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Abstract— Operation of plasmonic laser at room temperature 

has always been an issue towards its practical implementation 

and integration with electronic IC chip. In this work, we studied 

a room-temperature plasmonic laser configuration and semi 

classically evaluated their performances which are validated by 

previously reported experimental results. The laser structure 

employs an Metal-Insulator-Semiconductor hybrid 

nanostructure and effective cavity feedback mechanism to 

overcome the high metallic loss at room temperature by 

improving cavity Q factor. Optical pumping method is used the 

results show lasing action at room temperature from visible to 

ultraviolet range. Finite-Difference Time-Domain simulation 

method is used to solve the full-field vector Maxwell's equations 

on the laser structure and Four Level-Two Electron system is 

used to model the gain medium. All necessary data for the 

simulation are taken at room temperature to simulate the room 

temperature environment accurately. The results were found up 

to the mark of experimental data. 
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I. INTRODUCTION 

Despite all the recent efforts, size of lasers are still limited 
by the diffraction limit to be scaled accordingly to be integrated 
with their electronic IC counterpart [1]. In this respect, 
plasmonic lasers which obtain optical confinement and 
feedback using surface plasmon polaritons (SPPs), 
quasiparticles of electron and photon at metal dielectric 
interface, shows possibility in achieving sub-diffraction scale 
device [1-4]. However, fast electron collision & scattering in 
metal and low cavity feedback makes room-temperature 
operation of such device critical [1,2]. 

As usual, three things are necessary to make a laser - active 
gain medium, pumping requirements and optical feedback 
mechanism. Plasmonics can fundamentally contribute to the 
light confinement and optical feedback mechanism [5,6] at the 
metal-dielectric interface to reduce its size and light can be 
amplified by suitable gain medium. Several structures, such as 
MIM [7], distributed feedback cavity [8], whispering gallery 
cavity [9] can ensure feedback through one-dimensional 
confinement, while other structures, such as, hybrid Metal-
Insulator-Semiconductor (MIS) nanowire structure [2] and gold 
nanoparticle structure [10] can employ two- and three-
dimensional confinement. Generally, plasmonic lasers are 
characterized by their high metallic loss and low cavity 

feedback which makes their operation beyond cryogenic 
temperature impossible. 

 

Fig. 1. Physical structure of the Ag-MgF2-CdS (MIS) approach of room 

temperature plasmonic laser [11]. 

Despite being capable of electron injection and compatible 
with electronic circuit fabrication process, the very low 
operating temperature requirement of semiconductor plasmonic 
laser is a major obstacle towards their practical 
implementation. Low metallic loss, high gain and cavity 
feedback are needed to make room-temperature operation of 
plasmonic laser possible. Few attempts have been made 
towards this direction and one of the experimental works that 
has already been reported is numerically investigated and 
evaluated in this work. The laser structure is proposed and 
tested by Ma et al [11], shown in Fig. 1. This structure consists 
of 45 nm thick, 1 µm length single crystal CdS square atop a 
silver surface of 300 nm thickness separated by a 5 nm thick 
MgF2 gap layer ensuring λ/20 optical confinement. In this 
structure, the feedback mechanism works for only TM mode 
since the photonic TE mode does not have enough momentum 
for total internal reflection. As reported, the lasing modes were 
observed around 500 nm [11]. 

II. SIMULATION SETUP & METHODOLOGY 

In this work, the simulation of the two above-mentioned 
room temperature plasmonic laser structure is done using 
Finite-Difference Time-Domain (FDTD) method for solving 
full-field vector Maxwell's equations. The 'Johnson and 
Christy' model and sampled data model were used to model Ag 
and MgF2 layer, respectively, to correctly reflect dispersion 
relations of these materials. The simulation setup is shown in 
Fig. 2a. The CdS gain medium was modelled by a 'four-level 
two-electron model' [12], as shown in Fig. 2b. The parameters 
of the model are set as: pump wavelength 405 nm, emission 
wavelength 500nm, µ21= τ30 = 0.1 ns (τ21= spontaneous 



emission lifetime) [13], τ32=τ10=1 ps and population density of 
CdS at room temperature is used. CdS [14] with sampled data 
was used as the base material four-level two-electron gain 
medium to accurately model the dispersion relation. The 
boundary conditions of the computation region were defined as 
metal and stretched PML. The wavelength and pulse width of 
the light source were set as 405 nm and 100 fs, respectively. At 
first, output intensity spectrum due to a unit impulse source 
was calculated and then multiplied by the Fourier transform of 
the source signal to obtain the output intensity spectrum due to 
the total pulse train. 

 

Fig. 2. a. Simulation setup of Ag-MgF2-CdS (MIS) Structure. b. Four level 

two electron model of gain medium[12]. 

III. SIMULATION RESULT  

Some aspects of the plasmonic laser phenomenon, i.e. 
modal confinement, are evaluated by calculating effective 
refractive index of a mode. While the emission spectrum due to 
a repeated pulse pumping is determined by first calculating the 
Fourier transform of the unit impulse response then multiplying 
it with the spectrum of the pumping source. Coupling of the 
TM mode of the semiconductor slab to the SPPs of the metal 
surface is determined by calculating effective index and 
electric-field-intensity distribution along the z axis (Fig. 1). 
The lasing action is observed by the determining the emission 
spectrum under different pumping rate. 

According to the principle of Plasmonics, the close 
proximity of the high-permittivity CdS square and silver 
surface allow the modes of the CdS to couple and share energy 
with SPPs of the metal dielectric interface, which can be seen 
in the Fig. 3 where the electric-field-intensity is shown 
throughout the structure along the z axis. This shows the strong 
confinement of light in the gap region [15]. 

The coupling of the optical mode of CdS with surface 
Plasmon increases the wave-vector and also the momentum, 

according to the equation, 𝑘𝑠𝑝 = 𝑘0√
𝜀1𝜀2

𝜀1+𝜀2
 [16]. Where, 𝜀1(𝜔) 

is the permittivity of the silver system, 𝜀2 is the real part of  the 
permittivity of CdS, 𝑘0 and 𝑘𝑠𝑝 are the wave-vector of the 

coupled mode of CdS in before and after coupling, 
respectively. In this case the transverse magnetic field waves 
(dominant magnetic field of which waves are parallel to the 
metal surface) couples strongly with the surface plasmons and 
their momentum increases dramatically. Increase of 
momentum in turn means increased effective refractive index 
of the coupled mode. Fig. 4a shows the increase and decrease 

of effective index of TM and TE modes, respectively, after 
introducing the silver dielectric layer. This plot is made by 
calculating effective index of the corresponding modes with the 
increase of the thickness of the CdS layer. With the increase of 
the effective index of the TM mode it has sufficient momentum 
to undergo total internal reflection and obtain necessary 
feedback for lasing [17,18]. But the TE mode lacks sufficient 
momentum for total internal reflection and it is also delocalized 
from surface Plasmon and heavily scattered. The total internal 
reflection phenomenon is shown in Fig. 4b. Because finite 
cavity size leads to imperfect internal reflection [19], the laser 
response is obtained from the volume scattering of radiation 
waves. 

 

Fig. 3. Intensity distribution of the two modes along the z direction. 

 

Fig. 4. a. Effective indices for TM and TE modes of CdS square with (solid) 

and without (dashed line) metal substrate. b. E field distribution of a TM 

mode [11]. 

Like any other optical resonator, this plasmonic cavity 
supports a number of modes. The peak of emission spectrum of 
CdS nanobelt structure is around 500 nm with around 30 nm 
bandwidth. Those cavity modes whose wavelengths fall under 
the Photoluminescence curve get amplified. The amplified 
cavity modes are found by plotting the spontaneous emission 
spectrum by simulating the system with source of sub-
threshold intensity. This emission spectrum is shown Fig. 5a. 
The Q factor of two pronounced cavity modes 495 nm and 509 
nm are 97 and 38. The latter Q factor is an overestimate since 
this resonance consists of several other modes which are too 
close to be resolved [11]. Fig. 5b shows the transition between 
three set of emission spectrum: spontaneous emission 
spectrum, amplified emission spectrum and full laser emission 
at pumping rates of 1900 MW cm-2 (black), 2200 MW cm-2 
(red) and 3000 MW cm-2 (blue), respectively. At full laser 
oscillation, a number of higher coherence mode appear due to 
availability of sufficient energy. 

Purcell effect is defined as the enhancement of the 
spontaneous emission rate of a fluorescent molecule or atom by 
its environment [21] and it was calculated by the equation (1),  



             𝐹 =
𝛾

𝛾0
≈ 𝐹∞[1 + 𝛽𝐿𝑐𝑠𝑐ℎ(𝛼𝐿/√2)]                    (1) 

where, 𝛾 = 𝛾𝑠𝑝+𝑄̅𝐵, 𝛾𝑠𝑝 is the enhanced spontaneous 

emission rate compared to 𝛾0 the usual emission rate of the 
CdS band edge transition. Other constants of the equation (1) 
are taken as, 𝛼=6323 cm-1, 𝛽=4.93 (μm)-1 and 𝐹∞=2.08 [11]. In 
Fig. 6, the Purcell factor was plotted against the cavity square 
circumference, L. Simulation result matches the experimented 
value up to a high degree of accuracy. As the cavity side length 
decreases cavity feedback increase as the cavity feedback has 
no effect beyond the surface plasmon propagation length, 𝛿. In 
this structure high cavity quality factor and strong mode 
confinement leads to the high Purcell factor as large as 18. This 
high Purcell factor shows hope in fine investigation of light 
matter interaction [11]. 

  

 

Fig. 5. a. Spontaneous emission spectrum of CdS structure at a peak pump 

intensity of 1900 MW cm-2. b. Room-temperature laser spectra showing 

transition from spontaneous emission through amplified spontaneous emission 

to full laser emission. 

 

Fig. 6. Plot of the theoretically calculated Purcell factor.  

IV. CONCLUSSION  

This paper reports the numerical investigation of the 
performance of an implementation of a room-temperature 
plasmonic laser. The experimented results are verified in light 
of classical electromagnetism and semi-classical model of the 
gain medium. The simulated results were up to the mark of 
experimental data. This work will hopefully contribute to grow 
a deeper understanding in this prominent and sophisticated 
research area. 
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