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Abstract: At present, the use of zinc oxide(ZnO) micro-nanowire structures in ultraviolet laser devices with
natural resonant cavities has attracted wide attention at home and abroad. Aiming at the problems of the lumi-
nescence and stability caused by ZnO intrinsic defects, research on the local field luminescence enhancement
of plasmons is very important for the application of ZnO-based UV laser devices. In this paper, ZnO micro-
wire structure model is constructed by theoretical simulation and the micro-cavity optical loss and Fabry-Perot
(F-P) resonant cavity mode evolution are theoretically analyzed. The relationship between the diameter
change of ZnO microcavity and the evolution of the F-P resonance mode, optical loss and light intensity distri-
bution is obtained. On this basis, the six surfaces of ZnO microwires are modified by metal Ag nanoparticles.
It is found that the resonance coupling effect of metal local surface plasmons significantly inhibited the loss of
light around the microcavity and the local field enhancement is realized by the resonance coupling effect at the
intersection of the metal and the microcavity. The simulation results show that after the surface of the micro-
cavity is modified with Ag nanoparticles, the confinement ability of the optical field increased by 6. 72% ,
while the secondary coupling occurs along the X axis between the metal particles, and the electric field intensi-
ty is enhanced by 2 times.
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1 Introduction

As a representative third-generation wide
bandgap semiconductor, ZnO has a band gap of
3.37 €V and an exciton binding energy of 60 meV at
room temperature. Therefore, ZnO materials have
attracted extensive attention in the development of
high-quality optical microcavities and high-efficiency
ultraviolet optoelectronic devices''?!. Due to the dif-
ferent growth rates of the hexagonal wurtzite structure
Zn0 along the polar and non-polar planes, the ZnO
material is easy to obtain abundant micro-nano struc-
tures such as tetragonal needle-like structures, mi-
cro-nano wires, rods, tubes, combs, etc. It is own
end face, side face and optical feedback formed by
random scattering make ZnO micro/nano-struc-
tures"*’ have a natural resonant cavity that can attain
various oscillation modes of laser emission. At pres-
ent, the laser generated by micro/nano-structures
can be classified into three categories; The first is a
random laser obtained by randomly forming positive
feedback based on particle interface scattering'*’.
The second is based on micro-rods or other regular
structures to form an Fabry-Perot ( F-P) laser. The
third is an whispering gallery mode ( WGM ) laser
based on the total reflection of the inner wall of the

>®) However, due to the large optical

microcavity [
loss of ZnO microcavities, high-efficiency laser out-
put using micro-nano structures has been difficult to
achieve. Improving the luminous efficiency of ZnO
UV-emitting devices is currently the main prob-

lem'”’

doi:10.3788/C0.20191203. 0649

In recent years, many research groups have
found that metal surface plasmons ( SPPs) can be
used to enhance the luminous efficiency of semicon-
ductor materials. SPPs refer to a hybrid electromag-
netic wave mode in which free vibrational electrons
on a metal surface are coupled with incident pho-
tons. It has spatial localization and local field en-
hancement properties which will have a huge impact
on the recombination process of luminescent materi-
als in surface plasmon electromagnetic fields'™®’. At
present, metal local surface plasmons resonance
(LSPR) has made great progress in enhancing the
photoluminescence (PL) of ZnO micro/nano-materi-
als'"®’. Many studies have shown that the combina-
tion of ZnO thin films and micro/nano-structures
with metal nanoparticles or appropriate metal thin
films can greatly enhance the ultraviolet light-emit-
ting efficiency of ZnO through the LSPR coupling

t"'"). The use of metals to modify the optical

effec
properties of ZnO has attracted widespread attention.
Chen et al. found that the UV and visible light emis-
sion intensity can be adjusted by gold nanoparti-
cles''. Cheng et al. found that sputtering island-
shaped Ag nanoparticles effectively enhance the light

) and so on. In this pa-

emission of ZnO thin films
per, the natural resonant cavity of ZnO micron-line
structure is used to achieve the F-P mode oscillation
formed by the optical feedback of the upper and low-
er surfaces and the relationship between mode oscil-
lation and optical loss in microcavity is theoretically
analyzed. The electric field distribution characteris-

tics of different diameter micro-wires were simulated

by the FDTD solution and the optical loss and mode
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evolution of different cavity diameters of ZnO micro-
wire were studied. Finally, the LSPR effect of Ag
metal nanoparticles were used to enhance the stimu-
lated radiation of ZnO and improve the optical field
confinement ability of ZnO micro-wire structures. It
lays a foundation for the further application of local
surface plasmons in the field of ultraviolet micro/

nano-lasers.

2 Analysis

2.1 F-P Oscillation Mode Optical Loss
For laser devices, laser oscillation is generated
by the interaction of optical feedback in the cavity

with the laser gain medium'™’.

Only a laser mode
with lower loss can form a stable laser field distribu-
tion in the laser gain medium. There are two kinds
of loss in the resonant cavity. One is the loss inde-
pendent of the laser transverse mode, such as the in-
ternal loss of the laser working substance, the trans-
mission loss of the cavity mirror, the absorption of
the intracavity component, the scattering loss, etc.
The other is the diffraction loss, which is closely re-
lated to the laser transverse mode. The diffraction
loss has an important influence on the oscillation of
the laser transverse modes with different orders. This
characteristic is the physical basis for achieving laser
transverse mode selection and obtaining high beam
quality laser output. The ZnO microwire F-P reso-
nant mode uses two mutually parallel reflecting sur-
faces as the cavity structure, as shown in Fig. 1 (a).
The F-P excitation mode in the ZnO microcavity can
be observed in Fig. 1 (b) and exhibits optical
waveguide characteristics. This structure effectively
limits the optical path between two mutually parallel
end faces (M1 and M2) to realize gain amplifica-
tion. The steady-state field of the optical wave of M1
on one of the side of the optical cavity is E, (x, y)
and the steady-state field of the optical wave on the
M2 plane is E,(x, y). The relationship between the

two is as follows /.
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Fig.1  (a) Structure diagram of an F-P laser cavity;
(b) schematic diagram of laser propagation in
ZnO microcavity
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E,(x,y) = 0k, (x,y) , (1)
Where 9 is a complex constant factor defined as the
change in the amplitude and the phase of the light
field after a single pass propagation. The total ener-
gy loss ¥ of light during propagation can be ex-

pressed as (16173,

v=—="———2 =1 -lal’ (2)

If the loss of transmission, absorption, and out-
put is not being considered, « is defined as the dif-
fraction loss of the laser cavity.

2.2 Metal Surface Plasmon

The dielectric constant of the noble metal mate-
rial has a negative real part and a small positive i-
maginary part. And, the outer free electrons are eas-
y to oscillate under the excitation of the incident
light field. When the free electron oscillation fre-
quency matches the frequency of the incident light
field, the metal surface plasmon resonance is gener-

ated' "

materials, this form of resonance is generally divided

According to the structural form of metal

into two categories. The first is LSPR. The incident
light field interacts with the metal nanoparticles. The
free electrons on the conduction band collectively os-
cillate on the metal surface and the generated surface
plasmon waves are localized near the nanostructure

(Fig.2(a)). In the resonant state, the energy of
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the electromagnetic field is effectively converted into
the collective vibrational energy of the free electrons
on the metal surface,
LSPR'**.

nance( SPR) on the propagation surface, in which

which in turn produces

The second is surface plasmon reso-

light field acts on the continuous metal surface to

produce a surface plasmon resonance wave that prop-

(2)

Metal

Electron cloud

G-

agates on the metal surface(Fig. 2(b) ). In this pa-
per, the LSPR resonance coupling effect is used to
generate near-field local enhancement, which effec-
tively improves the optical field confinement of ZnO
micro-wire structure and then enhances F-P stimula-

ted radiation.
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Fig.2 (a)Localized surface plasmon oscillations; (b)spread surface plasmon
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3 Results and Discussion

3.1 Optical Loss Characteristics of ZnO Mi-
crowires with Different Cavity Diameters

In order to study the relationship between the
7Zn0 micron-diameter and optical loss, the calcula-
tion and simulation are carried out by using three-di-
mensional space time domain finite-difference meth-
od for the hexahedral ZnO micro-wires. The effects
of the electric field distribution of different cross-sec-
tions and the electric field intensity ratio inside and
outside the cavity are used to analyze the effect of
7Zn0 micron-diameter on optical loss. In the simula-
tion, the ZnO microwires were placed vertically on
the substrate. The height h of the microwires is set
to 2.1 pm. Using a single-frequency light source
and using a (n, k) material model for simulation,
the refractive index of the ZnO material is set to n =
2.06, k =1 by reference [21]. The corresponding
model is used to simulate the change of the mode
number in the resonant cavity formed by the ZnO

nanowires. The Perfectly Matched Layer ( PML) is

selected as the simulation boundary condition by set-
ting a special dielectric layer at the truncation
boundary in the FDTD region so that the wave im-
pedance of the layer medium and the wave imped-
ance of the adjacent medium are completely
matched. Therefore, the incident wave does not re-
flect at the interface and passes through before it fi-
nally enters the PML layer. Although PML has only
a finite thickness, it still has a good absorption for
incident waves. Therefore, PML is also an absorbing
boundary that is often used in actual calculations.
The electric field distributions of the ZnO mi-
cro-wires with diameters of 1.6, 2, 4, 6, and 8um
in the E(x,y) and E(x,z) sections were calculated
using the established model, as shown in Fig. 3.
The figure clearly shows that the ZnO microwire has
optical waveguide characteristics and intracavity F-P
mode oscillation. It is found by the electric field dis-
tribution that light is confined in the ZnO micron line
and forms a standing wave propagating along the
cavity. When the cavity diameter is 1.6 and 2 um,

a strong electric field distribution is observed outside

the cavity, which indicates that the light will have a
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severe energy loss during the propagation in the cavi-
ty. As the cavity diameter increases, more energy is
added to the cavity to achieve laser resonance.
When the cavity diameter is increased to 6 and 8
pm, most of the light can be locked in the cavity
and a perfect optical resonance mode can be ob-
served. Through the electric field distribution of the
cross-section of the ZnO micron line, it can be found
that as the diameter of the ZnO micron line increa-
ses, its ability to confine the optical field is en-
hanced, and the optical loss is reduced'”’. This
phenomenon can be analyzed according to the theo-

retical formula for the laser cavity .

y/um

z/um

x/pum

D2

N = VR (3)
where D is the lateral dimension of the microcavity
(ze. the diameter of the microwire) , h is the cavity
length and A is the wavelength. N is the Fresnel
number, which is a characteristic parameter in the
diffraction phenomenon. The larger the value, the
smaller the diffraction loss. It can be seen from the
formula (3) that, under conditions where the cavity
length h is constant, the Fresnel number N gradually
increases as the diameter D of the microwire increa-

ses at the same wavelength A, thereby reducing the

diffraction loss in the cavity.
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Fig.3 The electric field distributions of (x,y), (x,z) planes of the ZnO micro-wires with different diameters
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Fig. 4 shows the distribution of light intensity
and the efficiency of light confinement at different
cavity diameters. The trend of the light field distri-
bution in the cavity with different cavity diameters
can be observed by Fig. 4(a). It can be seen as the
cavity diameter increases, the intensity of the cavity
increases gradually, while the intensity of the light
field outside the cavity gradually decreases. Fig. 4
(b) shows the light confinement efficiency curve for
different cavity diameters. The light confinement ef-
ficiency here is defined as the percentage of the light

field intensity area in the ZnO micron-line cavity to

the total light field intensity area. It can be found
that when the diameter is 1.6 pm, the optical field
energy loss is at its highest and almost no light exists
in the cavity. On the contrary, as the diameter of
the microcavity increases, the light field confinement
efficiency reaches about 99% , indicating that the
light field energy is almost entirely limited to the int-
racavity propagation when the diameter reaches a
certain level. Therefore, the F-P microcavity mode
oscillation can be constructed by using the ZnO mi-
cro-wire structure light field confinement ability, and

the optical loss characteristic can be effectively regu-
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lated by changing the micro-wire diameter.
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(a)Light intensity curves corresponding to different cavity diameters; (b) light-confinement efficiency varies with
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Fig.5 ZnO F-P laser resonant spectra with different diameters
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3.2 Pattern Evolution of ZnO Microwires with
Different Cavity Diameters

In order to study the influence of ZnO micron-

cavity diameter on the F-P oscillation mode, the res-

onance mode analysis group was used to simulate the

resonance spectrum evolution process in the micro-

wire, as shown in Fig. 5. It can be seen from the a-

AR AR Zn0 F-P ORISR

bove figure that as the diameter of ZnO increases,
multiple resonant modes appear gradually in the res-
onant cavity. When D =2 pm, there are three reso-
nance peaks in the resonance spectrum, where the
strongest peak appears at f =800 THz. When D is
increased to 4 pwm, three strong resonance peaks ap-

pear and the strongest peak position is substantially
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unchanged. As the diameter of the micron wire con-
tinues to increase to 6 and 8 pm, the multi-stage
resonance peak increases significantly, and the reso-
nance intensity increases accordingly. Studies have
shown that as the diameter of ZnO increases, the
number of intracavity resonance modes can also in-
crease. Therefore, small-cavity ZnO micron-wire has
the possibility of realizing a single-mode laser' ™'
The reason for the formation of the single-mode laser
is mainly due to the side mode suppression caused
by optical loss. It is thus crucial to study the small
cavity optical loss. In order to improve the perform-
ance of the traditional optical microcavity system, an
optical cavity mode is proposed using the microcavity
structure modified by metal local surface plasmons to
achieve the coupling of the evanescent field loss light

and the metal local plasmon wave. It is expected

D=2 xy with Ag

y/um

—2 0 2
x/pm

.

D=2 xy with Ag

0

x/pm

that metal local surface plasmons can be used to en-
hance light interaction with matter and to provide a
limited waveguide mode in the sub-wavelength
range.
3.3 Ag Nanoparticles Regulate the Light Field
Characteristics of ZnO Microcavity

By using Ag nanoparticles to modify the ZnO

LSPR

field, the local field enhancement and optical field

micro-wire excitation to form the electric

confinement effect can be achieved on the surface of

. . [2425
the micro-wire %/,

The problem of large optical
loss in small-cavity ZnO micro-wires can be effec-
tively suppressed by metal LSPR. To this end, Ag
nanoparticles were used to modify the surface of ZnO
microwires with a diameter of 2 pm and the electric

field was recorded by an x-y section electromagnetic

field monitor.

D=2 xy with Ag

12
0.8
0.4
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Fig.6  Simulation diagram of LSPR microcavity modified by Ag nanoparticles and corresponding electric field distributions
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Fig. 6 is a structural diagram and a light field
distribution diagram of 2, 4, and 6 surfaces of Ag-
modified ZnO microwires. It can be easily seen from
the electric field distribution diagram of the x-y

cross-section that the optical field in the cavity is en-

hanced by the modification of the Ag nanoparticle,
which proves the ability of the LSPR to limit the op-
tical field. Since the work function of Ag equates to

4.35 eV and the electron affinity of ZnO is 4.26

eV, the electrons are easily transferred to each other
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at the interface of Ag/Zn0. In addition, the ZnO e-
mission energy is close to the energy of the plasmon
resonance of the Ag surface, so the enhancement in
light field intensity is the result of the coupling be-
tween the local surface resonance plasmon of the Ag
nanoparticle and the photons from the stimulated e-

mission of the ZnO microrod.

Intensity

S

< N I <
x/um | |

Fig.7 Distribution of the electric field intensity of the
Ag nanoparticle modified microcavity
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Fig. 7 is an x-y plane electric field distribution
diagram of the Ag particle modified ZnO microwire
and its electric field intensity curve. It can be seen
that there is a clear light field enhancement effect in
the area where the Ag particles are in contact with
the micron lines, corresponding to the two sharp en-
hancement peaks of the intensity curve of Fig. 7.
The formation of these two enhancement peaks is the
result of the resonant coupling of the local surface
plasmon with the loss light in the microwire.

Since the micron-scale ZnO micro-wire struc-
ture is much larger than that of the nano-scale Ag
particles, the contact surface of ZnO and Ag is e-
quivalent to a plane. A local simulation of the Ag/
7Zn0 microwire interface was performed to monitor e-
lectric field in the x-y cross-section of the local field
and the x-z end surface, respectively, as shown in
Fig. 8. 5 x 5 equal-sized Ag nanoparticles were
placed on the ZnO plane. Through the electric field
distribution diagrams of the cross-section and the end

surface, it can be found that there is coupling light

enhancement at the edge of the Ag particle and that
between the two metal particles, the electric field
strength along the X-axis direction has a two-fold en-
hancement effect. This phenomenon is mainly due to
the secondary coupling phenomenon between metal
particles. First, the excitation of the plasmon and
the micron-line photons create resonant coupling and
amplification. Second, the oscillating coupling be-
tween the X-direction metal particles is generated by

the resonance-enhanced energy.

—300 —100 100 300 —300 —100 100 300
x/nm x/nm

Fig.8 Local electric field diagrams of Ag nanoparticle

modified ZnO microwire
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In order to explain and quantify the effect of
metal LSPR on the optical loss of the ZnO micron
wire structure, Fig. 9 simulates the distribution curve
and light confinement efficiency of ZnO micron lines
with 2, 4 and 6 sides modified by Ag nanoparticles
respectively. Fig. 9(a) is a graph of the light inten-
sity change of different amount of Ag nanoparticle
modification, and Fig. 9(b) is a graph of the corre-
sponding light-confinment efficiency of ZnO micron
line. It can be seen from the figure that as the deco-
rative surface of Ag nanoparticles increases, the
light field confinement efficiency improves signifi-
cantly. Through calculation for the six-face-modified
7Zn0 micro-wires with Ag nanoparticles, the light
field-confinement efficiency of the ZnO micro-wires
increased by 6. 72% and the light field in the cavity
is enhanced significantly.

This is because the evanescent wave field inter-
sects with the plasma exciton localized on the surface

of the ZnO, providing an environment in which the
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Fig.9 (a) Light intensity curve as a function of the
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ment efficiency map as a function of the number
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surface plasmon resonance mode is coupled with the
traditional F-P resonant cavity mode. Thus, the en-
ergy distribution and oscillation process in the micro-

cavity are regulated.

Spectra of resonances D=2 Spectra of resonances with Ag D=2
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Fig. 10  Resonance spectra of ZnO microcavity without
and with Ag particle decoration when D =2
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The resonance pattern of the decorative Ag par-
ticles modified micro-wires was also simulated by the
resonance mode analysis group, as shown in Fig. 10.
It can be seen that the multi-stage resonance peak in
the ZnO micron-wire resonator modified by Ag nano-
particles becomes strong and increases from the orig-
inal three resonance peaks to five, and that the sta-

ble resonance mode in the micro-wire increases sig-

nificantly. This is mainly due to the surface plasmon
resonance effect produced by Ag nanoparticles and
the optical field confinement effect of the intersection
region, allowing the ZnO cavity with same diameter
to have a stronger light field. This also reduces the
band edge loss, helps improve the performance of

the laser, and achieves more resonant modes.

4 Conclusion

In this paper, the optical loss characteristics
and F-P mode evolution characteristics of ZnO mi-
cro-wire structures with different diameters were ana-
lyzed by simulation. It could be seen by the electric
field distribution that as the diameter of the ZnO mi-
cro-wire increased, their ability to confine the opti-
cal field increased and the optical loss decreased.
Through the resonance mode analysis group, it could
be seen that more resonant modes were generated in
the cavity as the diameter of the ZnO microwire in-
creased. In addition, a ZnO microcavity structure
with an Ag nanoparticle decoration was established.
An LSPR electric field was formed by exciting Ag
nanoparticles and the local field enhancement and
optical field confinement effects were achieved on
the surface of the micrometer line. Moreover, the
metal LSPR effectively limited the problem of optical
loss in the small cavity diameter ZnO micro-wire. It
is found that the limiting ability of the optical field
increases by 6. 72% after the Ag nanoparticles were
modified on the surface of the microcavity with high
loss. A secondary coupling phenomenon occurs be-
tween the metal particles along X-axis direction, the
strength of the electric field is twice as strong as that
of the original electric field. Finally, LSPR was
used to effectively control the evolution of the ZnO
microwire resonance mode. The research in this pa-
per lays a theoretical foundation for the design and
implementation of high-performance UV laser de-

vices.
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