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Theoretical investigation of F-P cavity mode manipulation
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The ability to manipulate microlaser is highly desirable towards high-performance optoelectronic devices. Here we
demonstrate feasible mode manipulation of Fabry–Pérot type microlasers of a perovskite nanowire via incorporation of
single gold nanoparticles. The influences of resonant wavelength, quality factor and emission directions are successively
investigated using a two-dimensional finite-difference time-domain method. It is found that blueshift of resonant wave-
length could be achieved together with either promoted or degraded quality factor of the microlaser via single Au NPs with
varied sizes. Unidirectional emission could also be realized which is favorable for on-chip integration. Our results provide
useful reference for feasible manipulation of light–matter interactions and mode selection.

Keywords: microlaser, mode manipulation, gold nanoparticle
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1. Introduction

In recent decades, microlasers are intensively investi-
gated due to their unique properties and significant potential
for innovation in various technological fields. At the mi-
cro/nanoscale, they can generate strong and coherent optical
signals and offer enormous potential applications in data stor-
age, sensing, on-chip communication, and so on.[1–8] Since
the first realization of microlaser in an InGaAs quantum well
in the 1980s,[9] a diverse range of microdisk lasers, pho-
tonic crystals, and nanowire microlasers made from vari-
ous semiconductor gain media have been successfully devel-
oped along with the development of micro/nano-processing
technology.[10–14] Moreover, the emergence of novel laser gain
materials, such as perovskites, has expanded the possibilities
for developing integrated microlasers with favorable charac-
teristics, including large refractive index, wide bandgap tun-
ability and easy solution processing.[15–19]

Among various microlaser structures, one-dimensional
nanowires are excellent candidates for waveguides or Fabry–
Pérot (F-P) cavities and have emerged as promising building
blocks for a wide range of optoelectronic devices.[13,20] These
low-dimensional microcavities utilize the refractive index dif-
ference of the medium (e.g., perovskite) to confine light within
the cavity and achieve a miniaturized and highly coherent light
source.[21] More superior and flexible controllability of the
outgoing laser mode is required for practical applications like
single-mode output, mode switching, control of laser output
direction, etc.[22–28]

In the past decades, surface plasmon polaritons in metal

nanostructures have attracted considerable interest in achiev-

ing extremely strong optical confinement of laser modes.[29]

Present plasmonic laser includes various structures such

as metallic-coated lasers, plasmonic nanowire lasers, and

metallic-nanoparticle lasers,[30–35] which not only transcend

the traditional optical diffraction limit but also possess a cer-

tain degree of tunable capability. Among various metallic

nanostructures, metal nanoparticles are favored due to their

extreme mode confinement capabilities for manipulating laser

modes. To date, most microlasers based on metal nanoparti-

cles have been obtained in clusters or arrays of nanoparticles,

with the aim of enhancing photoluminescence.[36–39] Mode

manipulation of bottle microresonators was enabled by pre-

cise deposition of single gold nanoparticles so as to achieve

single mode lasing but lacking of expansibility.[40]

In this paper, we propose a method for manipulating the

cavity modes of the F-P laser cavity by single metal nanopar-

ticles. Via introducing a gold nanoparticle (Au NP) at the

output facet, parameters of the F-P laser cavity (i.e., a one-

dimensional perovskite nanowire) could be tailored efficiently.

Numerical simulations are performed to investigate the mech-

anism and influence of various factors (such as resonant wave-

length, quality factor, and emission directions) by using a

two-dimensional finite-difference time-domain (2D FDTD)

method. Our results provide an alternative approach to ma-

nipulating the cavity mode of microlasers in a reconfigurable

and tunable manner.
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2. Numerical model
Figure 1(a) depicts a three-dimensional schematic dia-

gram of nanowires (perovskite) attached with an Au NP. The
microcavity present within the nanowires is considered as
the F-P cavity and this model can be simplified as a two-
dimensional (2D) structure. Figure 1(b) shows the simulation
parameters of the 2D layout, wherein the length and width of
the cavity are denoted by L and W , respectively. The refrac-
tive index of the perovskite material forming the cavity is set
to be 2.5, with the refractive index of the background as 1. The
radius of the Au NP is denoted by R.

Au nanoparticle 

L

W

(a)

Perovskite

(b) y

x

n/. n/

Fig. 1. (a) Three-dimensional schematic of nanowire containing gold
nanoparticles. (b) Two-dimensional schematic of nanowire containing
gold nanoparticles.
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Fig. 2. (a) Field distribution of
∣∣E2

∣∣ of the nanowire with L = 6 µm and
W = 100 nm. (b)–(c) The simulated spectra before and after the intro-
duction of Au NP, (b) without Au NP, (c) with Au NP (25-nm-radius).

The cavity simulated here is F-P type along the x-axis (as
shown in Fig. 1(b)), which is quite common for perovskite
microwire lasers. The high refractive index of the perovskite
nanowire not only effectively confines photons within the gain
medium, but also ensures high reflection from the two end
facets, which constitute the optical cavities for light amplifica-
tion and associated laser output. To maintain the single-mode
waveguiding operation, the width of the microwire was set to
100 nm. Figure 2(a) shows a typical field distribution of F-P
resonant fundamental mode with a solid black line represent-
ing the nanowire. Figure 2(b) displays the integral intensity
of the electric field of a rectangular nanowire structure with
L = 6 µm and W = 100 nm. The simulated spectra were ob-
tained through the Fourier transform of the electric fields col-
lected from the monitors that was placed 2 µm away from the

end facets. It should be noted that multiple broadband dipole
sources (TE-polarized) were used to stimulate resonant modes
with random distributions, which gave rise to the non-uniform
intensity of resonant modes in our simulation.

3. Results and analysis
Figures 2(b) and 2(c) show the simulated spectra before

and after the introduction of single Au NP at the left facet of
the perovskite nanowire. The radius of the Au NP is set to be
25 nm. Taking a close look at the main resonance wavelength
of 576.4 nm, a clear blueshift is observed due to the attachment
of Au NP. For simplicity, the Au NP is placed at the center of
the left facet, which would have the most significant impact on
the resonant spectra with a blue shift of 1.2 nm.

We also investigate the influence of the nanoparticle size
on the resonant spectra. Figures 3(a)–3(e) illustrate the sim-
ulated spectra for varied radii of Au NPs. With the increas-
ing nanoparticle radius, the observed blueshift of resonance
becomes more obvious and reaches to 1.8 nm for R = 50 nm.
This result is in accordance with the influencing factor of verti-
cal offset and could be explained by that bigger particle would
impinge the reflectance of the light field at the facet to a greater
degree. The electric field distributions

∣∣E2
∣∣ (Figs. 3(f) and

3(g)) show no appearance of high-order modes with increased
nanoparticle sizes.
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It is known that the resonant wavelength should satisfy
the resonance formula

2neffL
λ

= m ·2π +∆ϕleft +∆ϕright, (1)

where neff represents the effective refractive index of the
guided light wave, m denotes the mode number, ∆ϕleft and
∆ϕright represent phase shifts on reflection from left and right
facets, respectively. According to Figs. 3(f) and 3(g), the mode
number is kept unchanged as 42, which is not affected by ei-
ther introduce of Au NP or change of nanoparticle size. There-
fore, one may easily deduce that there is extra phase change
∆ϕ ′left on the left facet as a result of the attachment of Au NP.
The emergence of ∆ϕ ′left is responsible for the blueshift of res-
onant wavelength ∆λ according to Eq. (1) for the unchanged
mode number.

To study the influence of Au NP, the local field and phase
distributions of the main electric field Ez at the resonant wave-
length on the left facets are shown in Figs. 4(a)–4(d). The

solid black lines represent rectangular microcavity while the
black dotted lines represent gold nanoparticle with a radius of
25 nm. By comparing two phase diagrams, we could extract an
extra phase difference of approximately 0.73 rad with the at-
tachment of Au NP, corresponding to a calculated wavelength
change of 1.28 nm from Eq. (1). This calculated number is
in good agreement with blueshift as shown in Figs. 2(b) and
2(c). It is believed that such extra phase retardation originates
from the change from dielectric–air (i.e., perovskite–air) inter-
face to dielectric–metal (i.e., perovskite–gold) interface of the
end facet. Furthermore, we study the influence of nanoparticle
sizes on extra phase differences as shown in Fig. 4(e). It can be
found that the additionally introduced phase difference is posi-
tively correlated with the radius of nanoparticles. This point is
reasonable because as the radius of the nanoparticle increases,
the perovskite–gold interface of the end facet becomes larger,
and more phase change could be introduced over the entire end
facet.
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Fig. 4. (a) Local field distribution on the left end facet without Au NP. (b) Local field distribution on the left end facet with Au NP (R = 25 nm).
(c) Phase diagram of electric field Ez without Au NP. (d) Phase diagram of electric field Ez with Au NP (R = 25 nm). Solid black lines represent
perovskite nanowire, and black dotted lines represent Au NP. (e) Additional phase difference and resonant peak wavelength at different radii.

A decrease in full width at half maximum (FWHM) of
the resonant mode is also found along with the blueshift as
shown in Fig. 1, suggesting the promoted quality factor of
the nanowire cavity. This point seems not reasonable since
the nanoparticle would probably introduce more loss to the
microcavity and reduce the quality factor. Figures 5(a) and

5(b) show the normalized transmittance of the end facet as
a function of wavelength for nanoparticles of different radii.
For nanoparticle radius relatively small, one could observe
decreased reflectivity, which would thereby increase the to-
tal loss of the microcavity and reduce the quality factor. This
point could be easily understood that such small nanoparticle

084204-3



Chin. Phys. B 32, 084204 (2023)

could bring more scattering losses at the end facet. While the
radius of nanoparticles becomes larger, the reflectivity tends
to increase and the quality factor becomes better (from 230 to
302) (see Fig. 5(c)), probably due to the increased area of the
dielectric–metal interface.

We further investigate the spectral change caused by more

than one Au NP. As shown in Fig. 6, the attachment of two Au
NPs at the end facets would bring about a blueshift of 2.4 nm,
which is exactly twice the blueshift by single Au NP. This in-
dicates that such mechanism for manipulating the cavity reso-
nance could accumulate by increasing the number of interact-
ing nanoparticles.

550 560 570 580 590 600

0.2

0.3

0.4

0.5

0.6

N
o
rm

a
li
z
e
d
 t

ra
n
sm

it
ta

n
c
e

Wavelength (nm)

20 nm

30 nm

40 nm
(a)

570 572 574 576 578 580
0.225

0.230

0.235

0.240

0.245

N
o
rm

a
li
z
e
d
 t

ra
n
sm

it
ta

n
c
e

Wavelength (nm)

w/o Au NP

5 nm
10 nm

(b)

0 10 20 30 40 50
1.9

2.0

2.1

2.2

2.3

2.4

2.5

2.6
FWHM

Radius (nm)

F
W

H
M

 (
n
m

)

(c)

 

Fig. 5. (a)–(b) The normalized transmittance after reflection only on one side of the end facet for particles with different radii, (b) is a partially
enlarged view of (a). (c) The scatter plot of FWHM versus nanoparticle radius.
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Finally, the ability to control the emission direction is in-
vestigated. Initially, laser is mainly emitted from the two end
facets of the nanowire. Without attaching the Au NP, there is
no difference in emission spectra between the left and right
end facets (Fig. 7(a)). After attaching an Au NP (25-nm-
radius) at the left facet, unbalanced emission with more laser
output from the right facet could be observed (Fig. 7(b)). For
increased nanoparticle size (50-nm-radius), such unbalance
becomes significantly obvious (Fig. 7(c)), leaving almost no
laser exiting from the left side, as seen in Fig. 3(g). Such op-
eration could enable unidirectional emission of nanowire with
the help of single Au NP, so as to make the on-chip integra-
tion more practical.[22] In addition, we also find that when the
attachment position of the gold nanoparticles deviates from
the center of the end facet, spatial distribution of output laser
would be affected from the end facet. As shown in Figs. 7(d)
and 7(e), when a 50-nm-radius nanoparticle is attached to the
upper part of the left end facet with an offset of 30 nm from the
center, it can be seen that the direction of the emitted laser is
obviously tilted. This effect could be further enhanced if high-
order mode inside the F-P cavity is taken into consideration.
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Fig. 7. Comparison of simulated spectra from left and right end facets
(a) without Au NPs, (b) with Au NP (R = 25 nm), (c) with Au NP (R =
50 nm). The local field distribution diagram of perovskite nanowire
end-facet emission (d) without Au NP, (e) with Au NP (R = 50 nm,
30-nm offset from the center of end facet).

As a supplementary note, we find that the vertical offset of
the Au NP at the end facet, would not palpably affect the reso-
nance wavelength, quality factor, and emission direction. This
is due to that here our analysis was restricted within the scope
of single-mode guiding condition, where only fundamental
mode could exist in the nanowire cavity. One may readily ex-
pect that, for nanowire cavities with larger widths, high-order
traverse modes become available and we could thus manipu-
late emission direction or select low-order or high-order tra-
verse modes by carefully adjusting the vertical offset of the
Au NP at the end facet. Lastly, the feasibility of Au NP ma-
nipulations by probes such as fiber tapers[38] makes such mode
manipulation experimentally accessible.
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4. Conclusion
We have demonstrated a simple method for manipulating

cavity modes of F-P type microlasers. The mechanism of in-
troducing or reducing extra optical loss via single Au NPs is
theoretically revealed. The influences of the microlaser pa-
rameters, including resonant wavelength, quality factor, and
emission directions, on the nanoparticle sizes are successively
investigated. It is found that blueshift of resonant wavelength
could be achieved together with either promoted or degraded
quality factor of microlaser via attachment of Au NPs with
varied sizes. Unidirectional emission could also be realized
via large Au NP, which is favorable for on-chip integration.
Considering the feasibility of Au NP manipulations by fiber
taper probes, our results provide a useful reference for ma-
nipulating microlasers toward the experimental realization of
high-performance optoelectronic devices in the future.
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