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ABSTRACT: Whispering-gallery-mode microlaser is an important
candidate for various applications such as optical sensing, spectroscopy,
and communications. The ability to manipulate lasing modes and even
to realize single-mode lasing emission is highly desirable. Here, we
realize flexible manipulation of lasing modes in an erbium-doped silica
microbottle cavity via an add−drop configuration, which possesses
highly nondegenerate modes along its axial direction. An ultralow lasing
threshold down to 89 μW is achieved in the erbium-doped microbottle
cavity with ultrahigh quality factors up to 108 via a novel doping method.
We realize selective suppression and extraction of the lasing modes by
coupling a probe microfiber at different axial positions of the microbottle
cavity. Importantly, a single-mode microlaser with a high side-mode
suppression ratio up to 24 dB is achieved without mode hopping. Our
scheme demonstrated here may have various promising applications
ranging from single-mode lasing emission and switchable microlaser to optical communication.

KEYWORDS: whispering-gallery-mode microlaser, lasing-mode manipulation, single-mode lasing emission, erbium-doped microcavity,
add−drop configuration

Whispering-gallery-mode (WGM) microcavities are an
excellent platform for realizing a low-threshold and

narrow-linewidth laser due to its high quality (Q) factor (i.e.,
low loss) and small footprint (i.e., small mode volume
(Vm)).

1−4 Up to now, there are many kinds of gain materials
used for WGM lasing emission, such as dyes,5 semi-
conductors,6−11 conjugated polymers,12 gold nanorods,13 and
rare earth elements.14−19 Rare earth elements have captured
much interest because of the large quantum efficiency and ease
of emitting in the infrared wavelength band.20

Lasing mode manipulation is highly desirable, such as single-
mode lasing emission,21,22 suppression of lasing modes,23

selectivity of lasing wavelength,24,25 and controllable vortex
lasing generation.26 Meanwhile, selective emission of lasing
modes, especially single-mode lasing emission, is of importance
for optical communications. Up to now, there are several
proposed schemes, which realized mode manipulation of
WGM lasing and even single-mode lasing emission, such as
spatial pump engineering,21,22 loss engineering,23 parity-time
symmetric coupled cavities,27 and cavity size engineering.28

However, these proposed methods have disadvantages, such as
sacrificed Q factors induced by the decreased cavity size or lack
of flexibility. The ultrahigh-Q silica microcavity is a good
candidate to achieve an ultralow-threshold and ultranarrow-
linewidth laser.29−32 Silica microbottle cavities have been given
much attention and applied in various areas, such as cavity
quantum electrodynamics, cavity optomechanics, microlaser,

and so on.16,33,34 There are rich WGMs and, thus, lasing
modes that can be selectively excited in the microbottle cavity
due to its parabolic profile. Since it has nondegenerate axial
symmetrical modes, this makes optical gain shared by multiple
lasing modes, which leads to optical instability due to mode
competition.35 However, it is difficult to reduce the number of
lasing modes and even realize a single-mode laser through a
single coupling microfiber for the microbottle laser.
Here, we propose and demonstrate flexible manipulation of

the lasing modes in the erbium-doped silica microbottle cavity
through an add−drop configuration. A novel erbium doping
method is demonstrated, which leads to a lasing threshold as
low as 89 μW, pumped by a 974 nm diode laser. As shown in
Figure 1a, an optical microfiber is used to couple pump light
into the microbottle cavity while outputting the laser through
this port. Another microfiber acts as a probe, which can reduce
the number of lasing modes and also selectively extract specific
lasing modes. Based on the add−drop configuration, we first
realize selective extraction of the lasing modes in the
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microlaser and even single-mode lasing emission with a side-
mode suppression ratio as high as 24 dB.

■ DEVICE FABRICATION
In this work, two silica microfibers with losses smaller than 0.3
dB are fabricated through the flame-heated technique.36

Erbium-doped silica microcavities can be fabricated through
the ion implantation method37 and the sol−gel method14 with
a complex process or relatively low Q factors. Therefore, we
proposed an erbium doping method that can achieve ultrahigh
Q factors of the doped microcavity,16 but most of the erbium
ions are only located on the surface of the microcavity, which
minimizes the field overlap between the erbium ions and the
WGMs. Here, we propose a novel doping method, which
enables erbium ions to be doped into the interior of a
microcavity and results in a large field overlap between the
erbium ions and the WGMs. The fabrication process is
illustrated in Figure 1b. A single-mode fiber is first vertically
fixed on a carbon dioxide (CO2) laser fabrication platform and
then is tapered into a bottle profile by two laser beams. After
that, the bottle area is dipped into the erbium-dissolved
poly(methyl methacrylate) (PMMA) solution for ∼10 s and
then is taken out. (For the synthesis of the PMMA solution,
erbium solution, and erbium-dissolved PMMA solution, see
part S1 in the Supporting Information.) After acetone is

evaporated from the PMMA solution, the PMMA-coated
microbottle is fused into a microsphere by the two laser beams.
Coated PMMA is burnt out and erbium ions are naturally
doped into the microsphere. Finally, two doped microspheres
are mounted on the commercial fused splicer and then an
erbium-doped microbottle cavity is fabricated by arc discharge.
The novel doping method can enable erbium ions to be
uniformly doped into the silica microbottle cavity. Figure 1c
shows a scanning electron microscope (SEM) image of the
erbium-doped microsphere cavity with a diameter of 70 μm.
Figure 1d is a SEM image of the erbium-doped microbottle
cavity with an equatorial diameter of 74 μm fabricated from
two microspheres. The method can effectively increase the
overlap between the erbium ions and the WGMs while
maintaining the ultrahigh Q factor of the doped microcavity
compared with the method in our previous work.16 In order to
verify this point, we measure the X-ray photoelectron
spectroscopy (XPS) of the erbium-doped microbottle cavity,
as shown in Figure 1e,f. As shown in Figure S1 in the
Supporting Information, the fundamental mode and the
second-order mode are located at 1 and 2.7 μm away from
the bottle surface, respectively. (For WGM simulations, see
part S2 in the Supporting Information.) In order to measure
the existence of the erbium element in the WGM areas, the
erbium-doped microcavities (volume ratio = 1:20) are etched

Figure 1. (a) Illustration of flexible manipulation of lasing modes in an erbium-doped silica microbottle cavity. (b) Fabrication process of an
erbium-doped silica microbottle cavity. Scanning electron microscope (SEM) images of (c-d) the erbium-doped microsphere (scale bar: 50 μm)
and microbottle (scale bar: 50 μm) cavities, respectively. XPS spectra of the erbium-doped microcavities after etched by (e) ∼1 and (f) ∼3 μm.
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for ∼1 and ∼3 μm by hydrofluoric acid (HF), respectively. As
shown in Figure 1e, the high-resolution XPS spectrum shows
the existence of the erbium element at 1 μm away from the
bottle surface, with a binding energy peak of ∼165 eV. Figure
1f shows the existence of the erbium element at 3 μm away
from the bottle surface. It is worth noting that the percentage
of the erbium element at 1 μm (0.2 at. %) is close to that at 3
μm (0.3 at. %), which means that the erbium ions are
uniformly doped into the microcavity and have a large overlap
with the WGMs.

■ RESULTS AND DISCUSSION

Figure 2a shows the transmission spectrum of a specific mode
in the doped microbottle cavity, which is fabricated from the
erbium-dissolved PMMA solution with a volume ratio of 1:125
and a high loaded Q factor of 7 × 107 at 1550 nm is realized,
which corresponds to an intrinsic Q factor (Q0) of 7.2 × 107.
We also measure Q factors of a set of doped and undoped
cavities with equatorial diameters of ∼125 μm, as shown in
Figure 2b. It can be seen that the intrinsic Q factors of the
undoped cavities are above 108, which illustrates a fact that this
fabrication method can result in ultralow scattering losses and
ultrahigh Q factors. After being doped with erbium ions
(volume ratio = 1:125), the intrinsic Q factors decrease a little,
which are still above 107 and even exceeding 108, and decrease
with each increment of the ion concentration (volume ratio =
1:20) due to the increased absorption loss.38 (For analysis of
the Q factor for the microcavity with an add−drop structure,
see part S3 in the Supporting Information.) In addition, we
fabricated another 15 devices to measure their Q factors and
corresponding lasing thresholds. The results show that the
fabrication method also has a good reproducibility. (For
details, see part S4 in the Supporting Information.)

The microbottle cavity has a smaller curvature compared
with the microsphere cavity,39 thus, the axial modes are well
separated by large spacings along the axial direction. As shown
in Figure 2c−e, the mode distributions with different axial
orders (q) in the microbottle cavity and with different
azimuthal orders (m = −l, −l + 1, ..., l − 1, l) in the
microsphere cavity are calculated, respectively.16,40 It can be
found that the axial modes in the microbottle cavity are less
compact than the azimuthal modes in the microsphere cavity.
It enables us to easily extract a specific lasing mode by a probe
microfiber at different coupling positions along the axial
direction of the microbottle cavity. Both the microbottle and
the microsphere cavities used for calculations have diameters
of 126 μm. Figure 2f,g demonstrates 2D mode distributions of
the microbottle and microsphere cavities, respectively, which
correspond to the modes shown in Figure 2d.
The proposed doping method is also suitable for fabricating

the erbium-doped microbottle cavities with the smaller
equatorial diameter, thus we fabricate the microbottle cavities
with equatorial diameters of 82, 101, 137, and 187 μm. Figure
3a−d shows optical microscope images of the doped
microbottle cavities with different equatorial diameters. All of
them are attached on the fiber stems. The lasing thresholds of
the doped microbottle cavities are also measured. In order to
avoid instability of the coupling between the microfiber and
the microcavity, both of the two microfibers are in touch with
the microcavity in the experiments. Figure 3e shows the output
lasing power as a function of the pump power for different
equatorial diameters. Consequently, it can be seen that the
thresholds are around 100 μW and the minimum threshold
down to 89 μW is realized, which is lower than those realized
through nonresonant pump in previous works.16,17,41,42 It
means a fact that erbium ions can be effectively and easily

Figure 2. (a) Typical transmission spectrum of an erbium-doped microbottle cavity. (b) Intrinsic Q factors of a series of undoped and doped
microcavities (volume ratios = 1:125 and 1:20). (c−e) Field distributions with different axial orders in a microbottle cavity and with different
angular orders in a microsphere cavity. q is the axial order of WGMs in the microbottle cavity. l and m are the angular and azimuthal orders of
WGMs in the microsphere cavity, respectively. (f, g) Two-dimensional (2D) field distributions of the microbottle and microsphere cavities.
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doped into the silica microbottle cavities regardless of their
sizes. A microfiber is used to couple 974 nm laser with a
linewidth of ∼1 nm into the microcavity. Here, for the
microbottle cavity with a diameter of 126 μm and a curvature
(Δk) of 0.0073 μm−1, its axial free spectral range (FSR) is
calculated as 2 nm according to the equation: Δλq = Δkλ2/
2πneff.

36 Due to the nondegenerate WGMs in the microbottle
cavity, the linewidth of the pump laser can cover a number of
WGMs, which corresponds to nonresonant pump compared
with resonant pump.14,43,44

The inset in Figure 4d shows an optical microscope image of
a doped microbottle cavity with an equatorial diameter of 126
μm and a bottle length of 248 μm. The outer profile of the
microbottle can be fitted by parabola, which is expressed by
R(z) = R(0)[1 − (Δkz)2/2],36 where R(z) represents the
outer radius as a function of the axial position (z), Δk denotes
the bottle curvature. Here, R(0) = 63 μm, zmax = 124 μm, and

Δk = 0.0073 μm−1. There are symmetrical axial mode
distributions in the microbottle cavity, thus, we measure the
lasing spectra by putting the pump microfiber at different
positions along the axial direction of the microbottle cavity.
Figure 4a−c demonstrates the output lasing spectra when it is
pumped at 0, 30, and 63 μm away from the bottle center,
respectively. It can be seen that the lasing modes with different
orders can be easily switched by adjusting the pump position.45

Besides, as shown in Figure 4d, it is worth noting that the
minimum lasing threshold of 154 μW is achieved and increases
with increment of the pump position away from the bottle
center. The maximum lasing threshold of 414 μW is achieved
when the microfiber is at 63 μm away from the bottle center. It
is because the Purcell factor is inversely proportional to Vm

according to the equation: = ·
π

λ( )F Q
V n

3
4

3
2

m

m , where λm is the

resonant wavelength, n is the refractive index (RI) of silica,
which leads to the higher lasing threshold.46 (For Vm
calculations of WGMs in the microbottle cavity, see part S5
in the Supporting Information.)
Microcavity-based add-drop configuration is a functional

structure, which is an excellent candidate for multiports
resonant filters,47 optical switching,48 and second harmonic
generation (SHG).49 Generally, most of add-drop structures
are in the equators of the cavities due to the geometric
limitation.47 For an add-drop structure based on the
microbottle cavity, there are highly nondegenerate WGMs
with different orders along its axial direction,50 thus, it is
possible to selectively extract desired modes by adjusting the
coupling position of the probe microfiber. For the erbium-
doped microbottle cavity, it is possible to selectively extract
specific lasing modes using an add−drop structure. Two
microfibers with diameters of 1.26 and 2.2 μm act as a pump
microfiber and a probe microfiber, respectively. As shown in
the inset of Figure 5a, the pump microfiber is put at 63 μm
away from the bottle center, thus, the pump light can be
coupled into the microcavity and excite the high-order modes

Figure 3. (a−d) Optical microscopes images of the microbottle
cavities with equatorial diameters of 82 μm (scale bar: 30 μm), 101
μm (scale bar: 50 μm), 137 μm (scale bar: 100 μm), and 187 μm
(scale bar: 125 μm), respectively. (e) Output lasing power as a
function of the pump power for the microbottle cavities with different
equatorial diameters.

Figure 4. (a−c) Output lasing spectra pumped at different positions of the microbottle cavity. Insets in (a)−(c) illustrate the coupling positions of
the pump microfiber (dashed black line) along the axial direction of the microbottle cavity. (d) Output lasing power as a function of the pump
power. The inset is an optical microscope image of the doped microbottle cavity with an equatorial diameter of 126 μm. Scale bar: 100 μm.
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Figure 5. (a) Output lasing power as a function of the pump power without and with a probe microfiber (at the bottle center). Lasing spectra from
(b) a through port (at 63 μm away from the bottle center) with a probe microfiber and (c) a drop port (at 63 μm away from the bottle center).
Lasing spectra from (d) a through port (at 63 μm away from the bottle center) without a probe microfiber, (e) a through port with a probe
microfiber (at the bottle center), and (f) a drop port. (g) Zoom-in spectrum of (d). (h) Zoom-in spectrum of (e). (i) Zoom-in spectrum of (f).

Figure 6. (a) Output lasing spectrum of the microbottle cavity pumped at the bottle center without a probe microfiber. Output lasing spectra from
(b) a through port (at the bottle center) with a probe microfiber (at 30 μm away from the bottle center) and (c) a drop port. Output lasing spectra
from (d) a through port with a probe microfiber (at 46 μm away from the bottle center) and (e) a drop port. Output lasing spectra from (f) a
through port with a probe microfiber (at 75 μm away from the bottle center) and (g) a drop port.
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at the 974 nm band, which can effectively pump most erbium
ions in the microbottle cavity since the high-order modes
spatially distribute in a large area along its axial direction.36 In
order to suppress the number of lasing modes and selectively
extract lasing modes, the probe microfiber is put in the center
of the microbottle cavity. The reason why the probe microfiber
is thicker than the pump microfiber is that the effective
refractive indexes (neff) of the lower-order WGMs are larger
than those of the higher-order WGMs, thus, we can effectively
extract the lower-order lasing modes located close to the bottle
center. (For theoretical analysis of phase-matching condition,
see part S6 in the Supporting Information.) We first measure
the output lasing power as a function of the pump power, as
shown in Figure 5a. The black line represents the output lasing
power versus the pump power when there is no probe
microfiber. The lasing threshold of 414 μW is achieved. After
the probe microfiber is put at the center of the microbottle
cavity, the lasing threshold increases to 600 μW. It is because
the probe microfiber introduces extra coupling and scattering
losses to the WGMs, which greatly improve the lasing
threshold.23,47 Figure 5d shows the lasing spectrum output
from the through port with a pump power of 6.09 mW when
there is no probe microfiber. The two lasing bands is derived
from the two gain peaks in the gain spectrum of erbium
element.16 As shown in Figure 5e, when a probe microfiber is
put at the bottle center, most of the lasing modes disappear in
the spectrum output from the through port due to the
increased loss. As shown in the lasing spectrum from the drop
port in Figure 5f, there are only several lasing modes with an
apparent lasing peak at 1536 nm. Figure 5g−i shows the
enlarged lasing spectra of Figure 5d−f. As shown from the blue
line in Figure 5g, the lasing peak is located at 1535.26 nm. The
lasing peak for the same-order mode in Figure 5h is located at
1535.22 nm, which shows a 0.04 nm blue-shift compared with
that in Figure 5g. The pink lines also show the same
phenomenon. The blue-shift is because the probe microfiber

leads to a decrease in the Q factors, which results in the
decrease of the pump-induced energy accumulation in the
microcavity, leading to a reduction in the thermal effect. By
comparing the pink lines in Figure 5h and i, it can be seen that
both of them have the same lasing wavelength, but the lasing
power in Figure 5i is smaller than that in Figure 5h. It is
because the extracting efficiency of the probe microfiber is
lower than that of the pump microfiber. For the red line in
Figure 5h, there is no corresponding lasing peak at 1536.2 nm,
as shown in Figure 5g. It is because when the loss is introduced
to certain lasing modes, these lasing modes will disappear and
the others will emerge and dominate due to the reduction of
mode competition. As shown in Figure 5i, the lasing peak
power at 1536.2 nm is larger than that in Figure 5h. It may be
because the extraction efficiency of the probe microfiber is
higher for this mode. After that, the probe microfiber is moved
to 63 μm away from the bottle center, which is symmetrical to
the pump microfiber. From Figure 5b it can be seen that there
are only four apparent lasing peaks in the lasing spectrum. The
large decrease in the lasing-mode number is because the probe
microfiber is located at the position, where it introduces the
largest loss to the main lasing modes. From the lasing spectrum
of the probe microfiber in Figure 5c, it is worth noting that
there are only two apparent lasing peaks including one higher
peak and one lower peak. The higher peak in the drop
spectrum is consistent with that in the through spectrum in
Figure 5b, which means a fact that this lasing mode is located
at the position close to the microfiber coupling position.
Besides, the laser spectrum from the drop port has a high side-
mode suppression ratio of ∼15 dB. It is worthy to note that the
lasing modes can be selectively extracted by moving the probe
microfiber to the different positions along the axial direction of
the microbottle cavity.
As shown in Figure 6a, the pump microfiber is put at the

bottle center with a pump power of 6.26 mW. In order to
selectively extract lasing modes, the probe microfiber is

Figure 7. (a) SEM image of the microbottle cavity with an equatorial diameter of 88 μm. Dashed lines represent the coupling positions of the
pump microfiber and the probe microfiber, respectively. Scale bar: 50 μm. (b) Enlarged lasing spectrum of (e). (c) Enlarged lasing spectrum of (f).
(d) Lasing spectrum of the microbottle cavity pumped at 58 μm away from the bottle center. (e) Lasing spectrum of the through port (at 58 μm
away from the bottle center) with a probe microfiber (at the bottle center). (f) Lasing spectrum from the drop port. The pump power is 7.165 mW.
(g) Evolution of a single-mode laser with increment of the pump power. (h) Output lasing power of the single-mode laser from the drop port as a
function of the pump power.
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successively put at 30, 46, and 75 μm away from the bottle
center, as shown in Figure 6b−g. Figure 6b shows the lasing
spectrum from the through port after a probe microfiber is put
at 30 μm away from the bottle center. Most of the lasing
modes are apparently suppressed. From the lasing spectrum
from the through port in Figure 6c it can be found that there is
a high lasing peak at 1535.7 nm together with several weaker
lasing peaks. Figure 6e,g is lasing spectra of the drop port when
it is put at 46 and 75 μm away from the bottle center. It is
worth noting that the lasing wavelengths are different among
Figure 6c, e, and g. The wavelength differences are because the
probe microfiber can effectively extract the specific lasing
modes, which have the largest field overlap with the probe
microfiber.51 Therefore, the drop port can flexibly and
selectively extract the lasing modes by moving its position
along the axial direction of the microbottle cavity.
From Figure 5f it can be predicted that a single-mode lasing

operation can be realized by putting the probe microfiber at an
appropriate position. In order to decrease the number of lasing
modes in the microcavity, it is necessary to decrease its
diameter, which will effectively increase the resonant frequency
difference among WGMs with different orders.21,28 Besides,
the microbottle cavity has the axial FSR, thus, it is also
necessary to increase its axial FSR by increasing the bottle
curvature (Δk). (For calculations of FSR vs the equatorial
diameter and Δk, see part S7 in the Supporting Information.)
Therefore, we fabricate an erbium-doped microbottle cavity
with a smaller equatorial diameter (88 μm) and a larger Δk
(0.0117 μm−1), whose SEM image is shown in Figure 7a.
Figure 7d shows the lasing spectrum from the through port
with a pump power of 7.165 mW when there is no probe
microfiber. There are still many apparent lasing peaks in the
lasing spectrum, even though the equatorial diameter is
decreased. Figure 7e shows the lasing spectrum from the
through port after the probe microfiber is put at the bottle
center and one lasing peak emerges around 1550 nm. From
Figure 7f, it is worthy to note that the single-mode laser is
extracted because this lasing mode has the maximum extracting
efficiency by the probe microfiber. A high side-mode
suppression ratio of ∼24 dB is realized, which is much larger
than that realized in the similar cavity structures.21,23,52,53 By
comparing Figure 7b and c, it can be seen that lasing from the
two ports have the same center wavelength of 1553.69 nm. We
also measure the evolution of the singe-mode laser with the
increase of the pump power, as shown in Figure 7g.
Importantly, it can be seen that there is no other lasing peak
in this process, so mode hopping is effectively avoided. The
lasing power from the drop port versus the pump power is
shown in Figure 7h, it can be seen that a single-mode
microlaser with a low threshold of 734 μW is realized. The
proposed add−drop configuration is a flexible structure to
achieve the ultralow-threshold single-mode lasing from the
microbottle cavity.

■ CONCLUSION
In summary, we have demonstrated selective suppression and
extraction of specific lasing modes, and even single-mode lasing
emission in the erbium-doped microbottle cavities. Featuring
the ultrahigh Q factor (exceeding 108) of the doped
microcavity and the larger field overlap between the gain
materials and the WGMs with the proposed erbium doping
method, an ultralow lasing threshold of 89 μW is achieved by
nonresonant pump, which is lower than most of the previous

results through the same pump scheme. By taking an advantage
of spatially well-separated distribution of the axial modes in the
microbottle cavity, the number of lasing modes is decreased
and the specific lasing modes are selectively extracted through
an add−drop structure. Finally, single-mode lasing emission
with a high side-mode suppression ratio of ∼24 dB is realized
without mode hopping. We believe that the proposed scheme
will pave the way for a variety of applications including single-
mode microlaser, laser switching and optical communication.

■ MATERIALS AND METHODS
Material Information. Er(NO3)3·5H2O (99.9% meta

basis) was purchased from Macklin. PMMA powder
[(C5H8O2)]n was bought from Tokyo Chemical Industry
Co., Ltd.

Finite Element Method (FEM) Simulation. FEM
simulations are used to calculate WGM distributions of the
microbottle and microsphere cavities. The axial modes with
different orders in the microbottle cavity and the modes with
different azimuthal orders in the microsphere cavity were
calculated by building up 2D axially symmetric models.

Experimental Test Setup. Experimental setup is illus-
trated in Figure S6 in part S8 in the Supporting Information.
Signal light derived from a narrow-linewidth external-cavity
laser working in the 1550 nm band is controlled by a
polarization controller (PC). After that, it is coupled into the
microbottle cavity to excite WGMs. The transmission
spectrum is detected by a photodetector (PD) and is analyzed
by a digital storage oscilloscope (DSO). Pump light coming
from a 974 nm diode laser with a linewidth of ∼1 nm is fed
into a 20/80 optical splitter, and then is coupled into the
erbium-doped microbottle cavity and a power meter (PM) is
used to detect the pump power. The lasing spectra from the
through port and the drop port are measured by an optical
spectrum analyzer (OSA).
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