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Optical frequency combs (OFCs) have great potential in communications, especially in dense wavelength-division
multiplexing. However, the size of traditional OFCs based on conventional optical microcavities or dispersion
fibers is at least tens of micrometers, far larger than that of nanoscale electronic chips. Therefore, reducing the size
of OFCs to match electronic chips is of necessity. Here, for the first time to our knowledge, we introduce surface
plasmon polaritons (SPPs) to the construction of OFCs to realize a miniature device. The thickness of our device
is reduced below 1 μm. Though the presence of SPPs may induce ohmic and scattering loss, the threshold of the
device is obtained as 9 μW, comparable to the conventional device. Interestingly, the response time is 13.2 ps,
much faster than the optical counterparts. This work provides a feasible strategy for the miniaturization of
OFCs. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.488160

1. INTRODUCTION

Optical frequency combs (OFCs) have played an important
role in the field of metrology, promoting the progress of pre-
cision time measurement and spectroscopy [1]. However, its
application prospects in more expansive fields, such as commu-
nications, have not been fully developed [2–4]. The use of
dense wavelength division multiplexing (DWDM) is an effec-
tive means to improve communication capacity [5], but each
channel needs to use lasers with different wavelengths and the
vast and expensive discrete wavelength laser source arrays hin-
der DWDM from entering thousands of households [6].
Correspondingly, OFCs with multiple equidistant peaks could
solve this problem properly. Compared with multiple lasers, the
stable wavelength spacing and stronger anti-interference ability
of such OFCs are more conducive to the design of optical add–
drop multiplexers and other components [7]. Moreover, the
single device is more suitable for developing integrated opto-
electronics in terms of low energy consumption and the con-
venience of system integration. These advantages facilitate the

application of OFCs in the communication field, especially in
on-chip interconnection [8,9].

The miniaturization and integration of OFCs are crucial fac-
tors for their practical application in the communication field.
Zinner et al. initially realized OFCs through external frequency
mixing of a series of large femtosecond lasers [2]. Jones et al.
further developed a method to obtain OFCs through a single
mode-locked laser [4]. Because these devices are huge and ex-
pensive, the systems can only be used in advanced scientific
fields such as high-precision time measurement and high-
resolution spectral analysis. In order to realize the miniaturiza-
tion of OFCs, methods using dispersion fiber and high-quality-
factor microcavity were gradually proposed [7,10–14]. The mi-
crocavity approach can only realize micrometer OFCs, still
larger than the size of currently used communication lasers,
and soliton combs are usually very inefficient [15]. It is worth
noting that the microcavity method based on Kerr nonlinearity
usually needs ultra-high quality factors to enhance the optical
field intensity, improve the third-order nonlinear efficiency, and
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finally obtain OFCs based on four-wave mixing [16–19].
However, in order to obtain the ultra-high quality factor, the
current microcavity OFCs demand a nearly perfect microcavity
structure to reduce the mode volume and light leakage. A perfect
microcavity necessitates an ultra-smooth and regular surface, and
needs to be suspended in a uniform medium, which places
extremely high requirements on the processing technology
[7,20]. These difficulties make their prospects for on-chip inte-
gration vague. Fortunately, surface plasmon polaritons (SPPs),
which can compress wavelength and localize the light field, have
made many breakthroughs in miniaturizing lasers. The compres-
sion effect on the wavelength enables the device to break through
the diffraction limit, thus reaching the nanometer scale to match
the size of current electronic chips [21–26]. When the light field
is localized near the metal–dielectric interface, the peak light in-
tensity is greatly increased. Thus, the threshold of OFCs based
on third-order nonlinear effects would be lowered. Therefore,
introducing SPPs to microcavities to solve the dilemma of
OFC miniaturization would be feasible.

In this paper, we propose an implementation of submicrom-
eter OFCs based on metallic multi-ring (MMR) resonators.
Reducing the device thickness and enhancing the local light
field are realized simultaneously via the whispering gallery cav-
ity with the SPP waveguide. In addition, the approximately
quarter phase-shifted distributed feedback Bragg (DFB) cavity
formed along the radial direction can allow the light field to
superimpose near the center of the circle, thus obtaining
ultra-high light intensity and enhancing the third-order nonlin-
ear effect. The threshold of OFCs is only 9 μW, which is com-
parable to that of traditional microcavity OFCs. Through
controlled dual-pump time-resolved fluorescence spectroscopy
experiments with nanosheet optical-mode lasers, we found that
OFCs had much faster dynamics than photon-mode lasers, sug-
gesting that the introduction of SPPs is efficacious.

2. METHOD AND CHARACTERIZATION

A. Construction of Metallic Multi-Ring
Electron beam glue (Allrisist E-Beam Resist AR-P 671.05) was
first spin-coated on the cleaned quartz substrate at 4000 r/min
for 1 min, baked at 150°C for 3 min, and then the conductive
glue (Allrisist E-Beam AR-PC 5090.02) was spin-coated at
2000 r/min for 1 min. Electron beam exposure was performed
at a dose of 120 μC · cm−2 on Raith e-LiNE plus high-resolu-
tion electron beam lithography system. The sample was devel-
oped by a mixture of methyl isobutyl ketone (Sinopharm
Chemical) and isopropanol (Sinopharm Chemical). Gold film
with 50 nm thickness was deposited by thermal evaporation,
and a lift-off process was performed to achieve MMR. After
cleaning by acetone, 5 nm aluminum oxide was obtained with
atomic layer deposition.

B. Perovskite Nanosheet Growth
Perovskite nanosheets were obtained by anti-solvent assisted
crystallization [27]. The sapphire substrate was first pretreated
with ozone for 10 min, and then the prepared PDMS sheet was
tightly attached to the substrate to form a confined growth
environment. After that, the precursor of CsPbBr3 (5 μL,
0.2 mol/L) was dropped on the substrate. The synergistic effect

of capillary force and diffusion drove the solution to creep into
the gap between PDMS and the substrate, and finally a nano-
sheet was obtained. During the growth of the nanosheet, the
sample was placed in a beaker containing acetonitrile, an anti-
solvent. After 24 h, the solvent in the precursor was completely
evaporated, and the PDMS sheet was mechanically peeled off.
Perovskite nanosheets were on the substrate.

C. Construction of OFCs
OFCs were constructed by the mechanical transfer method.
The perovskite nanosheets were adsorbed by PDMS, aligned
and attached to the gold ring resonator under an optical micro-
scope, and desorbed by heating to obtain the OFC sample [28].

D. Finite Element Simulation Setup
The simulation model adopted a two-dimensional axisymmet-
ric model, and the structure size was consistent with that of the
experimental sample. Since the perovskite nanosheets were
large enough to completely cover the resonant cavity and
the SPP wavelength was much smaller than the device size,
the two-dimensional nanosheets and substrate were considered
as infinite in the study. The boundary condition was set as a
scattering boundary condition, and a perfectly matched layer
was set as an absorbent layer. Considering that the aluminum
oxide layer was too thin and completely covered the resonant
cavity, it was set as a transition layer to simplify the model.

E. Structure Characterization
Optical microscopy images were taken with an Olympus
BX53M microscope with a 50× objective lens (NA = 0.8). The
scan area was 5 μm × 5 μm with a scan rate of 1 Hz. 1024
points per line and 1024 lines per image were used for data
sampling on a Bruker Dimension Edge. Electron micrographs
of the surface and cross-sections of the MMR were obtained by
the FB-2100 focused ion beam (FIB) system.

F. Optical Measurements
Normal time-resolved fluorescence spectroscopy was performed
using an Edinburgh Instrument FLS1000. Steady-state fluores-
cence spectroscopy was performed using a Varian Cary Eclipse.

The dual-pump time-resolved fluorescence spectroscopy ex-
periment was completed based on a homemade test system.
The laser source had a wavelength of 800 nm, a repetition rate
of 1 kHz, and a pulse width of 40 fs. The laser wavelength of
400 nm was obtained through a BBO frequency doubling crys-
tal as a pump light source. The pump light source was focused
on the sample by an Olympus magnification 5× �NA � 0.1�
polarization maintaining lens to ensure complete coverage of
the sample. The fluorescence was also collected by this objec-
tive lens and transmitted to the spectrometer (Princeton
Instruments, Acton SP2300i, with 1200 mm−1 grating), and
the test data were obtained by liquid nitrogen cooling CCD
(Princeton Instruments, Pylon camera). Test-related light paths
are shown in the appendix.

3. RESULTS AND DISCUSSION

Microcavity OFCs are usually related to the third-order non-
linear effect of gain materials. First, the annihilation of intrinsic
photons produces signal and idler photons, and then they
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undergo four-wave mixing with intrinsic photons to produce
more spectral comb lines. Ultimately an OFC is generated
[29]. The efficiency of these third-order nonlinear processes
is proportional to the optical field strength. Therefore, improv-
ing the light field intensity is the core of the device structure
design. In addition, to meet the phase-matching condition, the
negative free spectral range (FSR) caused by microcavity
dispersion should be compensated by positive anomalous
dispersion of the material. For SPP, only TM modes can exist,
whose dispersion relation is given by the equation [30]

β

k
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 · ε2
ε1 � ε2

,
r

where ε1 and ε2 are the dielectric constants of the gold film [31]
and perovskite material [32]. The Au film and perovskite di-
electric constant were fitted by the Drude model [33] and
Sellmeier equation [34], respectively, and the dispersion func-
tion of SPP was obtained. Thus, we can calculate the group
velocity dispersion of SPP. According to this analysis, we con-
firm that SPP can compensate for the negative structural
dispersion of the microcavity, making FSR > 0. Therefore,
when the cavity mode is coupled with the frequency conver-
sion, OFCs can be generated.

To increase the light intensity in the gain material, we de-
signed the device structure as shown in Figs. 1(a) and 1(b). The
device consists of concentric MMR constructed on a quartz
substrate, an insulating dielectric layer of aluminum oxide cov-
ering the MMR, and a gain layer of perovskite nanosheets. The
inner diameter of the innermost ring is 350 nm, the width of
each metal ring is 350 nm, and the ring spacing is also 350 nm.
There are 15 rings with a thickness of 50 nm, as shown in
Figs. 1(c) and 1(d). For the innermost metal ring, a whispering
gallery resonator based on SPP waveguides can be realized.
Along the radial direction, the metal ring arrays distributed
periodically form an approximate DFB cavity. In order to

reduce the ohmic loss of the metal, a 5 nm aluminum oxide
insulating layer is deposited on the MMR, and the perovskite
nanosheet is closely attached to the upper surface of the MMR
resonator. As shown in Fig. 1(c), the MMR structure is com-
plete, and the metal film’s root mean square (RMS) obtained by
the deposition process is 0.6 nm in Fig. 1(e). Thus, the trans-
ferred perovskite nanosheets can be well attached to the MMR,
reducing the scattering loss. The size of the perovskite nano-
sheets is larger than that of the MMR resonator and completely
covers the resonator. Figure 1(f ) shows the SEM image of the
perovskite nanosheets. The thickness of the entire device except
the substrate is less than 1 μm, which is smaller than the micro-
cavity OFCs at visible light reported so far.

A seven-line OFC was obtained when the device was excited
by a 14.8 μW femtosecond laser (the wavelength is 400 nm). As
shown in Fig. 2(a), the center wavelength of the OFC is
541 nm and the wavelength spacing is 0.98 nm. The central
wavelength is consistent with the intrinsic laser wavelength of
the perovskite, and the wavelength spacing corresponds to one
or more FSRs, determined by the dispersion of the material and
the cavity structure [35]. Considering the multi-whispering gal-
lery mode of this device, there may be unequal FSR caused by
the dispersion difference of multiple cavity modes. However,
for the case close enough to the eigenmodes, the error accumu-
lated in the FSR is small enough. In Fig. 2(a), there are actually
seven comb lines, and the standard deviation of wavelength
spacing is negligible (<0.05 nm). Therefore, the discrete wave-
length light sources obtained are OFCs.

For a steady-state microcavity, FSR is determined by the fre-
quency difference between the two higher-order modes of the
microcavity [36],

FSR � Δλ � −
2π

L

�
∂β
∂λ

�
−1

,

while FSR for the plasmonic ring structure is

Fig. 1. (a) 3D schematic diagram of OFC device; the inset is the optical photo of the real device. (b) Comparison schematic diagram of the cross
section along the center of the circle. (c) SEM image of the metallic ring resonator. (d) SEM image of a single ring section; contrast image obtained by
depositing metallic platinum by FIB. (e) AFM scan image of the metal on quartz by the same deposition process showing a surface roughness of
RMS = 0.6 nm. (f ) SEM image of perovskite nanosheets.
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FSR ≈
λ2

L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 � ε2
ε1 · ε2

r
,

where L is the circumference of the ring. The innermost metal
ring’s FSR is 1.3 nm, which is close to the result of 0.98 nm.
Obviously, in this device, there is only one FSR between two
comb lines. For the optical mode, the FSR of the micro-disk
can be obtained according to the equation

FSR � Δλ � −
2π

L

�
∂β
∂λ

�
−1

≈
λ2

ngL
:

When the size of the micro-disk is the same as the innermost
metal ring, its FSR is 10.0 nm. The comparison results dem-
onstrate that the introduction of SPP is beneficial to reduce the
spacing of comb lines and increase the number of comb lines.

In order to explore the interaction between the MMR
resonator and the gain medium, we performed finite element
simulations using the simulation software COMSOL
Multiphysics. The results are shown in Figs. 2(b)–2(e). As
shown in Fig. 2(b), the simulated absorption peak is located
at 544 nm. Considering the processing accuracy, the error with
the lasing peak position is within the acceptable range. As
shown in Fig. 2(c), the electric field distribution is concentrated
near the metallic rings, weakens along the vertical direction,
and concentrates in the central region. The electric field distri-
bution along the metallic ring can be clearly seen in Fig. 2(d);
the inset shows the light field distribution of one mode in the
whispering gallery cavities near the innermost ring. Apparently,
the MMR forms a distinct whispering gallery mode resonator
in the direction along the innermost ring, thus providing a
standing-wave feedback condition for lasing. In addition, along
the radial direction, MMR approximately constitutes a quarter-
phase-shifted DFB mode resonator. In Fig. 2(e), it can be seen
more clearly that the electric field distribution along the radial

direction presents noticeable periodic enhancement and weak-
ening, with an obvious maximum near the center of the circle,
similar to the optical field distribution of a DFB cavity [37–39].
As a result of the coupling of these cavity modes, the optical
field is superimposed near the center of the circle to generate
high field strength and further improve the nonlinear efficiency.
Thus, the OFCs based on four-wave mixing were obtained
with SPP mode.

The performance of the microcavity structure was investi-
gated by testing the lasing threshold of OFCs. As shown in
Fig. 3(a), only the fluorescence peak appears at 527 nm at
low pump power. As the pump power increases to 9.83 μW,
the lasing peak starts to appear, and the number of comb lines
gradually increases as the pump light intensity increases. When
the pump power reaches 15 μW, the gain material burns out and
the intensity begins to decrease. As shown in Fig. 3(b), the laser
threshold is about 9 μW, comparable to the lasing threshold of
traditional microcavity OFCs [25,40–43]. Generally, the ohmic
loss of SPPs induces a high threshold, but the threshold of the
OFC we proposed still maintains a low value.

In addition, introducing SPP MMR resonators to the micro-
cavity can reduce the quality requirement for the OFCs, thus
making it easier to obtain the OFCs. Traditional microcavities
need quality factor up to millions to achieve OFCs, while in our
case, the quality factor of 1974 is sufficient to acquire OFCs. As
shown in Fig. 3(c), an optical whispering gallery mode laser con-
stituted by the perovskite nanosheets on the quartz can only ob-
tain single longitudinal-mode lasing rather than OFCs. In
particular, with the increase of the pump power, the position
of the lasing peak has a slight redshift, because the thermal effect
originating from pump power induces the lattice constant in-
crease, and thus the bandgap narrows. Correspondingly, as
the pump power increases, the position of the lasing peak has
a slight blueshift in the OFC device constituted by the perovskite

Fig. 2. (a) OFCs spectral pattern with seven comb lines. (b) Simulated absorption spectrum of MMR resonator; the absorption peak is located at
544 nm, which is close to the lasing peak at 541 nm. (c) Simulated electric field distribution of three-dimensional structure at 541 nm. (d) Top view
of simulated electric field distribution at the interface of Al2O3∕Au at 541 nm; the inset shows the light field distribution of one mode in the
whispering gallery mode cavities near the innermost ring. (e) Simulated electric field distribution along a section passing through the axis of sym-
metry at 541 nm.
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nanosheets on the MMR, because increasing the resonance en-
ergy of the lower polarization branch increases the corresponding
wave vector in the dispersion curve, eventually leading to the
blueshift of the lasing peak. This proves that the presence of
the SPP MMR resonator plays a decisive role in the generation
of OFC signal.

To further verify the role of SPP in the generation of OFCs,
we performed a control experiment of dual-pump time-
resolved fluorescence [44–48]. The intensities of the two pump
lights are both set to 95% of the threshold to ensure that lasing
can occur when the arrival time of the two beams is close. As
shown in Fig. 4, the zero-delay time is at 0.96 ns. When the
arrival time of the pump light beams is consistent, perovskite
nanosheets exhibit strong lasing peaks. However, when the
arrival time difference between the two beams of light becomes
large, the intensity of the lasing peak decreases rapidly, and fi-
nally only the fluorescence peak remains. Based on this
method, the results of dual-pump time-resolved fluorescence
of the OFCs and perovskite nanosheet laser on quartz are
shown in Figs. 5(a) and 5(b). As shown in Fig. 5(a), the
two lifetimes of the OFC device based on double exponential
fitting are 13.2 ps (τ1) and 1.39 ns (τ2). The longer lifetime
of 1.39 ns corresponds to the direct recombination channel
of interband transition, while the shorter lifetime of 13.2 ps
corresponds to the recombination channel through SPPs.
The perovskite nanosheets on the quartz substrate exhibit a

fluorescence lifetime of 2.25 ns (τlasing) by single exponential
fitting, which corresponds to the direct recombination
channel of interband transition in stimulated radiation.
Correspondingly, the time-resolved fluorescence spectrum of
the perovskite nanosheets is shown in Fig. 5(c), and the lifetime
obtained by single-exponential fitting is 11 ns (τSPE), which

Fig. 3. (a) Fluorescence spectra of OFC devices with excitation power from 2 to 15 μW. The fluorescence peak is located at 527 nm, the lasing
peak is located at 541 nm, and the comb lines spread out to both sides with the lasing peak as the center. (b) Integrated emission intensity (black) and
FWHM (full-width at half-maximum) (red) of OFCs as a function of pump energy density. The lasing threshold is located at about 9 μW.
(c) Fluorescence spectra of perovskite nanosheets. (d) Power-dependent profiles of integrated intensity (black) and FWHM (red) of the nanosheets
on quartz around the mode peak 541 nm. The lasing threshold is located at about 1.9 μW.

Fig. 4. Waterfall diagram of the lasing peak intensity of perovskite
nanosheets changing with the delay time; the intensity of the two
pump lights is 0:95Pth.
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corresponds to the direct recombination channel of interband
transition in spontaneous emission. Comparing τSPE with
τlasing, stimulated emission can greatly reduce the carrier relax-
ation time, which is consistent with the lasing dynamics of con-
ventional nanosheet lasers [49]. Comparing τlasing with τ2, the
stimulated radiation rate of interband recombination is in-
creased, because the spontaneous emission rate will increase
at higher pump power. Compared with τlasing, τ1 is significantly
reduced by two orders of magnitude. Thus, it corresponds to
the recombination channel through SPPs, which is also consis-
tent with ordinary SPP lasers [24,50,51]. This also shows that
the OFCs benefitting from the MMR resonator obtain a
much smaller mode volume and higher Purcell factor, and
therefore a much shorter fluorescence lifetime, which is also
consistent with the conclusion of the previous simulation.
Consequently, it is proved that we have successfully introduced
SPPs into the field of OFC generation, which is the reason for
the device size reduction.

4. CONCLUSIONS

In summary, we propose a scheme to realize submicrometer
OFCs by introducing the surface plasmon polariton waveguide
through the MMR. Compared with conventional microcavity
OFC devices, the obtained OFCs are less than 1 μm in thick-
ness and less than 10 μW in threshold without the need for
suspended microcavities. Therefore, the device can be encap-
sulated by the current semiconductor process, and has broad
application prospects in photoelectric fusion and integrated
communication.

APPENDIX A

Figure 6 is the relevant characterization of the fluorescent gain
material used in this sample. The material is CsPbBr3 perov-
skite single-crystal nanosheets. Figure 6(a) is the optical photo-
graph of the sample, showing that the perovskite nanosheets
have a complete structure and are easy to transfer. Figure 6(b)
is the steady-state fluorescence spectrum of the perovskite
material, showing that the fluorescence peak is located at
527 nm, which is consistent with the position of the fluores-
cence peak in the OFC device, and the width of the fluores-
cence peak reaches 36 nm, covering the entire frequency band
of OFCs. Figure 6(c) is the X-ray diffraction (XRD) image of
the perovskite material. There are only two strong characteristic
peaks, located at 15.4° and 30.8° and corresponding to (110)
and (220) crystal planes, indicating that the material has a rel-
atively good single crystal.

APPENDIX B

Figure 7 shows the optical path used in the optical test. By
switching the beam splitters BS1 and BS2, the steady-state fluo-
rescence optical path and the dual-pump time-resolved fluores-
cence optical path can be switched to ensure the consistency of
the same sample lasing threshold and fluorescence dynamics
during the test. Time-resolved fluorescence is constructed
based on the principle of dual-pump time response. The res-
olution is determined by the step length of the optical delay line
(ODL). The step size is 50 μm, the time resolution is 32.2 fs,
and the maximum delay distance is twice as long as the ODL,
which is 1200 mm, and thus the maximum delay time is 4 ns.

Fig. 5. Dual pump fluorescence lifetime curve for OFCs based on (a) ultrathin MMR nanoresonator and (b) perovskite nanosheet on quartz.
(c) Time-resolved fluorescence spectra of perovskite materials.

Fig. 6. (a) Optical micrograph of perovskite nanosheet, scale bar 40 μm. (b) Steady-state fluorescence spectrum of perovskite materials. (c) XRD
profile of perovskite materials.
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