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Abstract: Plasmonic nanolaser as a new type of ultra-small  laser,  has gain wide interests due to its breaking diffraction limit of
light  and fast  carrier  dynamics  characters.  Normally,  the main problem that  need to be solved for  plasmonic  nanolaser  is  high
loss  induced  by  optical  and  ohmic  losses,  which  leads  to  the  low  quality  factor.  In  this  work,  InGaN/GaN  nanoplate  plasmonic
nanolaser  with  large  interface  area  were  designed  and  fabricated,  where  the  overlap  between  SPs  and  excitons  can  be  en-
hanced. The lasing threshold is calculated to be ~6.36 kW/cm2, where the full width at half maximum (FWHM) drops from 27 to
4 nm. And the fast  decay time at 502 nm (sharp peak of stimulated lasing) is  estimated to be 0.42 ns.  Enhanced lasing charac-
ters  are  mainly  attributed  to  the  strong  confinement  of  electromagnetic  wave  in  the  low  refractive  index  material,  which  im-
prove the near field coupling between SPs and excitons. Such plasmonic laser should be useful in data storage applications, bio-
logical application, light communication, especially for optoelectronic devices integrated into a system on a chip.

Key words: surface plasmon; plasmonic laser; GaN

Citation: T Zhi,  T Tao, X Y Liu, J J Xue, J Wang, Z K Tao, Y Li,  Z L Xie, and B Liu, Low-threshold lasing in a plasmonic laser using
nanoplate InGaN/GaN[J]. J. Semicond., 2021, 42(12), 122803. http://doi.org/10.1088/1674-4926/42/12/122803

 
 

1.  Introduction

Due to small physic scale and low power dissipation, mini-
aturized lasers are important for high resolution displays[1], ul-
trafast optical communication[2], sophisticated biomedical ima-
ging[3] and  on-chip  integration  with  IC  design  application[4].
In the past two decades,  tremendous efforts based on metal-
coated photonic cavity[5],  Fabry–Pérot (F–P) cavity[6],  whisper-
ing-gallery[7] and  ring  cavity[8] have  been  achieved.  However,
optical  cavity  is  fundamental  in  laser  design,  whose  physic
size has  faced a  bottleneck because of  the diffraction limit  of
light  (λ/2n,  where λ is  wavelength, n is  refractive  index  of
dielectric medium)[9].  One new type of sub-wavelength nano-
laser was proposed by Prof. Zhang in 2009, based on the prin-
ciple of the surface plasmon amplification of stimulated emis-
sion  of  radiation  (SPASER),  which  demonstrates  the  ability  to
break the diffraction limit of light[10]. In the plasmonic laser, sur-
face  plasmon  polaritons  (SPPs)  act  an  important  role,  collec-
ted  electronic  oscillations  of  dielectric  and  metal  interface,
which gives  promise for  a  light  source capable  of  reconciling
photonic  and  electronic  length  scales.  Ma et  al.  demon-
strated  a  hybrid  SPASER  consisting  of  cadmium  sulfide  (CdS)
nanowires separated from a silver film by nanoscale magnesi-

um  fluoride  (MgF2)  at  room  temperature[11].  Recent  efforts  in
plasmonic  laser  were  focusd  on  reducing  the  intrinsic  ohmic
who  is  mainly  determined  by  the  metal  itself[12, 13].  However,
the extrinsic loss, determined by plasmonic cavity (facet reflect-
ance,  interface  area,  and  symmetry),  is  also  a  major  chal-
lenge in efficiency and threshold of plasmonic laser.

In the work,  plasmonic nanolaser based on nanoplate In-
GaN/GaN was designed via increasing interface area and sym-
metry at  room temperature,  which consisted of  gain material
(nanoplate  InGaN/GaN),  low  refractive  index  medium  (thin
SiO2 film)  and noble  metal  film (Silver  layer).  The threshold is
calculated to be ~6.36 kW/cm2,  where the FWHM drops from
27  to  4  nm.  Moreover,  the  fast  decay  time  at  502  nm  (sharp
peak of  stimulated lasing)  is  estimated to  be 0.42  ns,  indicat-
ing  a  much  faster  radiative  channel.  The  design  plasmonic
laser  using  nano-plate  of  gain  material  relatively  decreases
the  edge-scattering  ratio,  enhances  overlap  of  SPs  and  ex-
citons, and further holds strong confinement of electromagnet-
ic wave in the low refractive index material. 

2.  Experimental section
 

2.1.  Growth of gain material

The  gain  material  (GaN/InGaN)  was  grown  on  sapphire
(0002)  substrate  by  metal-organic  chemical  vapour  depos-
ition  (MOCVD).  N2 and  H2 act  as  carrier  gases  for  the  growth
of InGaN and GaN epitaxial layers.  After growth, the gain ma-
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terial  consisted  of  a  2 μm  undoped  GaN  buffer  layer,  a  2 μm
silicon-doped n-type GaN layer, 15 periods (InxGa1–xN: 3.5 nm/
GaN:  12  nm)  of  multiple  quantum  wells  (MQWs),  a  25  nm
Al0.25Ga0.75N  layer  as  an  electron-blocking  layer,  and  a  500
nm-thick  Mg-doped p-type GaN layer.  The In  composition (x)
was set to be 0.35 in the MQWs region for green emission. 

2.2.  Fabrication of nano-plate

First  of  all,  the  gain  material  was  cleaned  with  acetone,
methanol  and  then  deionized  water.  In  order  to  form  nano-
plate,  custom-made  nano-mask  and  following  inductively
coupled  plasma  (ICP)  etching  process  are  necessary.  Thus,  a
thick SiO2 layer (~300 nm) was deposited on the gain materi-
al sample as the hard mask, where plasma-enhanced chemic-
al  vapour  deposition  (PECVD)  was  applied  at  300  °C.  Sub-
sequently,  a  thin PMMA layer  was spin-coated and patterned
by electron beam lithography (EBL).  The  width  and length of
nano-sized  pattern  were  set  as  0.2  and  1 μm,  respectively.
The pattern on PMMA layer were reversed in order to acquir-
ing nano-sized metal  mask after  lift-off  process.  Therefore,  20
nm-thick  nickel  were  deposited  by  physical  vapor  deposition
(PVD 75, Kurt J. Lesker) on PMMA layer and lifted-off by warm
1-methyl-2-pyrrolidinone. One more reactive-ion etching (RIE)
process  was  carried  out  to  transform  nickel  pattern  into  SiO2

layer  as  a  second  reinforced  mask.  Finally,  the  gain  material
with nickel and SiO2 patterned masks was etched using ICP sys-
tem,  where  the  height  of  gain  material  can  be  controlled  to
be  3 μm.  A  set  of  chemical  treatments  were  carried  out:  the
hot  (80  °C)  potassium  hydroxide  for  8  min  and  following  the
nitric  acid  for  2  min,  which  effectively  minimized  the  surface
roughness and defects caused by the ICP etching. 

2.3.  Preparation of substrate

A  undoped  silicon  substrate  was  prepared  by  cleaning
with acetone,  methanol  and then deionized water.  A 300 nm
SiO2 layer  was  deposited  by  PECVD  as  an  insulation  material.
It  has  been widely  reported that  smooth metal  surface  could
dramatically  reduce  losses,  including  ohmic  and  scattering
losses[14].  Therefore,  a  silver  film  (~30  nm)  was  deposited  on
SiO2 layer at a slow speed (0.1 Å/s) by PVD. During the depos-
ition  process,  the  sample  was  maintained  under  a  constant
temperature of 25 °C and at a rapid rotation rate of 20 rpm to
get  a  uniform  thickness  over  a  large  area.  It  should  be  men-
tioned  that  the  following  thin  SiO2 layer  need  to  be  carefully
optimized.  In  this  work,  the  growth  conditions  for  high-qual-
ity  thin  SiO2 layer  were  set  as:  the  silicane/nitric  oxide
(SiH4/N2O)  ratio  was  approximately  100/450,  the  RF  power
was set to be 10 W, and the reactor pressure was maintained
at  300  mTorr.  After  deposited,  the  thin  SiO2 gap  is  about
10 nm. 

2.4.  Characterization of SPASER

The surface morphology of the samples was measured us-
ing a JEOL JSM 7000F field emission scanning electron micro-
scopy (SEM). The photoluminescence (PL) spectra were collec-
ted  by  confocal  microscopy  equipped  with  a  40×  UV  object-
ive  lens  (Mitutoyo,  numerical  aperture  =  0.5).  The  lasing
beam  was  focused  on  a  5 μm-diameter  spot  coving  the
whole  nano  samples  at  an  incident  angle  of  90°.  For  fluores-
cence lifetime measurements, a commercial time-resolved pho-
toluminescence  (TRPL)  system  with  time-correlated  single
photon  counting  (TCSPC)  module  was  applied,  where  a  375

nm picosecond laser  with pulse  width of  ~40 ps  was used as
the excitation source. The parameters for TRPL system were cal-
ibrated before for the measurements of all samples. 

3.  Results and discussion

Fig.  1(a) shows  the  schematic  structure  of  the  SPASER,
which consists of GaN/InGaN nano-plate, ultra-thin SiO2 layer,
the  Ag  film,  SiO2 insulation  layer  and  Si  substrate.  After  EBL
and  ICP  etching  process,  The  SEM  image  in Fig.  1(b) displays
the nano-plate arrays of gain material  with a configuration of
200  nm  in  width,  1 μm  in  length  and  3 μm  in  height.  After
mechanical  cut  and  transfer  nano-plate  onto  the  prepared  Si
substrate,  nano-plate  based  SPASER  samples  are  prepared  as
illustrated by the SEM image in Fig. 1(c). It has been widely re-
ported that rough surface and defects on the sidewall of gain
material  will  cause  scattering  loss  and  optical  leakage,  which
limits the corresponding gain from SPs[15−17]. Hence, the fabric-
ation  of  nano-plate  gain  material  was  optimized to  acquire
smooth and vertical  sidewalls  as illustrated in Fig.  1(c),  where
the  most  intense  electric  fields  can  be  confined  in  the
SPASER.

The photoluminescence (PL)  spectra  of  single nano-plate
without  Ag  film  were  measured  by  increasing  the  optical
pumping power density using a micro-PL system excited by a
continuous 405-nm laser. A typical spontaneous emission of In-
GaN/GaN  nano-plate  can  be  seen  in Fig.  2(a).  As  the  optical
pumping  power  density  increasing  from  1.27  to  19.11
kW/cm2, the emission peak shifts to 501 nm, indicating a typic-
al  spontaneous  emission  behavior  due  to  the  band  filling  ef-
fect  and  carrier  screen  in  InGaN/GaN  gain  material[18].  The
FWHM of the PL spectra oscillates between 26 and 28 nm, as
shown  by  the  black  square  line  curve  in Fig.  2(b).  No  “S”
shape  can  be  identified  (blue  square  line  curve)  in  the
light–light (L–L) plot, which is similar to the results in our previ-
ous reports[19, 20].

On  the  other  hand,  sharp  peaks  appear  at  502  nm  for
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Fig.  1.  (Color  online)  (a)  Schematic  of  the  nano-plate  based  SPASER
sample,  where  a  thin  nano-plate  atop  silver  layer  separated  by  a  10
nm  SiO2 gap.  (b)  SEM  image  of  nano-plate  arrays.  (c)  SEM  image  of
SPASER with single nano-plate (200 nm in width, 1 μm in length, 3μm
in height).
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SPASER samples under a very low pumping power density, as
shown  in Fig.  2(c).  A  small  peak  shift  from  510   to  502  nm
with  respect  to  the  increasing  pumping  power  reveal  a  re-
duced  frequency  pulling  effect  due  to  the  strong  coupling
between  SPs  and  excitons.  In Fig.  2(d),  an  obvious  nonlinear
“S”  shape  can  be  seen,  where  the  lasing  threshold  can  be
roughly  estimated  to  be  6.36  kW/cm2.  Near  the  lasing
threshold, the FWHM drops from 27 to 4 nm, further confirm-
ing  the  transition  from  spontaneous  emission  to  stimulated
emission.  And  the  quality  factor[19],  determined  by Q = λ/∆λ,
where λ and  ∆λ are  the  central  emission  wavelength  and
FWHM,  is  about  130  under  the  optical  pumping  power  of
19.11 kW/cm2.  The PL spectra  of  current  SPASER exhibit  mul-
tiple  lasing  peaks,  which  is  attributed  to  a  number  of  avail-
able  modes  in  the  nano-plate  cavity  configuration.  The β
factor of laser can be calculated by the ratio of output light in-
tensity  below and above the  threshold[19].  In  this  work,  the β
factor  is  0.125,  indicating  a  high  ratio  of  lasing  mode  where
spontaneous recombination is suppressed.

The  simulated  electric  field  of  nano-plate  based  SPASER
samples  with/without  Ag  film  was  obtained  via  finite-differ-
ence time-domain calculations (FDTD Solutions from Lumeric-
al  Solutions).  In the simulation, a dipole source was used as a
light  source  with  a  wide  spectral  range  from  200  to  600  nm.
The  Ag  parameter  was  adopted  from  the  dielectric  function
of Palik, and the refraction index of the SiO2 was measured to
be  1.46  by  an  ellipsometer.  As  illustrated  by  the  simulated
cross-sectional electric field distribution in Fig. 3(a), the electro-
magnetic field can be highly confined within the low-permitti-
vity  SiO2 layer  with  an  ultra-small  volume  in  SPASER  struc-

ng (λ) = neff (λ) − λ [dneff (λ) /dλ]
neff (λ)

ture.  In  another  word,  the  electromagnetic  field  was  con-
fined  into  an  extremely  thin  waveguide,  which  is  as  much  as
10  times  smaller  than  the  diffraction-limited  spot.  It  should
be  mentioned  that  the  nano-plate  SPASER  designed  in  this
work,  compared  to  the  cylinder  structure  in  our  previous  re-
ports[19, 20], are helpful for improving the surface plasma coup-
ling between gain material  and surface plasma metal.  In con-
trast, the simulated cross-sectional electric distribute of nano-
plate  without  Ag  indicates  low  confinement  of  electric  field
and  relatively  large  mode  volume  as  shown  in Fig.  3(b).  It
suggests  that  the  spontaneous  emission  might  still  be  do-
minant under  the same optical  pumping density.  Meanwhile,
the  effective  and  group  effective  indices  of  SPASER  samples
were  simulated  by  the  eigenmode  method  (MODE  solutions
from  Lumerical  Solutions).  The  group  index  (ng,  the  ratio  of
the  vacuum  velocity  of  light  to  the  group  velocity  of  the
cavity  mode)  can  be  determined  by  the  relationship[17]

,  where λ is  the  emission
wavelength,  and  is  the  effective  index.  The  value  of
the  group  index  in  SPASER  and  nano-plate  structures  is  7
at 502 nm and 2 at 520 nm, respectively, suggesting an effect-
ively enhanced modal gain in the SPASER structure.

To  further  understand  the  mechanism  of  exciton  recom-
bination  in  SPASER, μ-TRPL  of  the  nano-plate  and  SPASER
were  preformed at  room temperature  and shown in Fig.  4.  A
standard  2-exponential  component model  was  calculated  to
study  the  carrier  dynamics  for  emission.  The  TRPL  traces  can
be described by[20, 21] , 

I (t) ≈ Aexp (−t/ τ) + Aexp (−t/ τ) ,
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Fig.  2.  (Color  online)  (a)  The PL  spectra  of  nano-plate  without  Ag film under  different  optical  pumping power  density.  (b)  Corresponding L–L
curve of the PL peak intensity and the FWHM in the log–log scale as a function of optical pumping power density. (c) PL emission of SPASER with
increasing the same optical pumping power density. (d) Corresponding L–L curve and FWHM of the dominant lasing peak at 502 nm as a func-
tion of the excited power density.
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τ τ

/ τ = / τnr + / τr
τ

τ

where A1 and  (A2 and ) are the fast (slow) decay compon-
ents.  In  typical  InGaN/GaN  gain  materials,  the  intrinsic  life-
time is dominated by the intrinsic radiative (τr) and non-radia-
tive  (τnr)  decay  times  ( )  at  room  tempera-
ture[22].  For  the  Nano-plate  gain  material,  the  fast  decay  time

 at 520 nm (dominate peak of spontaneous emssison) is  es-
timated to be 9.24 ns, similar to the intrinsic lifetime of ordin-
ary  InGaN  emission.  However,  for  the  SPASER,  the  fast  decay
time  at  502  nm  (sharp  peak  of  stimulated  lasing)  is  estim-
ated to be 0.42 ns, indicating a much faster radiative channel.
In  the  plasmonic  laser,  the  energy  is  transferred  from  ex-
citons to SPP. Four steps are proposed: 1) many pairs of elec-
trons  and  holes  are  excited  in  the  gain  material  by  optical
pumping;  2)  surface  plasmon  remain  stable  in  SPASER  struc-
ture via excitation of suitable light pumping; 3) energy is trans-
ferred  between  surface  plasmon  metal  system  and  stimu-
lated excitons to create more excitons and surface plasmons;
4)  decoupling  occurs  at  the  boundary  of  gain  material  and
emit  lasing.  In  this  work,  nano-plate  gain  material  was  de-
signed  to  decrease  the  edge-scattering  ratio  and  signific-
antly  enhance  the  overlap  between  SPs  and  excitons  com-
pared to the plasmonic lasers using cylinder structure. Strong
confinement of electromagnetic wave in the low refractive in-
dex  material  support  for  the  high  gain  in  nano-plate  SPASER

samples. Such nano-plate design should be useful in light com-
munication,  data  storage  applications,  biological  application,
especially  for  optoelectronic  devices  integrated  into  a  sys-
tem on a chip. 

4.  Conclusion

In  summary,  new  plasmonic  laser  was  designed  and
demonstrated at  visible wavelength based on the nano-plate
SPASER  structure,  consisting  of  gain  material  (InGaN/GaN
nano-plate),  low refractive index medium (thin SiO2 film)  and
noble  metal  film  (silver  layer).  The  designed  nano-plate  gain
material  holds  strong  confinement  of  electromagnetic  wave
in  the  low  refractive  index  material,  where  larger  interface
area  enhances  the  overlap  of  SPs  and  excitons  and  decrease
the edge-scattering ratio. As a result, the room temperature las-
ing  threshold  is  reduced  to  be  ~6.36  kW/cm2,  where  the
FWHM  drops  from  27  to  4  nm.  The  present  work  paves  the
way for light communication, data storage applications, biolo-
gical  application,  especially  for  optoelectronic  devices  integ-
rated into a system on a chip. 
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