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’ INTRODUCTION

Erbium (Er)-doped semiconductors have drawn considerable
attentions over the decades, because the transition of Er intra-4f
shell can cause an emission at 1540 nm, which locates in the
region of optical communication with minimum loss.1,2 It has
been reported that the Er-related emission of 1540 nm can be
enhanced by annealing,3 oxygen doping,4 and the use of wide
bandgap materials.5�8 Regarding the incorporation of Er in ZnO
nanorods, it has been reported that the emission from Er3þ ions
is very sensitive to the local site symmetry of Er ions, which has
been verified by the spectroscopic investigation.9�12

ZnO is a promising candidate as a host material for Er doping
because it is possessed with the wide bandgap of 3.3 eV at room
temperature and oxygen is one of major elements in ZnO. Er-
doped ZnO films have been proved as reliable materials for light-
emitting diodes, laser diodes, optical amplifiers at 1540 nm in the
waveguide structures as well as electrode materials for carrier
injection because of their high electrical conductivities.13 How-
ever, the relatively low solubility of Er atoms in ZnO leads to low
luminescent efficiency of the Er-related emission.14 The nano-
structured materials are thus designed to increase the solubility
by increasing the surface area of material.4,15�18 Recently,
successful optical activations of ZnO nanowires by Er ion
implantation and chemical methods have been reported,4,15,16

demonstrating the potential of the one-dimensional ZnO as a
new material platform for optical communication.

Furthermore, native defects are the major contributions of the
n-type semiconducting behavior of ZnO and related to the deep
level emission, which causes the visible luminescence.19�21 It has
been reported that the electron excitation from ground state
(4I15/2) to 4f levels pumped by deep level-mediated excitation
dominates Er3þ emission, as compared with that excited by

bandgap-absorbed light; i.e., the energy transfer from the elec-
tron-hole recombination at deep level states provides an efficient
excitation route for Er3þ emission.22 This is due to the fact that
the energy (526 nm) for the transition between the 2H11/2 state
and the ground 4I15/2 state of Er

3þ is close to the energy of the
deep level emission, opening more possibilities of energy transfer
towards Er3þ via the resonant coupling.

Recently, the surface plasmon has been found to enhance the
luminescent efficiency with the merit of easily tuning the reso-
nance band by various metal island coatings,23 allowing the field
enhancement in wide energy ranges. For example, Okamoto et al.
have reported that the photoluminescence (PL) intensity of
InGaN quantum wells is enhanced by coating Ag island layers.24

Cheng et al. have found that the emissions in ZnO thin films
could be significantly enhanced via surface plasmon coupling
with Ag island films.25 The coupling of emission energy to surface
plasmon energy, which is controlled by the size of the metal
island films, has been demonstrated to be decisive for light
emission enhancement.26

In this study, we employed the surface plasmon effect and
increased deep level states to enhance the deep level emission,
leading to the enhancement of Er3þ emission at 1540 nm in the
single-crystal Er-doped ZnO nanorod arrays (NRAs). Coupling
the surface plasmon to the deep level emission was achieved by
the introduction of Ag island films. High-temperature annealing
was utilized to increase the density of deep level states. This study
demonstrates that Er-doped ZnO NRAs are potentially a viable
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ABSTRACT: Single-crystalline Er-doped ZnO nanorod arrays
(NRAs) on Ag island films with appropriate annealing show a
promising enhancement of 1540 nm emission for optical com-
munication. The enhanced 1540 nm emission of Er-doped ZnO
NRAs is attributed to the enhancement of the deep level
emission of ZnO host. In an effort to enhance deep level
emission to pump Er3þ emission at 1540 nm in the Er-doped
ZnONRAs, surface plasmon coupling and increase in deep level
states were carried out via Ag island films and high-temperature
annealing. This study points to the effective methods to enhance 1540 nm emission, demonstrating that ZnONRAs with Ag islands
have a promising potential for the application in optical communications.
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candidate for optoelectronic devices operating in the 1540 nm
region.

’EXPERIMENTAL SECTION

Si(100) wafers with a resistivity of 2 Ω cm were used as substrates.
The Si(100) substrates were first coated with 20 and 30 nm thick Ag
island films by the ULVAC CRTM-6000 e-gun evaporator equipped
with a quartz crystal thickness monitor. The ZnO NRAs were grown on
Si(100) substrates using the hydrothermal process.27 Briefly, a thin zinc
acetate film was spin-coated on the bare Si substrate and Ag islands/Si
with an ethanol solution containing 5 mM zinc acetate dihydrate. After
annealing at 300 �C for 30 minutes in air ambient, ZnO seed layers with
the thickness of 5-10 nm were then yielded. ZnO NRAs were grown on
ZnO seed layers in ammonia aqueous solution containing 10 nM zinc
nitrate hexahydrate at 95 �C for 2 h. The reactants were then cooled to
room temperature and the substrate was rinsed with ethanol to remove
the impurities. After drying with the nitrogen gas, the as-grown ZnO
NRAs were then spin-coated with approximately 3.5 nm thick erbium
chloride hexahydrate in ethanol solution. The as-coated samples were
then annealed at 800, 850, and 900 �C in the furnace for 4 h in air ambient.
The microstructure was characterized with grazing incidence X-ray

diffractometry (XRD) with the X-ray source of a Cu KR line and a JEOL
2100 transmission electron microscope (TEM) operating at 200 kV.
Morphological studies of the synthesized nanostructures were
performed with a JEOL JSM-6500 field-emission scanning electron

microscope (SEM). The electronic structures of NRAs were confirmed
by PHI Quantera x-ray photoelectron spectroscope (XPS). The 325 nm
He�Cd laser was used for UV/visible and IR PL measurements. The
absorption spectra were measured with a JASCO V-670 UV�visible
spectrometer.

’RESULTS AND DISCUSSION

In order to investigate the influences of the surface plasmon on
the enhancement of the light emitting efficiency, different
thicknesses of Ag island films are deposited on Si(100) sub-
strates. The insets of Figure 1a,b show the surface morphologies
of 20 and 30 nm thick Ag island films, respectively. The grain size
of Ag islands increases as the film thickness increases monitored
by a thickness monitor. After coating with the ZnO seed layers,
hydrothermal growth and subsequent Er-doping process, Er-
doped ZnO NRAs grown on Ag island films are obtained, as
shown in Figure 1. The ZnO NRAs exhibit the similar diameter
of 200 ( 20 nm and the length of approximately 2 μm for
different Ag island films, which suggests that the underneath Ag
coatings do not affect the growth of the ZnO NRAs.

The microstructures of Er-doped ZnO NRAs on Ag island
films are investigated by XRD and TEM. Figure 2a shows the
XRD spectra of the Er-doped ZnO NRAs grown on Si substrates
with the different thicknesses of Ag island films. For all three
cases, all the diffraction peaks can be indexed to the wurtzite ZnO
structure and there is no new phase, such as Er2O3, formed after
Er-doping in ZnO NRAs, indicating that Er atoms are incorpo-
rated within ZnO NRAs successfully.16 An HRTEM image and
the corresponding selected-area electron diffraction pattern of an

Figure 1. Cross-sectional SEM image of Er-doped ZnO NRAs grown
on (a) 20 and (b) 30 nm thick Ag island films. The insets of a and b are
the surface morphologies of 20 and 30 nm thick Ag island films on Si
substrates, respectively.

Figure 2. (a) XRD spectra of Er-doped ZnO NRAs grown on bare Si
substrates, 20 and 30 nm thick Ag island films. (b) HRTEM image of an
Er-doped ZnO nanorod. The inset in b shows the corresponding
selected-area electron diffraction pattern. The intensity is shifted on
purpose as a guide to the eye for distinguishing every spectrum in a.
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Er-doped ZnO nanorod are shown in Figure 2b, confirming that
the Er-doped ZnO nanorod exhibits a wurtzite structure and the
growth direction is along [0001] direction. The interplanar
spacing of approximately 0.26 nm measured from the fringe
pattern of the HRTEM image corresponds to the (0002) lattice
spacing of ZnO.28

The electronic structures and chemical compositions of Er-
doped ZnO NRAs are examined using XPS measurements. The
surfaces of all samples are cleaned by Arþ ion etching prior to the
XPS measurements. A chemical shift of the binding energy (BE)
is calibrated by C1s signal from the adsorbed surface at 285.0 eV.
Figure 3 shows the XPS spectra with the binding states of the
three compositional elements, namely O1s, Zn2p3/2, and Er4d5/2
core levels in the Er-doped ZnO NRAs grown on the Si
substrates with different thicknesses of Ag island films. The O1s

signal presents a line shape at BE= 531 eV. The BE of the Zn2p3/2
is close to 1022.4 eV, referring to the zinc(II) oxide.29 The Er4d
signal presents a complex shape, related to the coupling pheno-
mena between the 4d hole and the lanthanide partially filled 4f
shell. In particular, negligible variations in the position and the
shape of the most intense 4d5/2 spin-orbit split component at
169.3 eV indicate the same electronic structures of Er(III)
species in ZnO with different thicknesses of Ag island films.29,30

Because the number of photoelectrons of an element depends on
the atomic concentration, XPS measurements are useful to
quantify the chemical compositions. It is found that the compo-
sitions of Zn, O and Er are independent with the thickness of Ag
island films because the ratio of these integrated intensities is
almost identical for these three samples, suggesting that the light
emission efficiency is not be affected by the chemical composi-
tions of Zn, O, and Er.

Figure 4a shows the IR PL spectra of Er-doped ZnONRAs on
bare Si, 20 and 30 nm thick Ag island films/Si substrates under a
325 nm He�Cd laser excitation. The PL peak intensity of
1540 nm, corresponding to the intra-4f shell transition of Er3þ

ions, increases with the thickness of Ag island films. This Er-
related emission is considered to be induced by the 325 nm laser
to generate the electron-hole pairs of ZnO NRAs, and the
absorbed energy of ZnO NRAs is then transferred to excite the
Er3þ to the different excited states. Afterward, the part of excited
Er3þ ions is released from the first excited state (4I13/2) to the
ground state (4I15/2) to generate the light emission at 1540 nm.
This 1540 nm emission also indicates that the Er atoms are
successfully doped into the ZnO lattice by the proposed simple
wet chemical reaction and the subsequent annealing process.
The unchanged shapes of the IR PL spectra for all samples

Figure 3. XPS spectra of O1s, Zn2p3/2, and Er4d5/2 core levels of Er-
doped ZnO NRAs on the Si substrates with different thicknesses of Ag
island films annealed at 800 �C. The intensity is shifted on purpose as a
guide to the eye for distinguishing every spectrum.

Figure 4. (a) IR PL spectra and (b) UV/visible spectra of Er-doped
ZnO NRAs on the bare Si and Ag/Si substrates with the various
thicknesses of the Ag films.
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indicate that the Er-doped ZnO NRAs grown on the different
thicknesses Ag island films/Si substrates exhibit the same
placement of Zn and O atoms around Er atoms since the
spectrum shape of 1540 nm concerns the local structure
around Er atoms.31

The UV/visible PL measurements have been performed to
further confirm the origin of the enhanced 1540 nm PL intensity
as the thickness of Ag island films increases. Figure 4b is the UV/
visible PL spectra of Er-doped ZnO NRAs on bare Si and
different thicknesses of Ag island films on Si. The peaks located
at 382 nm and 540 nm represent a near-band-edge emission and
a deep level emission, respectively.16,32 The deep level emission
at 540 nm increases with the thickness of Ag island films. The
peak intensity of the deep level emission at 540 nm is strongly
related to the density of the native defects, such as O vacancies.33

On the basis of the XPS analysis, the identical shapes of O1s

indicates that the densities of O defects in Er-doped ZnO NRAs
grown on different thicknesses of Ag island films are similar.
Therefore, the deteriorated crystallinity of ZnO NRAs is not
observed after the introduction of Ag island films and thus is not
responsible for the enhanced 540 nm emission. It has been
reported that the enhancement of deep level emission at 540 nm
of ZnO host can be achieved via coupling with surface plasmon of
metals, such as Ag.25 To characterize the excited surface plasmon
resonance modes, the UV�visible absorption spectra of 20 and
30 nm thick Ag island films/fused silica substrates with and
without 5 nm thick ZnO seed layers are shown in Fig. 5. Since the
Si substrate has a high refractive index and a high absorption
coefficient which hinders the extraction of the information in the
extinction spectrum. The fused silica is used as the substrate
instead of the Si. The energy of the surface plasmon resonance
strongly depends on the dielectric constant of thin dielectric
layers, the size, and the shape of these metal islands.25,34�37 It can
be seen that the large Ag islands lead to the increasing intensity of
the absorption with the redshift.25,38 The broad absorption
spectra are attributed to the irregular size of the Ag islands. By
taking into account the different dielectric constants of ZnO and
air, the different resonance frequencies between ZnO/Ag and
air/Ag are obtained as shown in Fig. 5. In a word, Ag islands could
serve as a radiative antenna to enhance the deep level emission of
Er-doped ZnONRAs at 540 nm via coupling surface plasmon. In
addition, the difference of the enhanced ratio of visible emission
(∼540 nm) to UV emission (∼380 nm) excludes the possibility

of the enhanced 540 nm emission of Er-doped ZnONRAs by the
metal reflection.

It is thought that the 540 nm excitations directly pumping the
Er3þ ions from the ground states of 4I15/2 to the excited states of
2H11/2 leads to more efficient 1540 nm emission due to energy
coupling, as compared with the excitation of ZnO host via near-
band-edge absorption.13 A detailed mechanism of the enhanced
1540 nm PL intensity of Er-doped ZnO NRAs is proposed as
follows. Initially, a pumping source of the 325 nm He�Cd laser
generates the electron-hole pairs of the Er-doped ZnO NRAs,
and the deep level states existing in the band gap of ZnO host
could serve as the effective energy transfer media for the Er3þ ion
excitation.13,15 This is because that 2.63 eV (526 nm), corre-
sponding to the energy transition between the 2H11/2 state and
the ground 4I15/2 state of Er

3þ, lies inside the enhanced deep level
emission coupling with surface plasmon of Ag islands, opening
more possibilities of energy transfer towards Er3þ due to resonance
coupling. The Er ions in the ground states resonantly absorb more
energy related to the deep levels of ZnO host (540 nm) and
are excited from the ground 4I15/2 state to the 2H11/2 state more
effectively. Finally, these excited Er3þ ions are eventually released
from the first excited state (4I13/2) to the ground level (

4I15/2) with
the enhancement of light emission at 1540 nm.16

To investigate the annealing effect on enhancing the Er-
related emission efficiency, different annealing temperatures
were employed. Figure 6 shows the XRD spectra of the Er-
doped ZnO NRAs grown on bare Si substrates, 20 and 30 nm
thick Ag island films with different annealing temperatures,
indicating that all diffraction peaks can be indexed to the wurtzite
ZnO structure and there is no new phase, such as Er2O3, formed
after annealing at 900 �C. However, we did notice that Er2O3 is
formed after annealing at 950 �C, leading to low emission
efficiency of Er3þ emission. The XPS measurements and their
fitting curves of O1s signal spectra of Er-doped ZnO NRAs on
bare Si substrate with annealing temperature of 800, 850, and
900 �C are used to investigate the densities of oxygen defects as
shown in Fig. 7. The peaks of the fitting curves for these three
spectra are attributed to the bond of ZnO at 530.1 eV, the bond
of oxygen vacancies at 530.8 eV, and the bond of OH� at the
surface of ZnO NRAs bond at 532 eV, respectively.39,40 As the
annealing temperature increases from 800 �C to 900 �C, the ratio
of the intensity of oxygen vacancies at 530.8 eV to that of bond of

Figure 5. Absorption spectra of 20 and 30 nm thick Ag island films/
fused silica substrates, and the 5 nm thick ZnO seed layer on 20 and
30 nm thick Ag island films/fused silica after annealed at 300 �C in air
for 25 min.

Figure 6. XRD spectra of Er-doped ZnO NRAs grown on 30 nm thick
Ag/Si substrates with the annealing temperatures of 800, 850, and
900 �C. The intensity is shifted on purpose as a guide to the eye for
distinguishing every spectrum.
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ZnO at 530.1 eV increases from 1.447 to 1.686. This suggests that
the density of oxygen vacancies is increased with the annealing
temperature. Moreover, a peak located at 529 eV related to Er2O3 is
not observed, further supporting the XRD analysis that the Er atoms
are incorporated into the wurtzite ZnO lattice rather than form the
cubic Er2O3 crystal after the annealing of 900 �C for up to 4 h.
However, a peak located at 529 eV can be found in the samples for 5
hour annealing at 900 �C, indicating the possible formation of cubic
Er2O3 after a long-time high-temperature annealing process.

Figure 8a shows the PL intensity of the deep level emission at
540 nm for Er-doped ZnONRAs on Si and Ag/Si substrates with
the annealing temperatures of 800, 850, and 900 �C. The
intensity of the deep level emission increases with the annealing
temperatures for all samples. This phenomenon further supports
the results of XPS that the density of the oxygen vacancies of Er-
doped ZnO NRAs, which is responsible for the intensity of the
deep level emission at 540 nm of ZnO host,32 increases with the
annealing temperatures. Accordingly, the deep level emission can
be enhanced simultaneously by the increased density of deep
level states via a high temperature annealing process together

with surface plasmon resonance coupled by the Ag island films.
Figure 8b shows the PL intensity of the Er-related emission at
1540 nm for Er-doped ZnO NRAs on Si and Ag/Si substrates
with different annealing temperatures. For the 1540 nm PL
intensity (Figure 8b), a similar trend to the deep level emission
(Figure 8a) is obtained, demonstrating the effective process of
energy transfer from the deep level emission to Er3þ emission.
Consequently, the enhancement of the 1540 nm emission from
4I13/2 to

4I15/2 in the Er-doped ZnO NRAs can be achieved by
coupling the deep level emission improved by the Ag island films
and the high temperature annealing.

’CONCLUSION

In summary, the efficiency enhancement of 1540 nm emission
from 4I13/2 to

4I15/2 in the single-crystal Er-doped ZnO NRAs
was carried out by promoting deep level emission via the surface
plasmon effect and the increase of the defect density. For
coupling surface plasmon, 20-30 nm thick Ag island films were
deposited before growing ZnO NRAs. As the size of Ag island
films is increased, the intensity of the deep level emission at
540 nm is enhanced. The high annealing temperature ranging
from 800 to 900 �C were used to increase the density of deep
level states. On the basis of these results, Er-doped ZnO NRAs
with Ag islands show a great promise as the material basis for
developing ZnO-based light source in IR regions.
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Figure 7. Fitting curves of O1S signals of XPS for Er-doped ZnONRAs
grown on bare Si substrate with different annealing temperatures.

Figure 8. Annealing temperature-dependent PL intensities at (a) 540
and (b) 1540 nm of Er-doped ZnONRAs on bare Si, 20 and 30 nm thick
Ag island films/Si substrates.
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