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Microresonator Brillouin laser and multi-Stokes generation at 2 µm
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Brillouin scattering in microresonators has emerged as the driving process for developing high-coherence
lasers for applications such as coherent optical communications, optical atomic clocks, microcomb solitons,
and quantum communications. However, most of the demonstrations of microresonator Brillouin lasers have
been limited to a 1550 nm wavelength regime, which benefits from the development of low-loss microresonator
devices on different material platforms and the availability of tunable pump lasers. The development of wide
bandwidth thulium-doped fiber amplifiers and low two-photon absorption in silicon around 2 µm makes this
wavelength region a potential candidate for applications in future optical communications, gravitation wave
sensing, and atmospheric sensing. All these applications will benefit from the development of Brillouin lasers.
However, there has not been much progress on microresonator-based 2 µm Brillouin lasers. Here, we present
a demonstration of a 2 µm microresonator Brillouin laser. We use whispering gallery mode resonances in a
∼330 µm silica microsphere to demonstrate a Brillouin lasing threshold of 35 mW. We achieve generation of
second- and third-order Brillouin Stokes using pump powers of ∼60 mW and 104 mW, respectively. By tuning
the pump laser wavelength, we demonstrate high-resolution (∼10 pm) tuning of the Brillouin laser. From the
beat signal of the first- and third-order Brillouin Stokes, we estimate a Brillouin laser linewidth of ∼135 kHz,
which is 15 times smaller than the pump linewidth. This work may find applications in optical communications,
soliton combs, and atmospheric sensing in the 2 µm wavelength region.
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Over the past decade, the wavelength region around 2 µm
has attracted significant interest due to its applications in
gravitational wave detection [1–3], free-space and fiber optic
communications [4], gas sensing [5,6], and LIDAR [7]. With
a continuous increase in the data demand, a “capacity crunch”
[8] is imminent for the existing optical communication sys-
tems operating at 1.55 µm, which have already achieved a
transmission capacity close to the nonlinear Shannon limit
[9,10]. One way to alleviate this capacity crunch is to explore
optical communication using other wavelength regions [11].
The development of wide bandwidth (∼200 nm) thulium-
doped fiber amplifiers (TDFAs) and low-loss hollow core
fibers [12] makes the 2 µm wavelength window a potential
candidate for future optical communications along with 1.55
µm [11]. On the other hand, low two-photon absorption and
high transparency of silicon in the 2 µm spectral window
makes it useful for low vibration LIGO mirrors [13], which
are to be used in the next-generation gravitational wave de-
tectors [14] and integrated photonics research [15]. Many of
these applications in the 2 µm wavelength region require high
coherence continuous-wave (CW) lasers.
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Lasers based on Brillouin gain resonance have emerged as
a leading candidate for high coherence lasers across differ-
ent wavelength regimes [16–19]. Most of the demonstrations
of Brillouin lasers on fiber, high-Q microresonators, and
integrated photonic platforms have been centered around
∼1.55 µm [20–30]. Recently, there have been demonstra-
tions of visible lasers based on Brillouin scattering on a
variety of platforms [19,31–33]. However, demonstrations of
microresonator-based Brillouin lasers in the 2 µm spectral
window have been lacking. In the few studies that have been
performed in this wavelength region, the focus has been on
stimulated Brillouin scattering (SBS) in fiber platforms. In
[34], large Brillouin nonlinearity (∼100 x silica) and low loss
of chalcogenide glasses in the 2 µm wavelength region was
exploited to achieve low threshold (∼50 mW) Brillouin lasing
in a 1.5-m-long suspended-core chalcogenide fiber. Brillouin
fiber lasers at 2 µm have also been demonstrated using
hundreds-of-meters-long standard single-mode fiber (SMF)
[35] and 100-m-long speciality silica fibers (SMF1950) [36],
where threshold pump powers of 650 and 100 mW, respec-
tively, were used due to high loss (∼20 dB/km) of silica at
2 µm. The threshold for Brillouin lasing in a silica platform
can be brought down by exploiting the large quality factor
of whispering gallery modes in silica-based microresonators,
which also allow integration with existing optical fiber sys-
tems through the coupling taper.

Here, we harness high-Q whispering gallery mode (WGM)
resonances in a silica microsphere to report a demonstra-
tion of a low threshold (35 mW) 2 µm microresonator

2643-1564/2024/6(2)/023062(10) 023062-1 Published by the American Physical Society

https://orcid.org/0009-0008-2689-5216
https://orcid.org/0009-0009-8146-2330
https://orcid.org/0000-0002-1966-3010
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.023062&domain=pdf&date_stamp=2024-04-18
https://doi.org/10.1103/PhysRevResearch.6.023062
https://creativecommons.org/licenses/by/4.0/


KANAD PATHAK, SATYAM PURI, AND RAVI PANT PHYSICAL REVIEW RESEARCH 6, 023062 (2024)

FIG. 1. Concept of 2 µm Brillouin lasing in a microresonator and resonance characterization. (a) Diagram illustrating Brillouin scattering
in a microsphere. The angular frequencies of the pump, Stokes, and the acoustic wave are denoted by ωp, ωs, and �B, respectively, while kp,
ks, and kA denote the wave numbers for the same. (b) Experimental setup utilized to realize Brillouin lasing. The inset shows the image of
the microsphere. TDFA-thulium-doped fiber amplifier. (c) Demonstration of Brillouin-Stokes lasing at 2008 nm. (d) Schematic illustrating
the side-band scan process. After intensity modulation of the laser, one of the sidebands is swept across the target microsphere resonance by
varying the modulation frequency (e) pump and (f) Stokes resonance characterizations corresponding to (c).

Brillouin laser with an estimated narrow linewidth ∼135 kHz.
By feeding back the first-order Stokes to the silica micro-
sphere from the transmitted pump side, we made a composite
fiber-microsphere ring cavity with a total silica fiber length
∼10 m, and we achieved a Brillouin lasing threshold of 35
mW, which is almost 30 times lower than the lasing threshold
(∼1 W) for a Brillouin fiber ring laser made from a sim-
ilar length (14 m) silica fiber [37]. We achieve excitation
of the second- and third-order Stokes with threshold powers
of 60 mW and ∼104 mW, respectively, when the first-order
Brillouin Stokes signal is fed back to the microsphere. By
varying the pump laser wavelength, we realize high-resolution
tuning (∼10 pm) of the Brillouin laser. We study the sta-
bility of the Brillouin laser and achieve stable operation for
more than an hour. Demonstration of a low-threshold 2 µm
Brillouin laser in a silica microresonator opens up opportu-
nities to realize intracavity pumped 2 µm Kerr and soliton
combs [38,39] for applications in optical communications,
dual-comb spectroscopy, gas sensing, and their integration
with existing fiber-based systems.

I. RESULTS

Figure 1(a) illustrates the process of Brillouin scattering in-
side a whispering gallery microresonator. The incident pump
wave of frequency (ωp) gets reflected off a copropagating
acoustic wave of frequency (�B) and generates a counter-

propagating Stokes signal (ωs), which is downshifted from the
pump by the frequency of the acoustic wave ωs = ωp − �B.
This process takes place in accordance with energy and mo-
mentum conservation kp − ks = KA, where kp, ks, and KA

are the wave vectors for the pump, Stokes, and the acoustic
wave. While the energy conservation demands that the Stokes
frequency is downshifted from the pump frequency by the
acoustic wave frequency, momentum conservation relates the
pump wavelength λp and acoustic frequency νB = �B

2π
accord-

ing to [40]

νB = 2nVa

λp
, (1)

where n is the refractive index of the optical mode at the pump
frequency, and Va is the speed of sound in the material. Using
Va = 5972 m/s, n = 1.438, the estimated Brillouin shift at
λp ∼ 2007 nm is ∼8.55 GHz. For efficient Brillouin lasing, it
is essential that the pump and Stokes signals coincide with the
cavity resonances. In this work, we use a silica microsphere
with a diameter d of 330 µm, which corresponds to a free
spectral range (FSR = c

2πnr ) of ∼200 GHz, where r = d
2 , and

c is the speed of light in vacuum. Since the estimated Brillouin
shift is 8.55 GHz, the Stokes and the pump correspond to
different mode families [41,42].

Figure 1(b) shows the experimental setup for realizing Bril-
louin lasing in a microsphere. A continuous-wave (CW) 2 µm
laser (Eblana make) with a linewidth of ∼2 MHz is amplified
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using a thulium-doped fiber amplifier and is coupled to the
microsphere using a taper connected to port 2 of the circula-
tor C1. The taper was fabricated by employing a differential
pulling process in a Vytran GPX-3000 Glass processor. This
was done in two steps to reduce the diameter from 125 µm to
∼1 µm. The microsphere was fabricated by heating a perfectly
cleaved fiber end with the filament of the Glass processor. This
allowed the fiber tip to melt and assume a spherical shape. The
process was repeated until the target diameter was achieved.
The TDFA output is split using a 99/1 coupler, where the
1% port is used to monitor the input power. The reflected
signal collected at port 3 of the circulator is further split
by a 90/10 splitter, where the 10% port is used to measure
the backreflected optical spectrum and the 90% port is used
for measuring the radiofrequency spectrum and studying the
effect of Stokes feedback on the Brillouin lasing threshold.
Figure 1(c) plots the measured backscattered optical spectrum
showing the Rayleigh scattered pump and generated Stokes
signal for an input power of ∼68 mW. Since our laser has a
coarse tuning resolution, we characterize the Q-factor of the
pump and Stokes resonance by intensity modulation of the
2 µm laser and scanning the modulation sideband across the
pump and the Stokes resonance, as shown in Fig. 1(d). By
measuring the transmitted power of the modulation sideband
on the optical spectrum analyzer (OSA) as a function of the
modulation frequency (tuned in steps of ∼1 MHz), we obtain
Figs. 1(e) and 1(f) for the pump and Stokes resonance, re-
spectively. From Figs. 1(e) and 1(f), we estimate a full width
at half-maximum (FWHM) bandwidth of 78 and 70 MHz
for the pump and Stokes resonance, respectively, resulting
in quality factors of 1.9 and 2.1 Million. νRF,(P,S) denoted in
Figs. 1(e) and 1(f) refer to the modulation frequency at which
the sideband showed minimum transmission for pump and
Stokes resonances, respectively.

Threshold study: The threshold power required for Bril-
louin scattering in a microsphere is given by [28]

Pthreshold =
(

π2n2V

BgλpλsQpQs

)(
1

1 + Qm�m

2πr

)
. (2)

Here, V is the optical-mode volume for the pump, and B is
the modal overlap factor between the pump mode, the Stokes
mode, and the mechanical mode. Qp,s,m are the quality factors
at the pump (λp), Stokes (λs), and mechanical mode (�m)
wavelengths, and r and g stand for the microsphere radius
and the Brillouin gain coefficient, respectively. We use the
COMSOL MULTIPHYSICS solver [43] to calculate the optical and
mechanical modes, B and V (see the Appendix), for a micro-
sphere with d = 330 µm at the pump and Stokes wavelengths,
shown in Fig. 1. Using these quantities in Eq. (2), we estimate
a threshold of ∼9 mW.

To determine the Brillouin lasing threshold, we measure
the backscattered spectra at different pump powers in the
absence and presence of Stokes feedback, where a part of the
backscattered signal is fed back to the microsphere using a
fiber ring. The backscattered signal at port 3 of C1 and the
transmitted signal at the output port of the taper are each
connected to 90/10 couplers [see Fig. 2(a)]. To realize Stokes
feedback, 90% of the backscattered signal is then connected to
the 90% port of the coupler at the taper transmission side. The

10% ports of the couplers in the transmission and backscat-
tered direction are used for measuring the optical spectra at
different pump powers.

Figures 2(b)–2(e) plot the Stokes power for different
Stokes orders, along with the corresponding optical spectra
(see the inset), as a function of the pump power (Pp). The
Stokes power is obtained from the spectra shown in the inset.
The pump power Pp for these plots is obtained by subtracting
the circulator loss (around 1.7 dB), taper transition loss, and
transmitted pump power from the input laser power measured
at the 1% port of a 99/1 coupler at the output of the TDFA
[see Fig. 2(a)]. The transmitted pump power is estimated
based on the optical spectra for the second-order Stokes in
Fig. 2(d). The taper loss changed from −0.14 to −1.7 dB
during the measurements and is accounted accordingly for
threshold measurements. Figure 2(b) plots the power (PS1) of
the first-order Stokes (S1) as a function of the pump power.
The optical spectra in the inset of Fig. 2(b) are measured on
the OSA, which is connected to the 10% port of the splitter
connected to port 3 of the circulator C1. From a linear fit to
the experimentally measured PS1, we obtain a threshold of 40
mW in the absence of feedback.

To study the effect of Stokes feedback on the lasing thresh-
old, we measure the backscattered spectra [see Fig. 2(c)] in the
presence of Stokes feedback for different input pump powers.
The 90% ports of the fiber splitters on the transmitted and
reflected sides were connected to form the feedback loop, and
the spectra were observed at the 10% port of the backscattered
signal. From the fit to the measured data in Fig. 2(c), we obtain
a lasing threshold of 35 mW. Here, the pump wavelength was
shifted by 0.18 nm with respect to the without-feedback case
due to the effect of resonance shift because of the fiber ring
cavity.

Since feedback reduces the threshold for Brillouin las-
ing, we conduct a higher-order Stokes generation study with
Stokes feedback. Figure 2(d) plots the second-order Stokes
power (PS2), which is obtained from the measured forward
spectra (see the inset) at the output of the taper, as a function
of Pp. The forward spectra shown in the inset of Fig. 2(d) are
collected at the 10% port. It shows the transmitted pump and
excitation of the second-order Stokes (S2). From the corre-
sponding threshold plot (PS2 versus Pp) in Fig. 2(d), we obtain
a threshold of 60 mW for the second-order Stokes. A threshold
of 104 mW was obtained for the third-order Stokes (S3) signal
from the linear fit to the S3 power PS3 versus Pp plot, shown in
Fig. 2(e). The corresponding reflected spectra, demonstrating
the presence of the third-order Stokes, are shown in the inset.
The threshold studies for the second- and third-order Stokes
generation were performed at the pump wavelengths that re-
sult in low threshold for S2 and S3 generation.

Tuning and stability study: High-Q and discrete nature
of the WGM resonances, and strict phase matching of the
Brillouin scattering process imposes restrictions on the pump
wavelength and microresonator design. For example, real-
izing the Brillouin laser in a microresonator with only the
fundamental whispering gallery mode requires matching of
the fundamental mode FSR with the Brillouin shift (�B),
which limits the tuning resolution of the Brillouin laser.
Since the Brillouin shift in silica for a pump wavelength of
1550 nm is ∼11 GHz, matching of FSR with �B necessitates
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FIG. 2. Threshold study for Brillouin lasing and multi-Stokes generation: (a) Experimental design to observe Brillouin lasing in a silica
microsphere with and without feedback. The feedback loop is completed upon connecting the 90% path, shown by dotted lines. Threshold
study of Brillouin laser (b) without feedback and (c) with feedback, with the insets showing corresponding optical spectra. Panels (d) and
(e) show the threshold study for the second- and third-order Stokes, respectively. The second-order Stokes signal is observed in the forward
direction.

fabrication of a large-diameter (mm size) microresonator with
strict fabrication tolerance, and access to a laser with fine
tuning resolution. Tunable Brillouin lasers with a tuning range
in excess of 10 nm around 1550 nm have been demonstrated in
wedge microresonator, where matching of FSR and �B is real-
ized through precise fabrication [27]. Since the Brillouin shift
reduces with the pump wavelength [see Eq. (1)], realization
of a 2 µm Brillouin laser using microresonators with only the
fundamental WGM requires fabrication of microresonators
with diameter larger than that at 1550 nm due to the condition
of matching FSR and �B. Most of the demonstrations of
tunable 2 µm Brillouin lasers, so far, have been realized in
fiber-ring cavities, where the small FSR of the cavity allows
many cavity modes within the Brillouin gain profile, and low
finesse of the cavity enables better overlap of the pump with
the resonance [44–46].

Microsphere-based WGM resonators, however, have many
higher-order optical modes besides the fundamental mode.
Even for microspheres with a diameter of ∼100 µm, there are
many higher-order mode families [47,48], where each of the
mode family has an FSR of ∼ hundreds of GHz. However,
resonance frequencies of the whispering gallery modes from

different families vary only slightly from each other, due to
a small difference in their effective indices. The presence of
many closely spaced cavity resonances belonging to different
mode families allows alignment of the pump wavelength and
the Brillouin gain resonance with one of these modes and thus
enables tunable Brillouin lasers with a tuning step < �B.

Figure 3(a) shows the measured backscattered optical spec-
tra of the Brillouin laser for different input pump wavelengths,
demonstrating a tuning range of 1.8 nm, which is limited
by the pump laser tunability. We achieve a tuning resolution
∼50 pm [see the inset Fig. 3(a)], which is nearly half of the
measured Brillouin shift of 115 pm (∼8.58 GHz) at 2 µm
[see Fig. 3(a), inset]. The presence of higher-order whispering
gallery modes in a microsphere, therefore, enables tunable
Brillouin lasers with a tuning step smaller than the Brillouin
shift and the FSR of the modes, which is not possible in
microresonators with only the fundamental WGM. Further,
the presence of many higher-order modes removes the re-
quirement of having large-diameter resonators for Brillouin
lasing.

The wavelength tuning was achieved by adjusting the tem-
perature of the Brillouin pump laser, which has a temperature
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FIG. 3. Tuning and power stability: Top panel shows OSA traces at two successive pump wavelengths for Brillouin lasing, showing a
measured tuning step of 50 pm (red dotted lines). The middle panel shows OSA traces for Brillouin lasing over the entire pump wavelength
tuning range. The wavelength axis for the middle and the bottom panel is the same. The bottom panel shows plots of selected traces from
the middle panel for better clarity. The tuning step of the Brillouin laser is limited by the wavelength tunability step (∼10 pm) of the pump
laser, whereas the smallest measured tuning step is limited by the OSA resolution (50 pm). (b) Variation of reflected (blue) and transmitted
(orange) power with time. OSA traces corresponding to certain time instances are shown in the insets. As the Stokes power (reflected: blue
trace) reduces, the transmitted power (red trace) increases showing detuning of resonance due to heating.

tuning coefficient of 0.1 nm/◦C and a minimum current tuning
coefficient of 3 pm/mA. Due to the limitation of the OSA
resolution, such a small tuning step could not be captured.
The smallest observed tuning step of 50 pm is displayed in
Fig. 3(a). The temperature was varied to tune the pump signal
from higher to lower wavelengths. Throughout the wavelength
tuning process, the Stokes power level was mostly stable, as
can be seen from Fig. 3(a). However, a drop in the Stokes
power level was witnessed twice during the tuning experi-
ment, which could occur due to detuning of the new pump
laser wavelength from the available WGM resonance. For
both instances, decreasing the TDFA power by <3 mW re-
covered the original Stokes power level. Decreasing the pump
power reduces the cavity temperature and thus blueshifts the
resonance. Recovery of the Stokes power with a decrease in
the pump power suggests that the pump wavelength was blue-
detuned with respect to the WGM resonance and reducing
the pump power realigned the pump and WGM mode. While
fluctuations in the Stokes power during wavelength tuning
can occur due to the misalignment of the new pump laser
wavelength from the cavity resonance, stability of the Stokes
power at a fixed pump wavelength depends on the detuning of
the resonance from the fixed pump wavelength position due to
variation in the cavity temperature.

For a silica microresonator, variation in the intracavity
power changes the cavity temperature, which results in red-
shift or blueshift of resonances depending on whether the
temperature is increased or decreased. The tuning of the res-
onance frequency while keeping the pump frequency fixed,
therefore, affects the stability of the generated Stokes. How-
ever, stable Stokes can occur when the pump and the Stokes
are blue- and redshifted with respect to their respective res-
onances [49]. To study the power stability of the Brillouin

laser, we fixed the pump laser wavelength and measured the
backscattered spectra at regular time intervals, and we plot-
ted the power of the backreflected Stokes and transmitted
pump on detectors as a function of time [see Fig. 3(b)]. From
Fig. 3(b) it is evident that the Stokes power was stable for
over 80 min, which is also seen from the optical spectra
traces for the backscattered signal. The drop in Brillouin laser
power after 80 min can be recovered by varying the pump
power/wavelength, as observed during tuning study, or it can
recover itself from a low-power to a high-power state as
the cavity resonances realign with the pump and Stokes due
to temperature stabilization (see Appendix). The recovery is
illustrated in the Appendix where a growth in Stokes signal
with time and its eventual stability was recorded for the same
pump wavelength and also at a different one. We repeated
the stability study at a different pump wavelength within the
tuning range and observed stable Stokes generation for more
than 90 min for a different pump position.

Linewidth measurement: Linewidth of a Brillouin laser
can be determined by performing a self-heterodyne measure-
ment on the first-order Stokes [29,50,51] or by operating the
Brillouin laser in the multi-Stokes regime and observing the
radiofrequency (RF) spectrum of the beat signal of the first-
and third-order Stokes generated in the backward direction
[24,30]. In our study, we measure the Brillouin laser linewidth
by operating in the multi-Stokes regime and beating the first-
and third-order Stokes. Earlier studies on the noise dynamics
of cascaded Brillouin lasers have shown that the linewidth
of the beat signal of two Stokes orders is the sum of the
linewidths of participating Stokes tones [24,52]. We obtain
the Brillouin laser linewidth by measuring the RF spectrum of
the beat signal of the first- and third-order Stokes signals. The
linewidths �ν1 and �ν3 of the first- and third-order Stokes,
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FIG. 4. Beat spectrum study: (a) Backscattered OSA spectrum showing pump, first-, and third-order Stokes signal. (b) RF-spectrum of beat
signal between backscattered pump and first-order Stokes. (c) RF-spectrum of beat signal between first-order and third-order Stokes signal.
(d) Normalized and centered plots of (b) and (c) showing that the 17.12 GHz beat spectrum is much narrower than the 8.58 GHz spectrum.
Panels (e) and (f) are Lorentzian fits of 8.58 GHz and 17.12 GHz signals, respectively.

respectively, are then obtained by using the following relation
between the linewidth (�ν1−3) of the first- and third-order
beat signal, and the powers P1 and P3 of the first- and third-
order Stokes, respectively [24,52]:

�ν1 = �ν1−3

1 + P1
3P3

, (3)

�ν3 = �ν1−3

1 + 3P3
P1

, (4)

and

�ν1−3 = �ν1 + �ν3. (5)

The above equations imply that higher power of the first-
order Stokes yields a narrower linewidth. We measure the RF
spectrum [S1−3(ν)] of the beat signal of the first- and third-
order Stokes for microspheres with slightly varying diameters
(330 ± 6 µm), and we found �ν1−3 to be ∼200 kHz.

Figure 4 shows the measured optical and RF spectra for
a microsphere of diameter 324 µm. We employed the same
experimental setup as shown in Fig. 2(a), where we did not
close the feedback loop and sent the 90% reflected signal to an
RF-spectrum analyser (Rhode and Schwarz) through a high-
speed detector (12 GHz bandwidth) and an RF-amplifier with
a gain of 25 dB over 18–32 GHz. The optical spectrum was
simultaneously monitored at the 10% port of the splitter with
the OSA. Figure 4(a) shows the measured optical spectrum
demonstrating generation of the first- and third-order Stokes at
a pump power of ∼120 mW. From the measured RF spectrum,
we found that the beat signal between the backscattered pump
and Stokes [SP−1(ν)] appears at 8.58 GHz [Fig. 4(b)] and the

beat between first- and third-order Stokes signals [S1−3(ν)]
is centered at 17.125 GHz [Fig. 4(c)]. To compare the band-
widths of SP−1(ν) and S1−3(ν), we normalize the two RF
spectra and plot them in Fig. 4(d) as a function of detuning
from their respective center frequencies. From the RF spectra
in Fig. 4(d), we note that the S1−3(ν) signal is much narrower
than SP−1(ν). Figures 4(e) and 4(f) plot the zoomed versions
of Figs. 4(b) and 4(c), respectively, as a function of detuning
along with the Lorentzian fits. From the fits, we obtain −3 dB
linewidths of 2.3 MHz and 330 kHz for SP−1(ν) and S1−3(ν),
respectively. To obtain �ν1 and �ν3 from S1−3(ν), we calcu-
late the ratio P1/P3 of the first- and third-order Stokes powers
from the OSA spectrum in Fig. 4(a) and obtain a value of 4.33
for P1/P3. Using P1/P3 in Eqs. (3) and (4), we estimate �ν1

and �ν3 to be 135 and 194 kHz, respectively. The estimated
Brillouin laser linewidth of 135 kHz is nearly 15 times smaller
than the linewidth (2 MHz) of the pump laser. Fiber-based
2 µm Brillouin laser has been demonstrated in a 14-m-long
standard single-mode silica fiber with a threshold of 1 W
[37]. Exploiting high-Q resonances in a microsphere reduces
the lasing threshold to 35 mW, resulting in a nearly 30-fold
reduction in lasing threshold due to cavity enhancement.

In conclusion, we have demonstrated a low-threshold, tun-
able 2 µm microresonator Brillouin laser with stable output
exploiting whispering gallery mode resonances in a silica
microsphere. Using feedback of the backscattered signal, we
generate first-, second-, and third-order Stokes signals with
threshold powers of 35, 60, and 104 mW, respectively. We
demonstrate a Brillouin laser with wavelength tunability of
1.8 nm, which is limited by the tuning range of the pump
laser, while keeping a tuning resolution ∼10 pm and stable
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laser output power at a fixed wavelength for over an hour. Al-
though the FSR of the fundamental mode of the microsphere
is ∼200 GHz, we exploit the closely spaced higher-order
modes in a microsphere to achieve a tuning step much smaller
than the Brillouin shift and FSR of the optical modes.

Microresonator-based Brillouin scattering has been used
to demonstrate important applications like Brillouin-induced
transparency and slow-light at 1550 nm [53], and recently it
was used to pump frequency combs in the direction of the
generated Stokes in the 1.55 µm [49,54] and 2 µm wavelength
region [39]. Feeding back the Stokes using a fiber ring not
only reduces the threshold for Brillouin lasing and the intra-
cavity pumped Kerr comb but also reduces the noise of comb
lines and allows tunability of the Brillouin laser and comb
due to resonance shift in the composite cavity consisting of
a microsphere and a fiber ring [39]. Microresonator Brillouin
lasers in the 2 µm region therefore open up opportunities for
generating low-power Kerr and soliton combs with reduced
noise.

The Brillouin laser linewidth depends on cavity Q, Stokes
power, and thermal fluctuations of cavity resonance according
to [26]

�νST = h̄ω3

4πQPQSP
(1 + nT + NT ), (6)

where nT and NT represent the thermal quanta of the mechan-
ical and optical fields, respectively, QP,S is the pump (Stokes)
resonance quality factor, P is the Stokes power, and ω is the
angular frequency of the Stokes signal. Taking temperature
T = 300 K and νB = 8.57 GHz, we found nT to be 728.
From Fig. 4(a), we obtain laser power P = 0.14 mW (scaled
to 100% from the 10% OSA trace). Using ω

2π
= 149.14 THz

and the measured value of quality factors QP,S ∼ 2 million in
Eq. (6), we obtain �νST = 90 kHz, which is close to our ex-
perimentally obtained linewidth of 135 kHz. Further reduction
in the linewidth can be achieved by improving the Q-factor
and locking the pump laser to the cavity resonance using
servo control, which reduces the thermal fluctuation induced
detuning of the cavity resonance from the pump wavelength
and thus allowing improved linewidth. The absorption limited
Q-factor of silica at 2 µm is Q = 2πneff

λα
= 2.25 × 108. In our

study, the Q-factor is therefore not limited by large intrinsic
absorption at 2 µm and there is a scope to further increase the
Q-factor to reduce the Brillouin laser linewidth. One possible
reason for the lower Q-factor in our measurements could be
the exposure of the measurement setup to high humidity due
to the local climatic conditions. In [55], it was observed that
adsorption of water can lead to more than a 20% reduction in
the Q-factor within a few minutes of fabrication, and therefore
setting up such experiments in dry-gas-filled chambers is pre-
ferred. Degradation of the Q-factor due to adsorption of water
increases at longer wavelengths [56], which may have resulted
in further lowering of the Q-factor in our measurements. Al-
though our experiments were conducted without the benefits
of a dry environment and locking of pump to cavity resonance,
we have demonstrated a Brillouin laser with a threshold of 35
mW (almost 30 times lower than that for a Brillouin fiber laser
of similar length) and a narrow linewidth of 135 kHz along
with a 1.8 nm tunability and >90 min of stability. In future,
conducting the experiments in a dry gas-filled enclosure by

locking the pump laser to the cavity resonance and operating
at high pump powers will help in realizing much narrower
linewidth 2 µm microresonator Brillouin lasers. This work
opens up opportunities for exciting soliton and Kerr combs,
and Brillouin induced transparency in the 2 µm wavelength
region enabling dual-comb spectroscopy of atmospheric gases
such as CO2 and CO [57], signal processing for optical com-
munications, and sources for gravitational wave detection.

R.P. proposed and designed the experiments. K.P. and
S.P. fabricated the microsphere and taper, and conducted the
experiments. K.P. conducted the calculations of optical and
acoustic modes, and other modal overlap calculations using
COMSOL. All the authors analyzed the data. R.P. wrote the
manuscript with inputs from K.P. and S.P. R.P. supervised the
project.

K.P. and S.P. contributed equally to this work.

APPENDIX: POWER STABILITY AND RECOVERY
OF BRILLOUIN LASER

In Fig. 3(b) the Stokes power was stable for about 80 min
and then the power dropped by more than 40 μW. In this case,
the pump wavelength was centered at 2008.26 nm. The drop
in Stokes power can be related to the following. The thermally
stable configuration for Brillouin lasing in a resonance cavity
is to have the pump signal blue-detuned and the Stokes signal
red-detuned from their respective resonances [49]. Once this
balance is disturbed, due to heating of the cavity as the pump
and Stokes signals undergo many round trips for a long time
[80 min for Fig. 3(b)], the signals become misaligned with
respect to the now-shifted cavity resonances, leading to the
drop in Stokes power. However, we found that even if the
signals migrate from the “locked” position, it can always come
back to a stable position. This is illustrated in Fig. 5(a). For
the same pump wavelength at which the cavity went out of
position after 80 min in Fig. 3(b) of the manuscript, we can see
that the Stokes power grows with time for 40 min, and then
stabilizes and stays at the same position for about an hour.
We did not monitor the transmitted power while recording
these data. However, we repeated the experiment at a different
pump wavelength within the tuning range shown in Fig. 3(a)
of the manuscript, this time monitoring the transmitted power
as well. The fact that we again observed a rise and stabilization
of Stokes power [Fig. 5(b)] shows that even in positions when
the resonances and the signals become misaligned, stable con-
figurations can always be recovered with time.

Determination of optical and mechanical modes through
COMSOL and threshold calculation

To model the optical and mechanical modes, we referred
to the work in [43], where a detailed tutorial is given to
simulate the optical and mechanical modes in any geometry.
We develop the code for a silica microsphere. We estab-
lished a model based on a silica microsphere of diameter
d = 330 µm for a pump wavelength of λP = 2007.86 nm and
Stokes wavelength of λS = 2007.92 nm. The transverse elec-
tric field profiles (normalized) of the obtained pump, Stokes,
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FIG. 5. (a) At a pump wavelength of 2008.26 nm, same as Fig. 3(b) in the manuscript, gradual growth and stable saturation of the Stokes
signal achieved for greater than 60 min (demonstrating yet again how a system is brought to a stable configuration with high Stokes power
despite starting with low power Stokes in an unstable configuration. (b) Reflected and transmitted power corresponding to stability study
performed at a different wavelength.

and acoustic mode along with their respective azimuthal mode
numbers are displayed in Fig. 6.

Calculation of Brillouin lasing threshold in a Whispering
Gallery resonator has been done using different expressions
in different studies. In [58], the expression used is

Wth = W 0
th

(
1 + ζ

F

)
, (A1a)

W 0
th = 2π3n2VP

gQPQSλ
2
P

, (A1b)

F = VP〈ψ1pψ1sφ0〉2

〈ψ2
1p〉〈ψ2

1s〉〈φ2
0〉

. (A1c)

Here Wth is the threshold power for Brillouin lasing, VP is
the pump mode volume, g is the Brillouin gain coefficient,
Qp,s is the quality factor of the pump (Stokes) resonance, λp is
the pump wavelength, and F is defined as the modal overlap,
with ψ1p, ψ1s, and φ0 being the pump, Stokes, and the acoustic
wave field profiles, respectively. ζ is a tailing function which

can be ignored to be zero. The angular brackets (〈〉) are used
to denote an integral over the resonator volume.

On the other hand, the threshold power value in [27] is
defined as

Pth = π2n2Veff

gbQpQbλpλb
, (A2)

where gb is the gain coefficient, and λb is the Stokes wave-
length, with Qb being the Stokes quality factor. We found that
using the definition Veff = Vp/F , both Eqs. (A1) and (A2) are
consistent. This is even more apparent in [28], where a slightly
different form for the threshold power is used,

Pthreshold =
(

π2n2V

BgλpλsQpQs

)(
1

1 + Qm�m

2πr

)
. (A3)

Here, V is the pump mode volume and B is the modal over-
lap. This expression also includes the effect of mechanical
quality factor Qm, and the mechanical wavelength �m on
the Brillouin lasing threshold. The radius of the resonator is
denoted as r. After making sure that Eq. (A3) is consistent

FIG. 6. Mode profiles of (a) Stokes, (b) pump, and (c) mechanical mode obtained through COMSOL simulation.
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with (A1) and (A2), we use (A3) to calculate the threshold
power. We performed COMSOL simulations and used Eq. (A3)
to obtain the threshold value. Using COMSOL, we found an
acoustic mode at 8.57 GHz. We got an effective mode volume
of 4.33 × 10−14 m3 (VP = 3.46 × 10−17 m3 and B = 0.001).
For g = 4.55 × 10−12 m/W, we referred to [36], where the g
was estimated for SMF at 2 µm. To calculate Qm, we used
the typical Brillouin gain bandwidth of 15 MHz [44] for
SMF at 2 µm and the frequency of 8.57 GHz and we got

a value of 571. Using all this in Eq. (A3), we obtained a
threshold of ∼9 mW. The measured threshold of 40 mW is
nearly four times higher than the estimated threshold. Equa-
tion (A3) assumes that the pump and Stokes are centered at
the resonance frequency of their respective resonances. We
attribute the higher value of the measured threshold to the
detuning of the pump and Stokes from their respective reso-
nances to achieve thermal equilibrium [49], as also mentioned
above.
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