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ORIGINAL PAPER
Surface Plasmon Enhanced Emission From Defects in
Gallium Doped ZnO
Yaonan Hou,* Zengxia Mei,* Aihua Tang, Huili Liang, and Xiaolong Du*
In this work, the optical properties of defects coupled with surface plasmons
(SPs) in gallium-doped ZnO (ZnO:Ga) grown by molecular beam epitaxy
(MBE) have been explored. The photoluminescence intensity is enhanced by
up to 4.9 times as a result of SPs coupling by decorating the sample with
silver nanospheres (Ag NSs), with a fast plasmonic decay lifetime of 0.1 ns
compared with the defect-assisted carrier recombination lifetime of 3.77 ns in
the as-grown sample. The enhanced emission intensity depends on the
plasmonic modes determined by the diameter of Ag NSs, verified by power-
dependent photoluminescence measurements. Confocal mapping reveals that
the plasmonic “hot-spots”, that is, enhanced emission around the Ag NSs,
exhibit a highly optical stability with reduced photoluminescence blinking.
This work demonstrates that a defect coupled with SPs in ZnO is a
promising high-efficiency emitter for applications in nanophotonics.
1. Introduction

ZnO has been regarded as a promising candidate for optoelec-
tronic and photonic applications thanks to its unique optical
properties, such as the direct wide bandgap of 3.37 eValongwith a
large exciton binding energy of 60meV.[1,2] In spite of this, optical
dynamics of defect-related emission from ZnO in visible region
has been a long-term controversy compared with its ultraviolet
bandedge emission.[3] Generally speaking, for example, thegreen-
yellow band emission is considered to be related with oxygen
vacancies (VO)

[4,5]; blue-violet emission attributed to Zn inter-
stitials (Zni) and Zn vacancies (VZn)

[5–7]; and orange-red emission
assigned to the oxygen interstitials (Oi) or chargedVO.

[8,9] Electron
transitionsbetweentheenergy levelsof such intrinsicpointdefects
and the conduction/valence band minimum/maximum (CBM
and VBM) are rather complicated. In addition to such intrinsic
point defects, the defects introduced by doping the host ZnOwith
foreign atoms are a key factor to determine its electrical and optical
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properties. Compared with the effort made
in the research on the electrical properties of
doped ZnO, less attention has been paid to
the optical dynamics and the potential
optical applications of an extrinsic defect,
especially for the defect complex which is
potentially a new single photon source in
analogy to the nitrogen-vacancy center in
diamond.[10] Identification and manipula-
tion of the defect-related emission in ZnO
are crucial to realize novel optoelectronic/
photonic devices, such as full color light-
emitting devices and single photon sour-
ces.[11–15] Furthermore, exotic optical prop-
erties can be obtained by control the defect
density, as demonstrate in the recent pro-
gresses in gallium-doped ZnO (ZnO:
Ga).[16,17]

Surface plasmon (SP) is a collective
oscillation of surface electrons in a metal
which isplaced invicinityofadielectricmaterialunder theexcitation
of light. Considering the large momentum of SPs due to the
participation of electrons, a high optical density of states (DoS) is
expected. The radiation rate (r) will be enhanced according to
Fermi’s Golden rule, r / hmj j~p~E nij j2ρð�hωÞ, where hmj~p~E nij is
dipole emission matrix element and ρð�hωÞ the optical DoS.
Moreover, the energy of the defect dipole can directly transfer to
the SPs such that the “dark” defect will be ignited,[18] further
enhancing the emission. In termof this, a number of SPs enhanced
emitters have been developed, especially the defect related
emitters.[19,20] For the same reason, SPs enhanced emission is also
applicable to thedefect relatedemission inZnO,[21–23]whichenables
the development of novel photonic devices to manipulate light-
matter interactions based on ZnO.

In this work, we studied the defect coupled with plasmonic
modes by optical excitation of silver (Ag) nanospheres decorated
ZnO:Ga (AgNSs/ZnO:Ga) thin film. By changing the diameter of
Ag NSs, different plasmonic modes were observed from
theoretical simulation and optical characterizations. The photo-
luminescence (PL) intensity increases by up to 4.9 folds compared
with that from as grown ZnO:Ga, with the diameter of Ag NSs
ranging from 20 to 40nm. The dynamics of electron transition in
these defects coupled with SPs modes are investigated by time-
resolvedphotoluminescence (TRPL),whichshowsa fastSPsdecay
lifetime down to 0.1 ns in presence of Ag NSs compared with the
recombination lifetime of 3.77ns in as grown sample. The optical
properties are further studied by power-dependent photolumi-
nescence (PDPL) measurements, showing enhanced emission
intensity sublinearly depends on the excitation power density and
theplasmonicmodes.Confocal PL reveals that thehot spotswhere
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SPs enhanced emission is observed exhibit an excellent reliability
without blinking, as is observed from the defect emission in as-
grown sample. Our results demonstrate that defect–SPs coupling
in ZnO is an efficient system promisingly useful for photonic
devices.
Figure 1. a) Schematic of the sample structure, comprising of a Ag
NS placed on the surface of ZnO:Ga. b–d) SEM images of ZnO:Ga
decorated with Ag NSs with diameter of 20, 30, and 40 nm, respectively
(scale bar¼ 100 nm). The positions of Ag NSs is partly marked in the
images.
2. Experimental Section

Our ZnO:Ga sample was grown by radio frequency plasma
assisted molecular beam epitaxy (rf-MBE) equipped with an in-
situ reflection high-energy electron diffraction (RHEED) to
monitor the whole growth process. The growth temperature and
thickness of the sample were 600 �C and 350 nm, respectively.
The carrier concentration andmobility were�9� 1017 cm�3 and
17 cm/(V �s) according to room temperature Hall measure-
ments. More details about the growth can be found elsewhere.[24]

The Ag NSs/ZnO:Ga structure was fabricated by drop-casting
Ag NSs (Sigma–Aldrich) with diameters of 20, 30, and 40 nm
directly on the surface of our sample. Reflectance measurement
was performed using a 75W Xe lamp followed with a 0.5m
monochromator (Acton Research Corporation, SpectraPro-
500i), whilst the intensity was recorded by a Si enhanced
photodetector. Room temperature PL and TRPL was performed
by a micro-PL (m-PL) system with excitation of a 375 nm pulsed
laser. The beam was focused into a spot of�2mm in diameter on
the sample with a 50� objective lens. The emission light was
coupled to a monochromator (Acton Research Corporation,
HRS-300) with a photomultiplier tube. PDPL was performed in
the same system but with a 375 nm continuous wave laser, and a
thermoelectric cooled charge-coupled device (CCD). PLmapping
was carried out using a commercial confocal system (WiTec
300R) with a 100� objective length to focus the laser beam down
to �300 nm. The laser power was about 1mW, measured before
being coupled into the confocal system. All the optical
experiments were performed at room temperature.
3. Results and Discussion

Figure 1a schematically shows the configuration of our sample,
where Ag NSs are placed on ZnO:Ga. Plasmonic coupling is
expected if any defect locating underneath the Ag NSs is within
the electric field penetration depth of SPs. Figure 1b–d display
Figure 2. a) FDTD simulated emission spectra of ZnO:Ga with Ag NSs; inset
samples with Ag NSs with respect to the as grown sample.
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the scanning electron microscopy (SEM) images of the samples
with NS diameters of 20, 30, and 40 nm, respectively. Some of
NSs are marked in the images to better visualize their positions.
Because the NSs are transferred on to our sample by drop-
casting method, they are randomly distributed on the surface.
The sample with 20 nm NPs has the highest density of
�1� 1011 cm�2; and the other two are 3� 109 cm�2 (30 nm
NS) and 2� 109 cm�2 (40 nm NS), respectively. Compared with
previous work using Ag nanoislands formed in a self-
organization process by deposition and post-annealing ap-
proach,[23] the shape and size are deterministic. Therefore, the
SPs mode is more easily to be controlled.

In order to have a first impression of the defect-SPs coupling in
Ag NSs/ZnO:Ga structure, we initially perform finite-difference
time-domain (FDTD) simulation, with a randomly polarized
excitation light source (total-field scattering-field souce), with the
emission wavelength from 450 to 750nm. The refractive index of
shows the mode profile of 40 nm Ag NSs on ZnO:Ga. b) Reflectance of the
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Figure 3. a) Room-temperature m-PL spectra of all the samples. b) Time-resolved m-PL decay traces of all the samples; the thick color lines are the fitting
curves.

Table 1. The fitting results of the time-resolved PL decay traces by
Eqs. (1) and (2).

Sample τsp (ns) τ1(ns) τ2 (ns)

As grown 3.77 28.1

20 nm 0.329 2.86 35.0

30 nm 0.446 3.33 39.4

40 nm 0.10 1.52 31.2
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ZnO and Ag are set to 2 and Johnson and Christy values,
respectively.[25] The emission spectra are obtained by suing a time-
monitor. Figure 2a shows the SPs emission spectra which are
clearly related with the diameter. The region with wavelengths
ranging from 600 to 750nm (marked area in Figure 2a) is most
interesting to us because it corresponds to the defect emission of
Figure 4. Power-dependent m-PL spectra of the as grown sample (a) and the
excitation power density of the samples for the main peak (c) and the sho
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our ZnO:Ga sample (Figure 3a). The strongest emission is from
the samplewith 40nmAgNSs, and theweakest is from the 30nm
Ag NSs with a peak around 650nm. The inset of Figure 2a shows
themode profile of SPs in a 40nmAgNS,where a strong localized
electricfielddistributednear theAg/ZnO:Ga interfacecanbeseen.
Reflectance measurment is performed to further verify the
existence of SPs. As shown in Figure 2b, the reflectance with
arbitrary unit is obtained by dividing the reflected light intensity of
the sample with Ag NSs by the one of as-grown sample. Valleys
withminimumvalue at�650nm for all the three samples are due
to SPs enhanced absorption, agreeing well with the simulation
results. In addition, some fine structures with full width at half
maximum (FWHM) of�5nmare observed (labeled in Figure 2b),
with an unclear origin. We would like to attribute them to SPs
cavitymodes formed between adjacent AgNSs, as the linewidth is
similar to the reported value of a plasmonic nanocavity.[26,27]

Room-temperaturem-PL spectra of all the samples are shown in
Figure 3a. Due to the presence of Ag NSs, the broad red emission
sample with 40 nm Ag NSs (b); and the emission intensity plotted against
ulder (d).
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Table 2. The fitting parameters of the power-dependent PL
measurements.

Sample β1(main) β1(shoulder)

As grown 0.73 0.80

20 nm 0.70 0.63

30 nm 0.60 0.61

40 nm 0.77 0.81
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with a peak at 650� 5nm is greatly enhanced. The enhancement
factors are 4.8, 3.2, and 4.9 for the samples with 20, 30, and 40nm
Ag NSs, respectively. Apart from the main peak, a shoulder of
yellow emission at 575nm also becomes noticeable. It is worth to
mention that the emission could be quenched due to the coupling
tononradiativeplasmonicmodes if thedistancebetweenthedefect
andAgNSs is less than�5nm.[28] Comparedwith the penetration
depth of SPs in ZnO (�180nm at 650nm), the number of
quenched defects is very limited in our situation. As a result, only
PL enhancement is observed. To corroborate the enhanced
emission resulting fromSPs coupling instead of scattering, TRPL
is performed at room temperature with them-PL system shown in
Figure 3b, where a lower intensity of the sample with 40nm Ag
NSs compared with the other two is due to a filter added for the
emission collection. For the as grown sample, the decay trace is
fitted to biexponential decay,[29]

IðtÞ ¼ a1 expð� t
τ1
Þ þ a2 expð� t

τ2
Þ ð1Þ

where a1 and a2 are the fitting parameters; τ1 and τ2 are the fast
and slow decay components. τ1 is regarded as the PL decay time
Figure 5. Confocal PLmapping of the as grown sample (a), the sample with 20
Ag NSs (d); and (e) the emission spectra corresponding to the hot spot (I

Phys. Status Solidi A 2018, 1800037 1800037 (
(τpl) related with radiative recombination via the defect, and τ2
related with the nonradiative processes. With the SPs coupling, a
third term is introduced,

IðtÞ ¼ a1 expð� t
τ1
Þ þ a2 expð� t

τ2
Þ þ a3 expð� t

τsp
Þ ð2Þ

where τsp is the decay lifetime related with SPs modes, and a3
the additional fitting parameter. Equations (1) and (2) are
well-fitted with our results shown in Figure 3b. The decay
lifetimes are shown in Table 1, where τsp is 0.329, 0.446, and
0.1 ns for 20, 30, and 40 nm Ag NSs, respectively. The
shortest decay lifetime indicates the best defect-coupling in
the sample with 40 nm Ag NSs, agreeing well with the FDTD
simulations and reflectance measurements (Figure 2). Note
τsp is clearly much shorter than τ1 and τ2. Supposing the light
out-coupling from SP modes is unit, the quantum efficiency
of the plasmonic emission is,

η ¼
1
τsp

1
τsp
þ 1

τ1
þ 1

τ2

� 100% ð3Þ

where η is the quantum efficiency, and 1
τi
ði ¼ 1; 2; spÞ the decay

rate corresponding to the three terms in Eq. (2). Since 1
τsp

� 1
τt
; 1τ2,

according to the fitting results, η can approach 100%, indicating
the defects coupled with the SPs a superior light emitter. In
practice, plasmonic emission is influenced by the out-coupling
efficiency and dipole-SPs coupling efficiency, which often leads
to a definite enhancement. It is known that the coupling
wavelength and strength strongly depend on the geometry and
dimensions of the metal nanostructure on a flat semiconductor
material.[23,30] In our case, only the diameters are tuned to
nmAgNSs (b), the sample with 30 nmAgNSs (c), the sample with 40 nm
), (II), (III), and (IV) in the labeled sites.
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enhance the coupling between SPs mode and the defect in ZnO:
Ga. Therefore, it is reasonably to attribute the best coupling of
40 nm Ag NSs to its size.

The defect-SPs coupling is further studied by PDPL with the
pumping power density increased from 28 to 1440 kWcm�2.
Figure 4a and b display the PDPL spectra of the as grown and the
sample with 40 nmNSsmeasured under identical conditions. In
addition to the main peak at �650 nm, the shoulder emission at
575 nm is also enhanced. Figure 4c and d are the plots of
emission intensity as a function of optical pumping power
density, which can be fitted to the relationship of I / Pβ, with
fitting results shown in Table 2, where I and P are the emission
and pumping intensities, respectively. The exponent β is related
with the carrier recombination and energy transfer process.[31]

For the as grown sample, β¼ 0.73 (0.80) is obtained for the main
peak (shoulder peak), which is increased to 0.77 (0.81) by
introducing 40 nm NSs. The results suggest the radiative
recombination is greatly improved with SPs coupling. In
contrast, β values of the samples with 20 and 30 nm Ag NSs
are 0.7 (0.63) and 0.6 (0.61), which are smaller than that of as
grown sample. The decreased β value with the increasing
pumping power density indicates quantum efficiency drooping
Figure 6. Contour plots of PL intensity as a function of time and wavelengths
30 nm Ag NSs (c), and ZnO:Ga with 40 nm Ag NSs (d).

Phys. Status Solidi A 2018, 1800037 1800037 (
due to the mode shifting, leading the energy partly coupled to
dark modes. This is also seen from the differences in the
lifetimes of SPs emissions in the three samples (Table 1).
However, the overall emission intensity is still enhanced due to
the participation of additional number of nonradiative defects.
As defects in semiconductor may act as nonraditive centers,
where the energy generated from electron-hole recombination is
passed to the lattice vibration. When such defects are coupled
with SPs, the energy is transferred into plamsonic modes owing
to the strongly localized field. As a result, the emission intensity
is still enhanced for the samples with 20 and 30 nm Ag NSs.

Confocal PL characterizations are carried out with a scanning
area of 5� 5mm2. Figure 5a shows the scanning image of the as
grown ZnO:Ga, where discrete bright spots can be observed,
reflecting the distribution of the radiative defects (or defect
clusters) in our sample. It is worth to mention that we cannot
rule out the emission from a single defect, which needs further
inspection by second order correlation measurements as
reported in previous work.[13–15] For the samples with Ag NSs
(Figure 5b–d), strong localized emission around the Ag NSs can
be observed as a result of SPs enhancement, often referred to as
“hot spots”.[32,33] Selected emission from single Ag NSs from the
of the as grown sample (a), ZnO:Ga with 20 nm Ag NSs (b), ZnO:Ga with
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four samples denoted as I, II, III, and IV are shown in Figure 4e.
The highest enhancement is the sample with 40 nm Ag NSs,
agreeing well with TRPL measurements. In addition, the
strength of localized electric field decreases quickly in both
materials due to its evanescent nature. Therefore, defect-SPs
coupling strength depends on the depth of the defects locating
within the penetration depth of SPs, which leads to the variation
of emission density between different NSs in the same sample,
as observed from the confocal scanning.

Optical stability of defect emission is another key parameter
which determines the reliability of a practical device. Previous
work on ZnO single defect emissions observed strong blinking
and spectral jumping due to a fluctuation of the electrostatic
environment surrounding the defect.[13,15] In order to investigate
the optical stability, we have continuously captured the emission
spectrum every one second. Figure 6a–d exhibit the contour plots
of the emission intensity as a function of the time and
wavelength. To be clear, the emission spectrum at the first
second is also provided under each plot. A clear blinking is
observed from the as grown sample (Figure 6a) in contrast to the
stable emission from the samples with 20 and 40 nm NSs
(Figure 6b and d). This phenomenon indicates the coupled
defect-SPs system is not vulnerable to the electrostatic
environment, enhancing the stability of the emitter. Similar
results in the SPs enhanced band edge emission in ZnO have
also been reported.[34] Figure 6c shows the emission from a
cluster of 30 nm NSs on ZnO:Ga. The emission spectrum
exhibits three clear plasmonic modes with wavelengths shorter
than 600 nm at the first second, distinguishing from
Figure 6a and Figure 5e(III) due to the cluster size. The peak
continuously shifts towards 650 nm and eventually becomes
similar with the one shown in Figure 5e(III) as a result of heating
under the cw excitation of �1.4MWcm�2, which causes the
separation of the cluster.
4. Conclusion

In conclusion, defect–SPs coupling has been systematically
studied in Ag NSs/ZnO:Ga structure with different NS
diameters. The existence of plasmonic modes is initially
confirmed with FDTD simulation and reflectancemeasurement.
From integral micro-PL measurements, high emission intensity
is observed with the enhancement factors up to 4.9 due to the
rapid recombination induced by defect–SPs coupling, which is
corroborated by TRPL measurements. From PDPL characteri-
zation, it is found that the emission intensity is closely related
with the plasmonicmodes. The hot spots strongly localized at the
NSs sites are observed from the confocal mapping. They further
confirm the defect–SPs coupling, which demonstrates an
excellent optical stability with reduced PL blinking, promising
for the application in single photon sources.
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