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Abstract Novel gold nanospheres top-contact ZnO nanorods
arrays were fabricated via combination of self-assemble nano-
sphere lithography and low-cost hydrothermal chemical meth-
od. Gold nanoparticles of different geometries are used to
enhance the fluorescent properties of ZnO nanorods based
on localized surface plasmonic resonances. The results show
that defect-related emission intensity ratio of the ZnO nano-
rods arrays can be improved up to two orders, and the defect-
related emission peak red-shifted from 577 to 623 nm. This
improvement is attributed to the enhanced localized surface
plasmonic absorption of gold nanoparticles, which implies a
promising application in surface plasmonic enhanced spectra.
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Introduction

ZnO nanorods (NRs), as a low-cost, multifunctional, and en-
vironmental material, had received ongoing attention and
wide applications in optoelectronics devices and light-
emitting diode for several decades [1–3]. Nevertheless, the
absorption band of ZnO NRs is limited to UV region due to
their wide band gap and large exciton binding energy. In ad-
dition, another important factor is a large number of carriers’
recombination, which resulted in low fluorescence efficiency.
Therefore, considerable efforts have been made to enlarge the
absorption spectrum in UV region to enhance fluorescence
efficiency of ZnO NRs [4–10].

It is well-known that noble metal nanoparticles (NPs) sup-
port localized surface plasmonic resonances (LSPRs), which
can effectively enhance utilization ratio of the light. Hence,
some works focused on enhancing the fluorescence efficiency
of ZnO nanostructures by using different metal particles (Ag,
Au, Al, Cu, and Pt) as capping layers [11–15]. For example,
H. D. Sun’s group used gold NPs-capped ZnO NRs to effi-
ciently enhance the band edge emission and suppress the
defect-related emission [11]. The physical mechanism is that
electrons in the defect states are pumped to the conduction
band of ZnO by Au nanoparticles, and photons into free space
will be suppressed due to non-radiative dissipation of the sur-
face plasmon.

For metal NPs, their plasmonic absorption band is usually
located in the visible and near-infrared region and can be
effectively tuned by the NPs size and shape [16–18].
However, there is a strong absorption edge in UV region for
ZnO nanorods. It is obvious that there is a difference between
the two energy bands. Therefore, the resonance energy of
metal NPs is very difficult to improve the ZnO band edge
emission. However, ZnO NRs have other emission due to
defects or impurities of ZnO, which is consistent with
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LSPRs of metal NPs. To the best knowledge, there are few
reports about metal NPs served as an auxiliary layer, which is
used to enhance defect-related luminescence of ZnO NRs.

In this study, the novel gold nanospheres (NSs) top-contact
ZnO NRs were fabricated based on a combination of NS li-
thography (NSL) and thermal decomposed polymer method.
Fluorescence properties of the bare and gold-capped ZnONRs
are studied. It is found that the defect emission of ZnO NRs
can be obviously enhanced by top-contact Au NSs. The inten-
sity ratio of the defect-related emission to the band gap emis-
sion can be improved up to 10 decades. At the same time, the
defect-related emission peak red-shifted from 577 to 623 nm.
The coupling mechanism between the Au NSs and ZnO NR
arrays will be discussed in detail.

Experimental Section

Preparation of ZnO NRs

The synthesis of large size disorder ZnO NRs involves sub-
strate pretreatment and hydrothermal growth [19, 20]. Firstly,
indium tin oxide (ITO) substrates were cleaned for 0.5 h in
acetone, isopropyl alcohol, and absolute ethanol in sequence
by ultrasonic cleaner. Then, a seed layer was deposited onto an
ITO glass by a sol–gel and dip-coating method. Next, the ZnO
NRs were annealed at 400 °C in air for 1 h, followed by
incubation in a mixed solution of 0.05 M zinc nitrate and
0.05 M hexamethylenetetramine (HMTA) at 90 °C for 4 h.
The obtained samples were subsequently washed with dis-
tilled water and finally dried in air.

Fabrication of Au NSs Top-contacted ZnO NRs

The preparation of Au NSs top-contacted ZnO NRs involves
three processes: firstly, the monolayer polystyrene spheres
(PS) arrays with different diameters self-assembled on ZnO
NRs by interface-transferred method [21]. Then, a 20-nm Au
film was deposited on PS templates by electron beam deposi-
tion (EBD). Due to the limitation of the PS template, most Au
particles attached to PS spheres surface and formed Au @PS
arrays. Finally, ZnO NRs attached Au NSs structures formed
when the samples annealed in the muffle furnace for 1 h at
300, 400, and 500 °C, respectively. The schematic illustration
of the process is depicted in Fig. 1.

Characterization

The morphology and composition of the samples were inves-
tigated using a field-emission scanning electron microscopy
(SEM) with an energy dispersive spectrometer (EDS)
detector and transmission electron microscope (TEM). X-ray
diffraction (XRD) was used for analysis of the crystal

structures. Photoluminescence (PL) measurements were per-
formed by excitation from a 325 nm line of a continuous-wave
He–Cd laser.

Results and Discussion

Fabrication of the Bare ZnO NRs and Au NSs
Top-contacted ZnO NRs

Figure 2a shows the SEM images of ZnO NRs arrays with
uniform alignment. The density and diameter of ZnO NRs are
uniform distribution, and the diameter of ZnO NRs is about
100 nm. The interface-transferred method is used to prepare
monolayer PS spheres arrays on ZnO NRs surface in the ex-
periment. The hexagonal symmetry PS spheres arrays ar-
ranged onto ZnO NRs arrays, as is shown in Fig. 2b. At the
same time, ZnO NRs structures can be observed clearly
through the inter-space of the PS. Here, the diameter of PS
sphere is 1000 nm. When a 20-nm Au film was deposited on
PS templates by EBD, there are few Au particles deposited on
ZnO NRs through the interstice of the PS. PS templates act as
intermediate layers to form Au nanostructures on the top of
ZnO NRs. The SEM images of Fig. 2c and d are that PS
spheres arrays coated with 20-nm Au film annealed at 300
and 500 °C, respectively. When the sample annealed at
300 °C, the PS polymer decomposed and this temperature
did not affect Au film coated on PS sphere. So, Au shell arrays
formed on the ZnO NRs surface in Fig. 2c. While the anneal-
ing temperature increases to 500 °C, the Au film coated on PS
templates formed Au NSs. Because of removing the PS cores,
Au film on PS templates becomes unstable and yields Au NSs
at higher temperature [22]. These Au NSs appeared random
distribution due to the rough surface of ZnONRs, as displayed
in Fig. 2d. The formation of Au NSs is that few Au nanopar-
ticles on ZnO NRs through the interstitial region of the PS
arrays during the deposition of Au film act as Au seeds.
With increasing of annealing temperature, Au seeds grow up
Au NSs on the ZnO NRs.

Fabrication of Au NSs Top-contacted ZnO NRs
with Different Density and Size

To compare the influence of the PS sphere size on ZnO NRs,
PS sphere arrays with the size of 200, 500, 750, and 1000 nm
were transferred on ZnO NRs, respectively, as is shown in
Fig. 3a–d. We can see that PS sphere arrays with 200 nm
diameter are unordered and overlap during the interface-
transferred process due to the surface roughness of ZnO
NRs from Fig. 3a. From the above mentioned result in
Fig. 2a, the average diameter of ZnO NRs is about 100 nm.
That is to say, the diameter ratio (γ) between PS sphere and
ZnO NRs is close to 2, PS sphere arrays are very difficult to
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form ordered structures. When the diameter ratio increases to
5, the homogeneity of PS arrays is perfect from Fig. 3b. With
the further increasing of PS sphere diameter, γ is 7.5 and 10,
respectively, we can observe that the surface roughness of
ZnO NRs has no influence on PS sphere arrays in Fig. 3c, d.

After the samples annealed at 500 °C, the Au NSs form on
the top of ZnO NRs. For the different PS sphere, the density
and size of Au NSs appear obvious difference. The results
show that the size of PS sphere is smaller, the density of Au
NSs is sparser, and the size of Au NSs becomes bigger, as is
shown in Fig. 4a–d. We assume that Au seeds on ZnO NRs

very easily grow up big Au NSs due to the small space be-
tween PS spheres, when the diameter of PS is 200 nm. At the
same time, big AuNSs reunite and sinter bigger Au NSs.With
increasing of the diameter of PS, the space of Au seeds on
ZnO NRs becomes relatively sparse. So, Au NSs, which are
formed by Au seeds, are difficult to aggregate again, when the
diameter of PS spheres reaches 750 and 1000 nm.

To further investigate the structure properties of the AuNSs
attached to ZnO NRs, XRD and EDS were carried out. The
XRD patterns of the ZnO NRs, Au shell/ZnO NRs, and Au
NSs/NRs structures are shown in Fig. 5. On all the samples, a

Fig. 1 The schematic illustration
of the fabrication processes of Au
NSs/ZnO NRs structure: a bare
ZnO NRs; b self-assembled
polystyrene (PS) nanosphere
monolayer on ZnO NRs using the
modified dip-coating method; c
the as-deposited PS Au shell
structure; dAuNSs top-contacted
ZnO NRs produced by annealing
at 500 °C in air

Fig. 2 SEM images of the bare
ZnO NRs and Au NSs top-
contacted ZnO NRs samples: a
the bare ZnO NRs; b 1000 nm PS
spheres coated with 20-nm Au
film on ZnO NRs; c Au nano-
shells arrays on ZnO NRs; d Au
NSs top-contacted ZnO NRs
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dominant diffraction peak at 34.5° (2theta) was characterized
as the wurtzite ZnO (002) diffraction, which indicates the
preferential orientation along the wurtzite (002) direction in
the ZnO NRs structure. It should be noted that the peak locat-
ed at 38.1° (2theta), corresponding to the Au (111) plane,
exhibits a stronger intensity in the Au NSs/NRs structures at
high temperature than that in the Au shell/ZnO NRs sample at
low temperature. The XRD patterns show that annealing tem-
perature can affect the crystal structure. At the same time, EDS
patterns can evidence Au content and ZnO crystal structure.

Themore detailed information onmorphologies and crystal
structures of the Au NSs on the ZnO NRs composite was
obtained from the TEM images and selected area electron
diffraction (SAED) patterns. Figure 6a, c shows the low and
high resolution TEM images of Au NSs on the ZnO NRs
composite structures. It can be revealed that there are small
Au nanoparticles left on the surface of the ZnO NRs structure.
This can also be evidenced from the EDS patterns, as shown
in Fig. 6c, d, where the spectra were collected from the regions
of the Au NSs on the ZnO NRs.

Fig. 3 SEM images of the
different PS spheres on ZnO NRs
samples: a 200 nm; b 500 nm; c
750 nm; d 1000 nm

Fig. 4 SEM images of the
different PS spheres coated with
20-nm Au film on ZnO NRs
samples annealed at 500 °C: a
200 nm; b 500 nm; c 750 nm; d
1000 nm
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PL Properties of Au NSs Top-contacted ZnO NRs
with Different Density and Size

Figure 7 shows PL spectra of Au NSs top-contacted
ZnO NRs with different density and size. PL spectra
show that defect-related PL peak of the samples is at
620 nm and remained the same after annealing at
500 °C. However, luminous intensity gradually in-
creased with decreasing of the size of Au NSs. It shows
that the size and density of Au NSs are the key factors
to influence the luminescence intensity of ZnO NRs. It
has been reported that the surface plasmonic properties
of Au nanoparticles usually red-shift with increasing of
their size. The energy match between surface plasmons
(SPs) from metal NPs and excitons in semiconductor
materials is the key factor to achieve enhanced lumines-
cence. The bigger Au NSs cannot effectively enhance
the luminescence intensity of ZnO NRs due to the de-
viation between their resonance peaks and the defected-

related peak of ZnO NRs. At the same time, the bigger
Au NSs cannot provide more localized field energy for
defect-related emission of ZnO NRs. So, luminous effi-
cacy of Au NSs top-contacted ZnO NRs can be en-
hanced approximate five times with decreasing of the
Au NSs size.

PL Properties of Au NSs Top-contacted ZnO NRs
at Different Annealing Temperature

To compare the influence of annealing temperature on
PL properties of bare ZnO NRs and the Au NSs on
ZnO NRs, the samples of 1000 nm PS spheres on
ZnO NRs annealed at 300, 400, and 500 °C, respective-
ly. Figure 8 shows the room temperature PL spectra of
ZnO NRs after annealing. For the bare ZnO NRs after
annealing at 400 °C, a near band gap emission at
around 378 nm and a broad and intense defect-related
emission band centered at 560 nm are observed. After

Fig. 5 XRD patterns and EDS of
bare ZnO NRs, the Au shell/ZnO
NRs, and Au NSs/ZnO NRs

Fig. 6 TEM images of a Au NSs
on the ZnO NRs, c high
resolution, b and d EDS patterns
and the SAED pattern of the
structure
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annealing, it is found that the defect emission variably
enhanced with annealing temperature. Moreover, the
band edge emission intensity is suppressed for all sam-
ples. In addition, the defect-related emission band at
560 nm red-shifts to 620 nm. As shown, the increased
defect emission and suppression of band edge emission
are obviously related to the Au nanoparticles. In gener-
al, the broad defect emission is regarded to be related to
surface defects such as oxygen vacancy (VO) and/or Zn
vacancy (VZn) and impurities [10]. However, another
explanation is that surface plasmonic resonance effect
brings about exciton-plasmon coupling between the
ZnO NRs and Au NPs. In our experiment, annealing
temperature is 300 °C, and Au shell arrays are large-
scale coverage on the ZnO NRs. They suppress not only
the band edge emission but also the defect-related emis-
sion. When NSs reached 200 nm nearby at 500 °C, the
defect-related emission intensity of Au NSs on ZnO
NRs is nearly twofold higher than that of bare ZnO

NRs. Considering the differences with or without the
Au NSs decoration, the significant enhancement is from
the strong interaction between the LSPs from Au NSs
and the excitons in ZnO. However, the band edge emis-
sion enhancement is that the energy level of defect
states matches with the Au nanoparticles Fermi level.
Figure 9 shows the absorption spectra of bare ZnO
NRs and various Au NSs on ZnO NRs. Comparing with
bare ZnO NRs, Au NSs on ZnO NRs structures appear
some obvious resonance peaks in the range of 550–
700 nm. This means that LSPRs of Au NSs can provide
more energy for electrons in the ZnO defect level.
Hence, PL intensity of the defect-related emission of
ZnO NRs is enhanced.

Conclusions

In summary, a simple technique based on a combination of
NSL and thermal decomposition was proposed to fabricate Au
NSs on the ZnO NRs. By controlling the annealing tempera-
ture and choosing the proper PS nanosphere template, top-
contact Au NS on ZnO NRs arrays with a controllable size
were prepared. The defect-related emission of ZnO NRs can
be obviously enhanced by controlling Au NSs size. It is be-
lieved that these changes are mainly tuned by the coupling
between spontaneous emission in ZnO NRs and SPs from
the AuNSs. This kind of structure can also be easily integrated
into other WBG semiconductor materials, such as GaN or
SiC, to achieve luminescence enhancements and thus be po-
tentially applied in optoelectronic devices.
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Fig. 7 Room temperature PL spectra of different Au NSs on ZnO NRs

Fig. 8 Room temperature PL spectra of Au NSs on ZnONRs at different
annealing temperature

Fig. 9 Absorption spectra of the bare ZnO NRs and Au NSs top-
contacted ZnO NRs
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