2 films are much
arrower than those in the other two kinds of composite
lms, because in Au:SiO2 films, there is a more uniform
ize distribution of the Au particles and a longer decay
ime of the plasmon excitation owing to the so-called
hemical interface damping.22

When Au:oxide composite films were excited at a laser
avelength of 514 nm, PL spectra with broad peaks lo-

ated in a wide range were achieved. In our investigation,
he shortest wavelength of the PL peak is at about
90 nm, whereas the longest one is at about 680 nm. As
entioned in the Introduction, owing to the special band

tructure of Au, PLs from these Au:oxide composites could
ossibly appear in the whole visible region.
Typical profiles of the PL spectra are shown in Fig.

(B). It is found that all the PL peaks in Au:SiO2 films
ave a redshift of more than 70 nm as compared with
heir SPR peaks. For example, in Fig. 2(B)(a), the PL
eak is at about 610 nm. Similar redshift of PL peaks has
lso been observed in Au:ZnO films [e.g., curve (b) in Fig.
(B) with a peak at about 630 nm] but with a peak shift a
ittle bit smaller (about 20–50 nm) in comparison with
hat in Au:SiO2. However, the PL peaks in Au:TiO2 films
re always quite close to, or make, a blueshift instead of a
edshift to their SPR peaks. This is quite different from
hat in Au:SiO2 and Au:ZnO films. For example, the
urve (c) in Fig. 2(B) has a PL peak around 655 nm, which
pproaches that of the SPR peak [at about 660 nm in Fig.
(A)(c)]. Also, Au:TiO2 films having a PL peak at 640 nm
ut a SPR peak at 670 nm have been prepared (data is
ot displayed here). PL spectra of pure SiO2, ZnO, and
iO2 films were also investigated by using the same sys-
em, but no clear PL peaks were found. This means that
he result presented above does not stem from the PL of
he matrix materials.

ig. 2. (Color online) Typical Optical absorption spectra and PL
pectra of the Au:oxide composite films. Figure 2(a) is the optical
bsorption spectra and 2(b) is PL spectra of the composite films:
a) Au:SiO2, (b) Au:ZnO, and (c) Au:TiO2.
Based on the data plotted in Fig. 2, it is obvious that
he PL spectra in these Au:oxide composites are strongly
nfluenced by their SPRs, which intensely depend on the
ost materials. Otherwise, the PL peak measured in dif-
erent composites should not change if the PL spectra just
eflected the recombination of d-band holes and the s,p
lectrons in the Au particles. But it seems that the asso-
iation between the PL and the SPR spectra was irregu-
ar. Further experiments have been undertaken to deal
ith this subject. We prepared some Au:ZnO composite
lms with different layer thicknesses of Au but with the
ame layer thickness of ZnO. After thermal annealing, Au
articles in these films were found to be of similar shape
ut different particle size when we performed a TEM in-
estigation. As listed in Table 1, it is very clear that the
ariation of the peak position in PL and SPR spectra is
ery alike. That is, the higher the energy of the SPR, the
horter the wavelength of the PL peak. Furthermore, the
L peaks in the Au:ZnO composite films were always lo-
ated on the red side of the SPR peaks. Similar results
ere also found in Au:SiO2 films with spherical Au par-

icles. The data reported in Ref. 5 was to some extent
nalogous to ours, in which small Au particles were im-
ersed in the aqueous solutions and the PL peaks were

ound to follow the SPR peaks (near 525 nm) closely. The
eparation between the PL and the SPR peaks in Ref. 5
as much smaller than that in our samples. However,

uch an association between the PL and the SPR peaks
as never been observed in Au:TiO2 films. Therefore, ac-
ording to the data obtained in our experiments and re-
orted in Ref. 5, we suggest that the PL peak may shift to
he red side of the SPR peak only when the SPR energy is
igh enough, and it may approach more closely to the
PR peak with an increase of energy.
In our investigation, both the as-grown films and films

ith small Au particles usually have little PL [as shown
n Fig. 3(a)]. Only when the Au particles are larger than
0 nm do the PL peaks become remarkable [e.g., Figs.
(b) and 3(c)]. With a further increase of the particle size
o more than several hundreds of nanometers, the inten-
ity of the PL spectrum does not change a lot, but with a
hift of the PL peak position [as seen in Fig. 3(d)], the to-
al thickness of Au in samples used in Fig. 3 is the same
about 75 nm). This is quite different from that reported
n some references, where only the very small Au particles
ould generate a distinct PL.3,9,10 That is, the PL involv-
ng the quantum confinement is to some extent quite dif-
erent from that involving the SPR. More experiments
eed to be carried out to deal with such a problem.
On the other hand, it should be noticed that the sample

sed for Fig. 3(a) had a remarkable SPR peak at 580 nm
hile there was no SPR peak in sample used for Fig. 3(d).

Table 1. Relationship between the Position of PL
Spectra and That of SPR Spectraa

Peak Peak Position (nm)

PR 578 594 604 608 616
L 591 610 632 634 641
ifference 13 16 28 26 25

aSamples used here are Au:ZnO films with different Au particle sizes.
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lthough it was found that the PL peak position in our
omposites depended strongly on that of the SPR peak,
he PL intensity seemed not to be influenced.

. CONCLUSIONS
e have prepared a set of Au oxide composite multilayer

lms in a magnetron sputtering system. In these samples,
u nanoparticles were sandwiched by oxide layers (such
s SiO2, ZnO, and TiO2). Their PL spectra were studied
y employing a micro-Raman system in which an Argon
aser with a wavelength of 514 nm was used as the pump-
ng light. Distinct PL peaks located at a wavelength range
etween 590 and 680 nm could be observed in most of our
amples, with Au particle size varying from several to
undreds of nanometers. It was found that the SPR in
hese composites exerted a strong influence on the posi-
ion of the PL peak but had little effect on the PL inten-
ity.
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