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Vertically aligned and highly dense Zinc oxide (ZnO) nanorods (NRs) have
been successfully synthesized by a two-step hydrothermal method and deco-
rated by silver (Ag) nanoparticles (NPs) via a dip coating technique. Absorp-
tion spectra indicate the presence of metal Ag NPs. The photoluminescence
(PL) spectrum of as-grown ZnO nanorods shows ultra violet (UV) emission
centered around 390 nm and a sharp defect-related emission peak around
580 nm. The presence of Ag NPs on the ZnO NRs shows a significant red shift
in PL peak position in the visible region and a complete quenching of UV
emission. The changes in UV–Vis and PL spectra of ZnO NRs decorated with
Ag metal NPs are studied and discussed.
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INTRODUCTION

ZnO (Zinc Oxide) is a II–VI wide band gap oxide
semiconductor. It has excellent material properties
such as large surface-to-volume ratio, direct wide
band gap (3.37 eV) and high excitonic binding
energy (60 meV), which make this material very
promising for optoelectronic applications.1–5 One-
dimensional ZnO nanostructures such as nanorods,
nanobelts, nanotubes, nanoribbons, nanowires and
nanocables6–12 have been synthesized by various
methods. ZnO nanowires and nanorods have
attracted researchers due to their easy preparation
and potential use in various nano-devices. ZnO NRs
have been manufactured by different means, such
as vapor–liquid-solid (VLS),13 spray pyrolysis,14

metal organic chemical vapor deposition
(MOCVD),15 pulsed laser deposition16 and
hydrothermal method.17 The hydrothermal process
is a low temperature, cost-effective and

straightforward technique that requires very few
steps for NR preparation. ZnO NRs are very useful
in nanoelectronic devices due to their unique prop-
erties and large surface-to-volume ratio. This size-
able surface-to-volume ratio in ZnO NRs plays a
crucial role in their optical and electronic proper-
ties.18–20 Using suitable external materials, one can
modify the optical properties of ZnO NRs according
to requirements.21–24 Decoration of ZnO nanorod
surfaces with metal nanoparticles is an effective
way to alter the properties of ZnO NRs.

In recent years, various researchers such as Cheng
et al.,25 Bera et al.,21 Dhara et al.,26 and Chauhan
et al.27 decorated ZnO NRs with various metals, such
as Au, Pd, Ti, Pt, Al, Ag and Au-Pd, using various
methods. Silver (Ag) is the most favorable metal for
decoration of ZnO nanorods because of its high
efficiency, low cost and ease of fabrication, and its
unique electrical, optical, and thermal properties.

Several fabrication techniques, such as photo-
reduction,28 microwave-assisted deposition–precipi-
tation,29 electro-deposition,30 thermal evaporation
and sputtering,27 have been employed by research-
ers for the preparation of Ag-decorated ZnO NRs. In
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the present work, a low-cost and straightforward
hydrothermal method followed by dip coating
method was used to synthesize Ag-decorated ZnO
NRs. Three samples of Ag-decorated ZnO NRs with
different Ag concentrations and a pure ZnO NRs as
reference material were prepared. The effect of the
quantity of Ag on the structural, morphological,
optical performance of Ag-decorated ZnO nanorods
is analyzed here.

MATERIALS AND METHODS

Seed Layer Coating

ZnO nanorod arrays were grown on an ITO coated
glass substrate by a two-step low-temperature
hydrothermal method.31 For the hydrothermal
growth of ZnO NRs, first ZnO nanocrystal seeds
were coated on the ITO coated glass substrate by a
sol–gel spin coating method. To prepare the solution
for seed layer growth, 0.01 M NaOH solution in
methanol (0.03 m) was added dropwise to a solution
of 0.01 M zinc acetate dihydrate in methanol at
60�C and stirred for 2 h. The solution was uniformly
spin coated on the ITO coated glass substrate at the
rate of 2500 rpm for 30 s. After the coating, the film
was annealed at 110�C for 10 min to ensure particle
adhesion to the substrate surface. The coated
substrate was then heated at 150�C for 1 h in the
oven to get the ZnO seed layer.

ZnO Nanorod Growth

To get vertically aligned ZnO NRs, the seed-layer-
coated substrate was dipped into the solution of
equimolar (25 mM) concentration of hexam-
ethylenetetramine (HMT) [(CH2)6N4] and zinc
nitrate hexahydrate [Zn(NO3)2Æ6H2O] in double
distilled water. The sample was kept in the oven,
and the process was carried out at 80�C for 5 h, and
later on, the ZnO NRs samples were dried in air at
room temperature.

Ag Nanoparticle Decoration

A dip coating method was used to modify the
surface of ZnO NRs with Ag NPs. Three solutions of
different molar concentrations, 5 mM, 10 mM, and
15 mM, of Silver nitrate (AgNO3) were added to a
solution of 10 ml distilled water and 0.5 ml ethanol
at room temperature. To decorate the ZnO NRs, the
hydrothermally grown ZnO NR sample was merged
into the AgNO3 solutions for 120 s at room temper-
ature. The specimens deposited with different con-
centrations of Ag are named as A5, A10, and A15,
respectively. The growth conditions were identical
for all the samples.

CHARACTERIZATION

The as-grown ZnO NRs and Ag decorated ZnO
NRs were studied by different characterization
techniques. The morphology and crystal structure

of samples were characterized using scanning elec-
tron microscopy (SEM) high-resolution transmis-
sion electron microscopy (HRTEM) and x-ray
diffraction (XRD). The formation of ZnO NRs/Ag
heterostructure was confirmed by high-resolution
transmission electron microscopy (HRTEM). The
compositional analysis of the samples was done by
using energy dispersive x-ray spectroscopy (EDX).
The optical properties of ZnO NRs were studied by
using ultraviolet–visible (UV–Vis) spectroscopy and
photoluminescence (PL). The PL measurement was
recorded at room temperature using a 325 nm He-
Cd laser as an excitation source. The UV–Vis
absorption spectra were recorded in the range of
200–800 nm.

RESULTS AND DISCUSSION

ZnO NWs Structural and Morphological
Properties

SEM and TEM

Figure 1 shows the SEM image of ZnO NRs
decorated by Ag nanoparticles prepared by the
hydrothermal method followed by dip coating depo-
sition of Ag. The average diameter of ZnO NRs was
estimated to be in the range of 70–90 nm with
lengths of 2 lm.

The detailed microstructures and compositional
information of Ag decorated ZnO nanorods were
analysed by TEM and TEM-EDS. Figures 2a and b
show the TEM images taken on ZnO nanorods
decorated with Ag nanoparticles. These figures re-
veal that all the prepared nanoparticles are spher-
ical with the size range of 6–9 nm. TEM images
confirm that the Ag NPs are attached with ZnO
NRs. The EDX analysis of Ag decorated ZnO
nanorods for the selected area also confirms the
presence of Zn, O, and Ag, which is shown in Fig. 3.

The EDX spectrum is given in Fig. 3 shows peaks
corresponding to Zn, O, and Ag. EDX confirms the
presence of Ag in the sample.

Fig. 1. FESEM image of the hydrothermally grown ZnO NRs on the
ITO substrate.
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XRD Pattern

The XRD pattern shown in Fig. 4 indicates that
the hydrothermally grown ZnO NRs on a glass
substrate are highly crystalline. The figure shows
several diffraction peaks at 2h = 31.83�, 34.60�,
36.28�, 47.59�, 56.63�, 62.90�, 68.15� and 69.01�,
which correspond to ZnO (100), (002), (101), (102),
(110), (103), (112) and (201) planes, respectively. All
the peaks of the XRD pattern confirm the hexagonal
wurtzite structure of ZnO NRs with lattice param-
eter a = 3.25 Å and c = 5.181 Å, which are very
close to the standard values (JCPDS Card No.—36-
1451). The highly intense peak at 34.40� corre-
sponds to (002) plane, indicating the growth orien-
tation of ZnO NRs along c axis.

For ZnO NWs sensitized with Ag NPs, there are
two small peaks at 66.38� and 73.1�, which can be
indexed to (220), (311) in XRD patterns, confirming
the formation of Ag NPs. Perhaps due to small
quantity of Ag NPs, other Ag peaks were not
observable. Compared to the XRD pattern of as-
grown ZnO NWs, no shift in the peak position for

Ag-decorated ZnO NWs indicates Ag nanoparticles
are positioned only on the surfaces of ZnO nano-
wires, without disturbing their crystal nature.29

XRD data clearly indicate the synthesis of Ag metal
nanoparticles on ZnO surface. Ag particle sizes were
calculated using the Debye–Scherrer formula,
which represents � 8 nm Ag nanoparticles, in good
agreement with the Ag particle size calculated from
TEM analysis.

Fig. 2. (a, b) The TEM images of ZnO nanorods after Ag nanoparticles decoration.

Fig. 3. Energy-dispersive x-ray spectroscopy (EDX) spectrum of Ag
NPs decorated ZnO NRs.

Fig. 4. XRD patterns of ZnO NWs and Ag decorated ZnO NWs.
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UV–Vis and PL Spectra Analysis

The optical properties of pure ZnO nanorods and
Ag NP-decorated ZnO NRs (A5, A10, and A15) were
investigated using UV–Vis and photoluminescence
(PL) spectroscopy. Figure 5 shows the UV–Visible
optical absorption spectra taken in the range of
300–800 nm for different concentrations (5 mM,
10 mM, 15 mM) of Ag decorated upon ZnO nanor-
ods. It is clear that all the spectra show low
absorption in the visible region. Maximum absor-
bance was achieved when the 15 mM concentration
solution of Ag was used for ZnO nanorod decoration.
No significant variations in UV region absorption
were observed. Since the Ag nanoparticles attached

to the ZnO NR surfaces is less dense, as evident
from the TEM images, the surface plasmon reso-
nance peak corresponding to Ag nanoparticles could
not be observed in the absorption spectra of the Ag/
ZnO nanoparticles.

Figure 6 shows room temperature PL spectra of
the ZnO NRs (A) and ZnO NRs decorated with Ag
NPs (5–15% Ag@ZnO) at an excitation wavelength
of 325 nm. Figure 6 (A) exhibits two peaks: one
broad peak around 350 nm and another sharp peak
around 450 nm. The UV peak is attributed to near
band edge free exciton emission. The second blue
emission intense peak centered around 450 nm
originates from deep level defects, such as oxygen
vacancies.32

It is observed that the UV emission peak for all
the Ag NPs/decorated ZnO NRs is wholly removed
in comparison to that of as-grown ZnO NRs. In
addition, there is a significant red shift towards the
green region as the concentration of Ag increases.
The Ag NP-decorated ZnO NRs samples exhibit a
splitting (called Rabi splitting) of PL peak in the
range of 645–665 nm, which has been commonly
related with red luminescence. As a result of the
decoration of Ag NPs, the PL intensity of ZnO NRs
emission peak is decreased in the UV region. It is
clear from TEM images that the Ag NPs are in
direct contact and attached to the surfaces of the
ZnO NRs. Electron transfer may have occurred
between the energy levels of these two materials,
where Ag NPs act as electron sinks, which trap
electrons from ZnO NRs, inhibiting the recombina-
tion of photogenerated excitons in Ag NPs/ZnO NR
heterostructure.33–35 This process is known as
direct electron transfer from the semiconductor to
the plasmonic nanostructures.36 Luminescence of
Ag-decorated ZnO nanorods has been increased in

Fig. 5. UV–Vis absorption spectra of Ag decorated ZnO nanorods
for various concentrations.

Fig. 6. PL spectra of (a) as-grown ZnO nanorods and (b) ZnO Nanorods decorated with Ag nanoparticles for various concentrations.
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visible region, which indicates enhancement in the
number of defects and oxygen vacancies in the
decorated nanorods.

Ag NPs can interact with surface defects of the
ZnO during the deposition process of Ag NPs on ZnO
NRs. This interaction will change the defect states.
The red luminescence has originated from the doubly
ionized oxygen vacancies due to lattice disorder or
imperfections arising due to the attachment of Ag
nanoparticles on ZnO NRs.37,38 When metal NPs are
directly in contact with a semiconductor, the electron
transfer takes place between them. The light emis-
sion will be enhanced in the case of electron transfer
from metal NPs to semiconductor.39

In ZnO, generally several singly ionized charge
states of intrinsic native defects such as zinc
interstitial and oxygen vacancies, etc. exist. When
a photo-excited electron trapped in these defects
recombines with a hole, visible emission takes place.
In the Ag NPs/ZnO NRs heterostructure most of the
photo-excited electrons are trapped in these deep
levels defects, instead of the conduction band of ZnO
NRs.33,40 Since the native defect energy level is
higher than the Fermi energy level of Ag NPs, so all
the photoelectrons migrate to the Ag nanoparticles.

Further, the deep level emission of ZnO NRs is
coupled with the surface plasmon (SP) of the Ag NPs
on the ZnO NWs surface. Energy transfer can be
possible between the semiconductor and metal NPs
due to exciton-SP interaction.25 When the energy of
excitons becomes more significant than the SP
energy, the energy transfer takes place from exci-
tons to SPs, resulting in a red shift of the emission
peak.39 This exciton-SP coupling also improves the
recombination rate of deep level emission, which
results in enhancement of visible emission.41

In PL spectra, a doublet of Rabi splitting is
observed when Ag nanoparticles are attached with
ZnO NRs.42 The strongly coupled SPs and excitons
at the metal/semiconductor interface demonstrate
Rabi splitting.43–45 The interaction between photons
and excitons produces upper- and lower-polariton
branches. In a system with stronger coupling
between excitons and photons, the splitting between
the two polariton branches is large.45

It is clear that, for 5 mM concentration, there is
almost no splitting. By increasing the concentration
from 5 mM to 10 mM, a clear and sharp Rabi
splitting occurs, which indicate a robust coupling
regime. The Rabi splitting is decreased as the
concentration further increases up to 15 mM.

The PL revealed that the coupling is strong when
the ZnO NRs is decorated with Ag of concentration
of 10 mM, which may be the maximum limit, after
which the coupling becomes weak.

CONCLUSION

Ag nanoparticles have been successfully deco-
rated on the surface of ZnO nanorods through a
cost-effective and simple hydrothermal method,

followed by dip coating. The decoration of silver
nanoparticles on the surface of ZnO nanorods
greatly enhances and redshifts the visible emission
peak in PL spectra, along with quenching in UV
emission. The enhancement and red shifting of
visible emission and quenching of UV emission
might be due to a combination of carrier transfer
from the ZnO NRs defect level to the Fermi level of
Ag nanoparticles and coupling of surface plasmon-
excitons. The experimental results indicate that the
Ag NP-decorated ZnO NRs have good potential for
optoelectronic device applications.
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