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Electrically driven plasmon-exciton coupled random lasing is demonstrated by incorporating Ag
nanoparticles on Cu-doped ZnO metal-semiconductor-metal (MSM) devices. Both photoluminescence
and electroluminescence studies show that emission efficiencies have been enhanced significantly due
to coupling between ZnO excitons and Ag surface plasmons. With the incorporation of Ag nanoparticles
on ZnO MSM structures, internal quantum efficiency up to 6 times is demonstrated. Threshold current for
lasing is decreased by as much as 30% while the output power is increased up to 350% at an injection cur-
rent of 40 mA. A numerical simulation study reveals that hole carriers are generated in the ZnO MSM
devices from impact ionization processes for subsequent plasmon-exciton coupled lasing.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction develop alternative device structures other than p-n junctions.
Zinc oxide (ZnO) has been considered as one of the potential
candidates for achieving ultraviolet (UV) lasers at room tempera-
ture (RT) due to a direct wide bandgap of 3.37 eV and a high exci-
ton binding energy of 60 meV through several approaches such as,
Fabry-Perot, random, and whispering-gallery mode in a variety of
nanostructure systems [1–8]. Random lasing phenomenon occurs
by forming random optical path through scattering in the grain
boundaries of the random media, which results in random excita-
tion of lasing modes in comparison with defined lasing modes in
conventional lasers [9]. Recently, random lasers have attracted a
great deal of interest thanks to its simple device structures and
potential applications in various fields, in particular, speckle-free
imaging and water purification [10–15]. Although ZnO-based ran-
dom lasers have been demonstrated in ZnO films and nanostruc-
tures in both optical and electrical excitation [3,4,16–30], the
relatively high threshold current and low output power have
remained as major issues that hinder the further development of
this technology into practical products.

To address these issues, p-n junctions together with double
heterostructures and quantum confined structures would have
been a natural direction to pursue [31,32]. Nevertheless, it is
now known that although p-type conductivity can be realized in
ZnO, its reliability still remains poor. Therefore, it is important to
Recently, surface plasmons (SP) have gained intensive attention
due to their unique properties and applications in enhancing the
emission efficiency of light emitting materials, including InGaN/
GaN quantum wells, Si quantum dots (QD), CdSe QDs, and ZnO
films [33–40]. However, SP-enhanced electroluminescence (EL) of
ZnO-based light emitting diodes (LEDs) and laser diodes has been
rarely reported to date [37–40]. In this paper, we report SP-
enhanced metal-semiconductor-metal (MSM) ZnO random lasers
for the first time. The MSM devices were fabricated by using
gold-nickel (Au/Ni) and gold-titanium (Au/Ti) Schottky contacts
onto copper (Cu)-doped ZnO thin films grown by radio-frequency
(RF) plasma-assisted molecular beam epitaxy (MBE). The hole gen-
eration for lasing has been found to mainly originate from impact
ionization processes using a ZnO MSM device model. Silver (Ag)
nanoparticles (NPs) with different densities were incorporated on
the surface of ZnO MSM devices to investigate the plasmonic
enhancement. The plasmonic enhancement has been explained in
terms of reduced threshold current, and enhanced internal quan-
tum efficiency and output power, which originate from the effi-
cient coupling between SPs in Ag NPs and excitons in ZnO.

2. Materials and methods

2.1. Cu-doped ZnO thin film growth

Cu-doped ZnO thin film was grown on c-sapphire substrate in a
SVTA (SVT Associates, Inc.) RF plasma-assisted MBE system.
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Knudsen effusion cells filled with high-purity elemental Zn (6N),
Mg (6N), and Cu (6N) were used as Zn, Mg and Cu sources, and
O2 (6N) gas was fed through a RF plasma generator as the O source.
The substrate was cleaned in an aqua regia (HNO3:HCl = 1:3) solu-
tion at 150 �C for 40 min, rinsed in deionized (DI) water, blown dry
using a nitrogen gun, transferred to the MBE system, and annealed
in vacuum at 800 �C for 15 min to produce an atomically clean sur-
face. A low-temperature MgO/ZnO (�3 nm/8 nm) buffer layer was
grown at a substrate temperature of 450 �C, an Mg cell tempera-
ture of 450 �C, a Zn cell temperature of 320 �C, and an O2 flow rate
of 2 sccm with a plasma power of 400 W. Then a thick ZnO (�400
nm) buffer layer was deposited for 3 h at a substrate temperature
of 400 �C, a Zn cell temperature of 320 �C, and an O2 flow rate of
1.75 sccm, respectively. Next, while all the growth conditions were
kept the same as that for the ZnO buffer, the shutter of a Cu effu-
sion cell at a temperature of 750 �C was opened and the growth
lasted for 2 h, leading to a Cu-doped ZnO layer of �280 nm. Finally,
the film was in situ annealed at 700 �C for 20 min under O2 envi-
ronment with an O2 flow rate of 2.5 sccm. The total thickness of
the film is about 700 nm. The as grown film is designated as Sam-
ple 1.

2.2. Ag NPs incorporation

Ag NPs incorporation was carried out using two different ways
and total three samples were prepared. For Sample 2, commer-
cially purchased Ag colloids (20 nm, Ted Pella, Inc.) were spin-
coated (1500 rpm for 15 s) on the surface of the ZnO:Cu film and
then annealed at 150 �C for 2 min. This process was repeated 5
times to increase the density of Ag NPs. For Sample 3 and 4, Ag
NPs were self-assembled by e-beam evaporation of Ag with a
thickness of 1 Å (Sample 3) and 2 Å (Sample 4) on the ZnO:Cu film
at a rate of 0.1 Å/s in a Temescal BJD 1800 e-beam evaporator, fol-
lowed by a rapid thermal annealing (RTA) at 500 �C for 60 s.

2.3. Structural, optical and electrical characterizations

The thickness of the film was measured by a Veeco systems
Dektak 8 surface profilometer. A Bruker D8 Advance X-ray diffrac-
tometer was used to perform X-ray diffraction (XRD) measure-
ment. X-ray photoelectron spectroscopy (XPS) characterization
was carried out by using a Kratos Axis Ultra DLD XPS system
equipped with an Al Ka monochromated X-ray source and a 165-
mmmean radius electron energy hemispherical analyzer. Scanning
electron microscope (SEM) images were captured by a Philips XL-
30 SEM machine. SEM images were taken using an acceleration
voltage of 10 kV and a secondary electron detector. Photolumines-
cence (PL) measurements were carried out using a home-built PL
system consisting of a Kimmon Koha 325-nm He-Cd laser excita-
tion source, an Oriel monochromator, a photomultiplier detector,
a lock-in amplifier, a chopper and a Janis cryostat with a Cryo-
con 22 temperature controller. A Varian Cary 500 double-beam
scanning ultraviolet/visible/near-infrared (UV/vis/NIR) spec-
trophotometer was used for absorption measurements. For Hall
effect measurements, a Keithley 6220 current source and a Keith-
ley 2182 voltmeter were used with minimum current capability
of 0.1 pA with up to 105 V compliance and voltage capability of
1 nV, respectively. Au/Ti (100 nm/10 nm) was deposited by e-
beam evaporation for Hall bar geometry sample as metal contact
and followed by a RTA annealing.

2.4. MSM random laser device fabrication and characterization

MSM random laser devices were fabricated using standard pho-
tolithography process. The outer circular ring contact area has an
outer and inner diameter of 450 mm and 400 mm, respectively.
The inner crossbar contact has an inner circle of diameter 100
mm with four elongated cross rectangular section (100 mm � 20
mm). Au/Ni (150 nm/20 nm) and Au/Ti (150 nm/20 nm) were
deposited by e-beam evaporation on the ZnO:Cu layer as inner
crossbar and outer circular contact metals for the M(Au/Ni)-S
(ZnO:Cu)-M(Au/Ti) structure, respectively. The current-voltage (I-
V) characteristics were measured using an Agilent 4155C semicon-
ductor parameter analyzer. MSM random laser devices were pack-
aged on TO5 cans for electroluminescence (EL) measurements. EL
spectra were collected using the same home-built system as PL.
An external HP E3630A dc power supply was used to inject current
to the devices. Output power of the devices was measured using a
Thorlabs PM100 optical power meter.

2.5. MSM random laser device simulation

A 3D semiconductor model has been simulated to understand
the electrostatic properties of Cu-doped ZnO MSM device using
Finite Element (FE) analysis simulation tool, COMSOL [41]. A
700-nm c-grown ZnO layer serves as the core of the model, with
an assumption of no surface trap states and defect sites. The ZnO
layer is assumed to have an electron carrier concentration of 9 �
1015 cm�3, which is selected to be in line with the experimental
results. The bulk c-sapphire (Al2O3) substrate was effectively mod-
eled as an insulating boundary. The Au/Ni and Au/Ti form two
Schottky barriers with ZnO because of the difference in their elec-
tron affinities [42]. Since the Schottky barrier height is small (0.3–
0.5 V), the device turn-on is rather fast, which is also consistent
with observed experimental I-V curve. We used Fermi-Dirac statis-
tics to describe the behavior of both majority (electron) and minor-
ity (hole) carriers. The electron mobility is 30 cm2/V s, whereas the
hole mobility is assumed to be very low (0.1–1 cm2/V s) [43]. An
iterative non-linear solver is adopted to solve the coupled drift-
diffusion, carrier continuity, Poisson, and thermionic emission
equations in COMSOL.

To understand the origin of electroluminescence, we have simu-
lated the hole concentration in a 2D ZnO channel using impact ion-
ization model, as implemented in ATLAS [44]. The conventional
drift-diffusion model cannot capture the non-local effect such as
kinetic energy gain by electrons from high electric field, as well as
energy lost to the lattice due to electron-lattice collision [45]. Hence,
rather than relying on the local electric field, the carrier energy dis-
tribution (i.e., carrier temperature) is used to calculate an effective
non-local field, which describes the impact ionization process more
accurately [46]. The carrier temperature is determined from the lin-
earized Boltzmann transport equation, assuming a Maxwellian
shape to the distribution of hot carriers [47]. The hot electrons sub-
sequently cause impact ionization in the space-charge region of the
reverse-biased junction. The electric field (Eeff) dependence of the

impact generation coefficient is described by aZnO ¼ A exp � B
Eeff

� �h i

[48,49], where A ¼ 7� 105 cm�1, B ¼ 5� 106 V=cm are the
extracted material parameters calculated from the ionization rate
reported for ZnO [50]. The saturation velocity for electrons in ZnO
is taken as �3 � 107 cm/s [51], and the relaxation time is assumed
to be 1.5 ps [52].

3. Results

3.1. Structural characterizations

Fig. 1(a) shows an XRD spectrum of the Cu-doped ZnO film
(Sample 1). The spectrum exhibits diffraction peaks of ZnO
(0002) at �34.4� and Al2O3 (0006) at �41.6�, indicating that ZnO
has grown preferentially along c-direction of the wurtzite lattice
structure. Fig. 1(b) shows XPS spectrum of as grown Cu-doped
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ZnO film, showing Zn 2p and O 1s core level spectra. In the range of
Zn 2p orbital peak, two distinct peaks at binding energies of 1021
eV and 1044 eV corresponding to Zn 2p3/2 and Zn 2p1/2, respec-
tively can be observed. The binding energy difference between
these two states is around 23 eV, which lies within the standard
reference value of ZnO [53]. The O 1s peak is centered at 529.8
eV, which is attributed to O2� ions on the wurtzite structure of
the hexagonal Zn2+ ion array, surrounded by Zn atoms [54]. Inset
of Fig. 1(b) shows the high resolution Cu 2p core level spectrum
displaying peaks at 933.2 eV and 953 eV corresponding to Cu
2p3/2 and Cu 2p1/2, respectively. This result indicates that Cu
dopant exists in the form of copper (I) oxide (Cu+1) in the film [55].

Fig. 2(a) shows an SEM image of the ZnO:Cu film (Sample 1).
The film possesses grains and air gaps, which facilitate the forma-
tion of random lasing cavities in the active layer. This morphology
originates from a low-quality buffer layer and a relatively low-
temperature growth of active layer on a lattice mismatched sap-
phire substrate. Inset shows a cross-sectional SEM image of the
sample, indicating that the film is continuous and relatively uni-
form. Fig. 2(b) shows an SEM image of the ZnO:Cu film with
spin-coated Ag NPs (Sample 2). The size of the Ag NPs is 25–35
nm and the density is �4.8 � 109 cm�2. Fig. 2(c) and (d) show
SEM images of Sample 3 and 4, respectively. These self-
assembled Ag NPs were formed by e-beam evaporation and subse-
quent annealing (Methods section). The size and density of Ag NPs
in Sample 3 are 15–25 nm and �1.6 � 1010 cm�2, respectively,
while the size and density of Ag NPs in Sample 4 are 35–45 nm
and �1.8 � 1010 cm�2, respectively.

3.2. Optical characterizations

Fig. 3(a) shows RT PL spectra of the four samples. The near band
edge (NBE) emission peaks at 380 nm are observed for all samples
and PL enhancement is evident after Ag NPs are incorporated on
ZnO:Cu films. Compared with the sample without Ag NPs (Sample
1), the NBE peak enhancement ratio is about 4 for Sample 2, and
increases to 5 for Sample 3 as the density of Ag NPs increases.
The enhancement ratio is 2 for Sample 4 as both the size and den-
sity of Ag NPs reach the highest values compared to other samples.
A slightly enhanced green emission peak is observed at around
500 nm for Sample 2, which can be attributed to some defects
induced by the colloids of commercially purchased Ag NPs. Inset
of Fig. 3(a) shows NBE PL enhancement ratio with respect to the
density of Ag NPs. The non-monotonous trend suggests that the
plasmon coupling efficiency reflected in the enhancement ratio
clearly correlates the density of Ag NPs.
Fig. 1. (a) XRD spectrum of Cu-doped ZnO thin film, (b) Zn 2p and O 1s c
Fig. 3(b) shows absorption spectra of the samples. All spectra
exhibit strong absorption in the spectrum region below 380 nm,
and are almost transparent over 390 nm. The samples with incor-
porated Ag NPs show an absorption enhancement around 400 nm
due to the excitation of localized surface plasmon modes in the Ag
NPs. The absorption spectrum of Ag colloidal NPs exhibits an
absorption band centered at 400 nm (Fig. S1, Supporting Informa-
tion), which can be attributed to the surface plasmon resonance
(SPR) absorption of Ag NPs. Since the absorption band of Ag NPs
overlaps with the ZnO NBE emission spectrum, the emission from
the ZnO MSM devices can be enhanced resonantly by the surface
plasmons of Ag NPs [39].

3.3. Electrical characterizations

Electrical properties of the Cu-doped ZnO films with and with-
out Ag NPs are summarized in Fig. S2 and Table S1. Fig. S2 shows
Hall resistance as a function of magnetic field at room temperature
for all samples. The negative sloped lines represent the n-type con-
ductivity of the samples. As seen from Table S1, all samples show a
carrier concentration in the range of 1–4 � 1015 cm�3, mobility of
17–32 cm2 V�1 s�1 and resistivity of 80–140 O cm. Since Cu is a
p-type dopant for ZnO [55], the incorporation of Cu atoms in the
present ZnO film was not enough to make it p-type, nevertheless,
these acceptors still heavily compensate unintentional donors,
leading to the observed relative low electron carrier concentration
and mobility. This low electron carrier concentration is desired for
facilitating the formation of Schottky junctions instead of Ohmic
junctions for lasing [56].

Fig. 4(a) shows a schematic of ZnO MSM random laser devices
with and without Ag NPs. As-deposited Au/Ni and Au/Ti serve as
two contacts of the MSM device. I-V characteristics are shown in
both linear and semi-log scale (inset) in Fig. 4(b) for ZnO MSM
devices with and without Ag NPs. The almost symmetric behavior
of these I-V curves under forward (positive voltage on Au/Ni con-
tact) and reverse biases indicates typical characteristic of MSM
device [57,58]. The similarity in the electrical properties and I-V
curves indicate that the incorporation of discrete Ag NPs does
not alter the electrical properties. This implies that the optical
emission enhancement is triggered due to plasmonic effect rather
than any change in carrier modification.

3.4. Lasing characteristics

Fig. 5(a) shows EL spectra of ZnO:Cu MSM device without Ag
NPs (Sample 1). The spectra were recorded from the top surface
ore level XPS spectra, inset showing Cu 2p core level XPS spectrum.



Fig. 2. (a) SEM image of Cu-doped ZnO thin film (Sample 1), inset shows cross sectional view SEM image of the film, (b) SEM image of Sample 2, (c) SEM image of Sample 3, (d)
SEM image of Sample 4.

Fig. 3. (a) RT photoluminescence spectra of ZnO films without (Sample 1) and with (Samples 2–4) Ag NPs, (b) Absorption spectra of ZnO films without (Sample 1) and with
(Samples 2–4) Ag NPs.
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of Sample 1 at different dc injection currents under positive biases
applied on the Au/Ni contact with respect to Au/Ti contact at room
temperature. The same procedure was used to collect emission
spectra for other samples. At lower injection currents less than
28 mA, a broad spontaneous emission peak is observed at around
380 nm, which can be attributed to the NBE emission of ZnO. As
the injection current increases to about 31 mA, narrow peaks with
a full width at half maximum (FWHM) of around 1.5–2 nm become
visible at around 380 nm. Multiple narrow peaks emerge randomly
between 370 nm and 400 nm with stronger intensity as the injec-
tion current increases further. The inset of Fig. 5(a) shows the inte-
grated emission intensity and output power as a function of
injection current. The integrated emission intensity is an integral
of the area under the emission spectra representing an output from
all emission wavelengths. The output power was obtained by real
time measurement at the strongest lasing mode near 380 nm. As
seen from the graph, an output power of about 40 nW is detected
at an injection current of 40 mA. Both data show similar trend,
deducing a threshold current of about 30 mA.

Fig. 5(b)–(d) show EL spectra of Ag NPs incorporated ZnO:Cu
MSM random laser devices (Samples 2–4). For Sample 2, a broad
spontaneous emission is centered around 388 nm at an injection
current of 18 mA. With higher injection currents, stimulated emis-
sion peaks with a FWHM of about 0.5 nm become superimposed on
the broad spontaneous emission peak. Inset of Fig. 5(b) shows inte-
grated emission intensity and measured output power as a func-
tion of injection current of the device. The threshold current
decreases to 20 mA (a 30% decrease compared to that of Sample



Fig. 4. (a) Schematic of MSM random laser devices with (bottom) and without (top) Ag NPs, (b) I-V characteristics in linear scale of MSM devices (Samples 1–4), inset shows
the semi-log scale.

Fig. 5. RT electroluminescence spectra from (a) Sample 1, (b) Sample 2, (c) Sample 3, and (d) Sample 4, under different injection current. Inset shows integrated intensity and
output power as a function of injection current.
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1) while the output power increases to 150 nW at the same injec-
tion current of 40 mA after incorporating Ag NPs on the ZnO:Cu
MSM device (Sample 2). For Sample 3, a broad spontaneous emis-
sion peak is visible around 390 nm at an injection current of 16
mA. As the injection current increases, more and more stimulated
emission peaks with a FWHM of about 0.3–0.5 nm emerging on top
of the spontaneous emission peak. The threshold current is also
about 20 mA for Sample 3 while the power increases to 180 nW
(the increase is 350% compared to that of Sample 1) at an injection
current of 40 mA as shown in the inset of Fig. 5(c). Having the high-
est density of Ag NPs among these samples, Sample 4 shows sim-
ilar broad spontaneous emission peak centered around 390 nm at
lower injection currents and stimulated emissions (a FWHM of
0.3–0.5 nm) superimpose on the spontaneous emission at higher
injection currents. The threshold current of about 26 mA is evident
for Sample 4 and an output power of 80 nW was recorded at an
injection current of 40 mA as depicted in the inset of Fig. 5(d). Fur-
ther comparison of EL spectra of samples with and without Ag NPs
leads to the fact that both spontaneous and stimulated emissions
are enhanced due to plasmonic effect.

To compare the EL enhancement effect by the deposition of Ag
nanoparticles, Fig. S3(a) in the Supporting Information shows EL
emission spectra of Samples 1–4 at the same injection current of
40 mA. Compared with Sample 1, both spontaneous emission and
stimulated emission are enhanced under this current for Samples
2–4. Fig. S3(b) (Supporting Information) shows integrated intensity
ratio of Sample 2–4 with respect to Sample 1 as a function of injec-
tion current. The emission intensity enhancement is clearly
observed, in particular at higher injection levels, for example, the
ratio is 4.04, 6.64, and 3.07 for Samples 2–4, respectively at an
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injection current of 40 mA. At the same injection level below
threshold, the spontaneous emission enhancement is also observed
for the samples with Ag nanoparticles, which generally agrees with
the PL results.
4. Discussion

Finally, we discuss the mechanism of plasmon-exciton coupled
lasing behavior from Ag-NP-coated ZnO:Cu MSM random laser
devices. Although the majority carriers (electrons) control the
transport in the ZnO MSM devices, the experimental observation
of luminescence indicates the presence of minority carriers (holes).
We can roughly estimate a lower bound number of electron-hole
pairs necessary for radiative recombination at a particular lasing
wavelength by the equation, Pout ¼ n

t � hm, where, hm is the photon
energy. For ZnO:Cu MSM random laser device (Sample 1), the mea-
sured output power, Pout ¼ 40 nW at �15 V [Fig. 5(a) inset]. So the
number of holes per second (n=t) responsible for recombination is
in the range of �7 � 1010 cm�3/s. Considering the photons from
both stimulated and spontaneous emissions at other wavelengths
and also additional non-radiative recombination, the total hole
supply rate could be much higher than this rough estimation.

To understand how the holes are generated in these ZnO MSM
devices, first, finite element simulation tool COMSOL Multiphysics
was used to simulate electrical statistics of these devices (see
Methods section and similar approach in dealing with MgZnO
devices [59]). Fig. 6(a) and (b) show band diagrams of an MSM
device with a 50-mm ZnO channel terminated by Au/Ni and Au/Ti
metal contacts in thermal equilibrium and under a positive bias
of 15 V, respectively. Under applied positive bias on the Au/Ni con-
tact, almost all the potential drops in the depletion region of Au/Ti/
ZnO Schottky junction, resulting in a localized high field region.
The electron can accelerate in the field region and gain energy to
create electron-hole pairs (EHP) by impact ionization. Then, a
non-local impact ionization model in an Atlas simulation tool
was used to simulate the hole generation and steady state excess
hole concentration (see Methods section for details). Fig. 6(c)
shows hole concentration as a function of position between Au/
Ni and Au/Ti contacts. The generation of holes are confined only
at the space charge region near the reverse-biased Schottky junc-
tion (outer Au/Ti contact in this case). As the applied bias increases,
the hole generation increases. The highest steady-state excess hole
concentration reaches 108–109 cm�3 at a bias of �15 V. Due to a
high exciton binding energy of 60 meV in ZnO, the excess holes will
have ample probabilities to instantaneously interact with electrons
to form excitons, which can recombine radiatively to generate
excitonic emission [60]. The generated photons scatter randomly
Fig. 6. Band diagram of ZnO along A–A0 section direction for (a) V = 0 V and (b) V = 15 V
process by hot electrons, (c) Hole concentration along A–A0 section, calculated from non
at the grain boundaries with air gaps in the thin film to form the
close-loop cavities for random lasing [32].

The Ag NPs are essentially nanoscale antennas that can radiate
electromagnetic energy [61,62]. Since the exciton energies in ZnO:
Cu are similar to the electron oscillation energy of localized surface
plasmonmodes in Ag, the exciton energies can be coupled to the SP
modes of Ag NPs due to the direct contact of these NPs with ZnO. In
literature [33–40,61–65], several approaches were used to recover
the energies from the SP modes into free space as emitted light
including the introduction of grating structures of a right period
and the roughening of the sample surface because these
approaches enable the surface plasmon modes to have non-zero
component of their wave vectors along the normal direction, which
is an important criterion for the evanescent plasmonic modes to be
scattered into free space. The surface of our random lasers is inher-
ently rough, thus these exciton energies can be extracted as light in
this alternative emission path in addition to usual photon emission
path from the surface of the ZnO:Cu layer [37]. It is expected that
with Ag NPs on the surface, the light output and external quantum
efficiency are enhanced. The external quantum efficiency is equal
to the product of light extraction factor and internal quantum effi-
ciency (gint), and the gint can be described as

gint ¼
Rrad

Rrad þ Rnon
;

where Rrad and Rnon are the radiative and non-radiative recombina-
tion rates of electron-hole pairs (EHPs) in ZnO, respectively. The
internal quantum efficiency (g0

int) of the ZnO with exciton-SP cou-
pling can be described as

g0
int ¼

Rrad þ C 0
extRLSP

Rrad þ Rnon þ RLSP
;

where C0
ext is the probability of photon extraction from the generated

SP’s energy and RLSP is the exciton-SP coupling rate [35]. The exciton-
SP coupling rate is much faster than the radiative and non-radiative
rates [37], leading to enhanced internal quantum efficiency (g0

int).
Temperature-dependent PL spectra of these samples are shown in
Fig. S4 (Supporting Information), from which the integrated PL
intensities can be estimated to extract the internal quantum effi-
ciencies. Assuming gint � 100% at 13 K for all samples, gint can be
estimated as 0.36% from the plot for ZnO:Cu without Ag NPs at room
temperature [66]. After the incorporation of Ag NPs, the internal
quantum efficiency increases 4.58 times (g0

int ¼ 1:65%) for Sample
2, 5.83 times (g0

int ¼ 2:1%) for Sample 3, and 2.02 times
(g0

int ¼ 0:73%) for Sample 4, respectively. The enhanced internal
quantum efficiencies can be construed as the increased spontaneous
. The inset shows a closer view in the SC region and explains the impact ionization
-local impact ionization model.
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recombination rates as a result of the exciton-SP coupling, which
further enhances the light emission efficiency.

To reassure that the samples undergo the exciton-SP coupling
process during lasing operation, we can calculate the lasing thresh-
old carrier density of all samples and comparewith theMott density.
The carrier density Dn can be estimated by: J ¼ qDn

s d, where J is the
current density, q is fundamental charge, d = 700 nm is the total
thickness of gain medium of the devices, and s = gintsr is the total
recombination time. The internal quantum efficiency gint is esti-
mated through PL, and radiative recombination time sr = 0.97 ns is
taken from literature [67]. The threshold current density was esti-
mated in the EL measurements to be 15.87–23.8 A/cm2 for Sample
1–4. Thus, threshold carrier density can be calculated, Dn = 4.96 �
1012 cm�3 for Sample 1, 2:27� 1013 cm�3 for Sample 2,
2:83� 1013 cm�3 for Sample 3 and 9:92� 1012 cm�3 for Sample 4.
Obviously, all these numbers are much smaller than the Mott den-
sity of around 1017 cm�3 in ZnO [68]. This result suggests that the
present lasing is indeed under excitonic regime rather than
electron-hole plasma typeandwith theadditionofAgnanoparticles,
efficient exciton-plasmon coupling leads to the enhanced emission.
5. Conclusion

Plasmon-enhanced ZnO MSM random laser devices were fabri-
cated and studied. After the incorporation of Ag NPs on ZnO:Cu
MSM devices, the efficient coupling of Ag SPs and ZnO excitons
leads to the decrease of lasing threshold current by 30% and the
increase of the output power by 350%. In addition, an increase of
internal quantum efficiency by six times was observed. A numeri-
cal simulation of the ZnO MSM devices suggests that the supply of
holes for lasing is originated from impact ionization process under
relatively high voltages. This unique technique of employing sur-
face plasmons to couple with excitons could lead to a new era of
low-threshold semiconductor lasers.
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