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ABSTRACT: An all-optical tunable microlaser based on the
ultrahigh-quality (Q)-factor erbium-doped hybrid microbottle
cavity is proposed and experimentally demonstrated for the
ﬁrst time. All-optical wavelength tunability of the silica microcavity laser is a very attractive feature and has been rarely
reported. By using an improved doping method, the erbiumdoped silica microbottle cavity with a Q factor of 5.2 × 107 in
the 1550 nm band is obtained, which is higher than the previous work based on the conventional sol−gel method. Through
nonresonant pump in the 980 nm band, a lasing threshold of
1.65 mW is achieved, which is lower than all those realized
through the same pump method. Besides, iron oxide nanoparticles are coated on the tapered area by doping them in the ultraviolet curing adhesive in order to precisely control the
coating area, which enables the hybrid microcavity to maintain the ultrahigh Q factor and possess large tunability. By feeding the
control light through the axial direction of the microbottle cavity, the lasing wavelength is all-optically tuned with a range of
4.4 nm, which is larger than the reported doped silica microcavity lasers. This work has great potential in applications such as
optical communications, sensing, and spectroscopy.
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spin method, which achieves laser emission in the L-band.27
Apart from that, the optoﬂuidic ring resonator also acts as a
microlaser platform by containing gain materials in the hollow
core. The Fan group has reported a series of work on optoﬂuidic microlasers and their biosensing applications.30−33
Besides, gain materials such as quantum dots and rare-earth
ions are directly doped into silica microcavities to achieve laser
emission.34−39 Rare-earth ions can be doped into the silica microcavity through the ion implantation method38 and the sol−gel
processing method.34,36,37,39 An Er3+ ion-doped microcavity laser
is experimentally demonstrated by fabricating the silica microdisk
on a silicon chip, while using the ion implantation method based
on a complicated CMOS process.38 Apart from that, the sol−gel
method is a low-cost and ﬂexible way to dope rare-earth ions
into the silica microcavity. The Vahala group ﬁrst fabricate a
silica microsphere cavity coated with the Er3+ ion-doped silica
sol−gel ﬁlm to achieve laser emission in the 1550 nm band.34
After that, on-chip Er3+ ion-doped silica microtoroids are fabricated and applied in the parity-time symmetric systems.40,41
However, the conventional sol−gel method still requires a relatively complicated process, and cracks and defects may emerge
during the process, which seriously degenerates the Q factors
of the microcavities. Therefore, so far, based on the conventional

n recent years, due to the advantages of ultralow absorption
loss and reﬂow process induced ultralow surface roughness,
silica is selected as one kind of ideal materials for fabricating
ultrahigh-quality (Q)-factor whispering-gallery-mode (WGM)
microcavities.1−8 Furthermore, the miniature footprint of the
WGM microcavity leads to small mode volume, which results
in ultrahigh energy density in the microcavity. These excellent
features enable it to be utilized in various fundamental and
applied research areas, such as cavity quantum electrodynamics,9,10 optical sensing,11−15 cavity optomechanics,5,15 nonlinear
optics,8 and laser emission.16−20 Especially, silica WGM microcavities exhibit great advantages in ultralow-threshold microlasers, which have potential applications in sensing18 and
communications.20
Silica WGM microlasers are based on the undoped or doped
microcavities. The undoped microcavity laser is mainly derived
from the optical nonlinear eﬀect, such as stimulated Raman
scattering21−24 and stimulated Brillouin scattering.25,26 Because
of the ultrahigh Q factor of the silica microsphere, an ultralowthreshold Raman microlaser is ﬁrst experimentally realized by
the Vahala group.22 On the other hand, the active microcavity
is fabricated by combining the silica microcavity with gain
materials through several methods. One method is to fabricate
the microcavity through soft glass originally doped with gain
materials such as erbium (Er3+ ions).27−29 For example, the
Er3+ ion-doped tellurite glass microsphere is fabricated by the
© 2018 American Chemical Society
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Figure 1. (a) Schematic of an all-optical tunable microlaser using the ultrahigh-Q erbium-doped hybrid microbottle cavity. Pink color represents
the Er3+ ion doping area and black color represents the iron oxide nanoparticle coating area. (b) Fabrication process of the erbium-doped hybrid
microbottle cavity coated with iron oxide nanoparticles. The pink arrow represents the CO2 laser beam. (c) FEM simulation of the WGM ﬁeld with
the TM polarization in the microcavity with a radius of 60.5 μm, where the red arrow represents the electric polarization, and the white line
represents the boundary between the microcavity and air. (d) WGM ﬁeld proﬁle at the cross section of the mode ﬁeld center.

1550 nm band. In order to excite Er3+ ions and achieve laser
emission, the continuous-wave pump light in the 980 nm band
with a line width of about 1 nm is coupled into the microcavity
through the silica microﬁber.47−49 Besides, the tapered area of
the microbottle is attached with a spherical end, in which iron
oxide nanoparticles are coated onto its surface. Due to excellent photothermal performance of iron oxide nanoparticles, the
control light fed through the axial direction of the microbottle
is converted to heat and all-optical tuning of the lasing wavelength with a range of 4.4 nm is achieved.

sol−gel method, the Q factors of the silica microcavities doped
with rare-earth ions are below 10 million, which limits the
microlaser performance.19
The wavelength tunability of the microlaser is a very important function, and the doped silica microcavity laser is tuned
mainly through the aerostatic pressure method36 and the ﬂowing liquid induced thermal tuning method.28 However, these
methods may induce jittering of the microcavity system, and/
or realize relatively limited tuning ranges. Therefore, our goal is
to all-optically control the lasing wavelength in a large range,
while possessing excellent microlaser performance. So far, several
all-optical methods have been proposed to tune the resonance
frequencies of silica WGM microcavities.42,43 However, almost
all of the reported schemes inevitably degenerate the Q factors and, accordingly, go against achieving great microlaser
performance.
In this work, we propose the ﬁrst all-optical tunable microlaser based on the Er3+ ion-doped hybrid microbottle cavity,
which can avoid the above drawbacks and exhibit excellent performance. The silica microbottle cavities which are fabricated
from single-mode ﬁbers (SMFs) have been utilized in various
fundamental research and practical applications.10,26,44−46
Compared with other microcavity structures such as microspheres and microtoroids, the microbottle cavity possesses a
prolate shape, which makes it support nondegenerated WGMs,
whose distributions are spatially well-separated along the axial
direction of the microcavity.45,46 Therefore, it is also possible
to achieve laser emission with diﬀerent mode orders at different locations along the axial direction of the microcavity.
As shown in Figure 1a, the pink area means that Er3+ ions are
doped into the surface of the silica microbottle cavity. The
microbottle cavity doped with Er3+ ions through an improved
doping method possesses a Q factor of about 5.2 × 107 in the

■

DEVICE FABRICATION
In general, the conventional sol−gel silica ﬁlm is made from a
mixing solution of tetraethoxysilane (TEOS), water (H2O),
ethanol (C2H6O), and hydrochloric acid (HCl). During the
silica ﬁlm fabrication process, defects and cracks may emerge,
which seriously reduce the Q factor of the microcavity. Therefore, we propose an improved and simpler method to dope
Er3+ ions into the surface of the microcavity, while possessing
the ultrahigh Q factor over 50 million. The fabrication processes are as follows: First, the Er3+ ion solution is made by
mixing erbium nitrate hydrate (Er(NO3)3·5H2O), H2O, and
C2H6O with a weight ratio of 1.819:12.261:18.6, and the
solution is shaken to be evenly distributed; Second, the polymer coating of a SMF is removed by a pincer, and then it is
dipped into the Er3+ ion solution for several seconds; Third,
the SMF attached with the Er3+ ion solution on its surface is
ﬁxed on the carbon dioxide laser fabrication platform; Finally,
in order to further dope Er3+ ions into the surface of the microbottle, it is reﬂowed in ethanol ﬂame. This simple method
avoids the rigorous annealing process and temperature requirement. The erbium doping concentration is estimated to be
around 2 × 1019/cm3.
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Figure 2. (a) Optical micrograph of the erbium-doped microbottle cavity coated with iron oxide nanoparticles. (b) Measured energy dispersive
X-ray (EDX) spectroscopy of the coating area. (c) Measured loaded Q factors of a series of nondoped and doped microcavities. (d, e) Measured
Q factors of the doped microcavities in the 1550 and 1480 nm bands, respectively, and the red lines represent Lorentz ﬁtting.

enables Er3+ ions into the surface to provide enough gain to the
microlaser.

On the basis of the above doping method, we designed a
novel hybrid microbottle cavity and proposed an all-optical
tuning scheme for the microcavity laser. The control light fed
through the axial direction of the hybrid microbottle cavity is
absorbed by iron oxide nanoparticles coated on the tapered
area, which is fabricated through a dip process. Iron oxide
nanoparticles can highly eﬃciently convert light energy into
heat, which is transmitted to the WGM ﬁeld locations to tune
the lasing wavelength. The schematic principle and fabrication
process are illustrated in Figure 1a,b. Kerosene-based iron
oxide nanoparticle solution is used here. However, there may
exist one problem during the dip process due to the relatively
large surface tension of kerosene. When the spherical end of
the microbottle is inserted into the kerosene-based iron oxide
nanoparticle solution, the solution will immediately ﬂow up
along the axial direction of the microbottle and distribute at
the WGM ﬁeld locations. It is critical for us to control the
coating area on the microcavity, especially for that with a small
size. Therefore, we also propose a coating process to precisely
control the coating area of iron oxide nanoparticles, which
enables the hybrid microcavity to maintain the ultrahigh Q factor over 50 million. Ultraviolet (UV) curing adhesive possesses
excellent viscosity, which can avoid the inﬂuence of the surface
tension. The UV curing adhesive doped with iron oxide nanoparticles can be made by mixing the kerosene-based iron oxide
nanoparticle solution and the optical adhesive, since these two
kinds of materials are mutually soluble. The nanoparticle concentration in the UV curing adhesive is controlled by varying
the mixing weight ratio between the optical adhesive and the
nanoparticle solution (for details about the coating process, see
part S1 in the Supporting Information). Finite element method
(FEM) simulations of the WGMs are also performed to determine the mode ﬁeld distributions near the surface of the microcavity.50 The fundamental WGM with the transverse-magnetic
(TM) polarization is calculated as shown in Figure 1c, and
its intensity proﬁle on the equatorial plane is also plotted in
Figure 1d. The simulation result presents that about 2% of the
mode ﬁeld intensity is located in the evanescent ﬁeld, which

■

RESULTS AND DISCUSSION

Figure 2a shows the fabricated Er3+ ion-doped hybrid microbottle cavity with a spherical end. The area with a rough surface means that there exist mixtures of iron oxide nanoparticles
and residues of the UV curing adhesive on the spherical end,
that is, a tail attached on the spherical end. The microbottle
cavity possesses an equatorial diameter of about 121 μm and a
length of about 236 μm. The outer proﬁle of the microbottle
cavity can be ﬁtted with a truncated harmonic oscillator proﬁle,
which can be expressed by R(z) = R(0)[1 − (Δkz)2/2], where
R(z) represents the outer radius as a function of z, Δk denotes
the curvature of the microbottle geometric proﬁle. Here, R(0)
= 60.5 μm, zmax = 118 μm, and Δk = 0.0063 μm−1. We ﬁrst
measure the energy dispersive X-ray spectroscopy (EDX) to
demonstrate a fact that iron oxide nanoparticles are coated onto
the tapered area of the microcavity, as shown in Figure 2b.
There are several obvious peaks in the spectroscopy result,
which represents the consistence of the atomic ratio of oxygen (O), silicon (Si), carbon (C), ferrum (Fe), and erbium (Er).
Ferrum indicates that iron oxide nanoparticles are coated onto
the tapered area. The existence of carbon is due to the remains
of the UV curing adhesive and conductive plastic around the
end, which can enhance its conductivity. The presence of
erbium shows that the tapered area is also doped with Er3+ ions
during the fabrication process. Based on the experimental test
setup shown in Figure 3, we measure the Q factors of a series
of doped and nondoped microbottle cavities. As shown in
Figure 2c, the nondoped microbottle cavities present the ultrahigh Q factors over 108 in the 1550 nm band, while the doped
microbottle cavities exhibit slightly lower Q factors and the
highest Q factor of up to 108 can also be achieved. Since the
improved doping method avoids the formation of cracks and
defects, the degenerating Q factors are mainly due to the Er3+
ion absorption,37 while without the surface defect induced
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Figure 3. Experimental test setup: TLS, tunable laser source; PC, polarization controller; PD, photodetector; DSO, digital storage oscilloscope;
EDFA, erbium-doped ﬁber ampliﬁer; VOA, variable optical attenuator; PM, power meter; OSA, optical spectrum analyzer; WDM, wavelength
division multiplexer; AWG, arbitrary waveform generator; OS, optical switch.

Figure 4. (a) Typical emission spectrum of the single-mode microlaser. (b) Typical emission spectrum of the multimode microlaser. The spacing
between the lasing lines equals to the axial FSR. (c) Typical microlaser emission spectrum when the coupling microﬁber is located away from the
center area. (d) Lasing power as a function of the pump power. The inset shows a speciﬁc single-mode emission spectrum.

microbottle cavity. The coupling system maintains stable by
enabling them to get in touch with each other. The coupling
eﬃciency can be optimized by controlling the microﬁber diameter. When the pump light is coupled into the microcavity
through the evanescent ﬁeld, laser emission is coupled back
into the microﬁber, make it can be directly measured through
an optical spectrum analyzer (OSA). The lasing power is optimized by adjusting the polarization of the pump light through
a polarization controller (PC). Figure 4a shows the singlemode lasing around 1535 nm, which is often observed by controlling the microﬁber diameter and the coupling position.
Multimode laser emission can also be observed as the location
of the microﬁber is slightly away from the center area, because
several lasing modes with smaller axial orders are simultaneously excited,45,46 as shown in Figure 4b. There are three
periodic peaks between 1535 and 1540 nm. The measured
wavelength period spacing is about 1.5 nm, which is well
matched with the calculated axial free spectral range (FSR)
Δλq = 1.7 nm based on Δλq = Δkλ2/2πneff, where λ is the

scattering loss. As shown in Figure 2d, based on a speciﬁcally
fabricated Er3+ ion-doped hybrid microbottle cavity, the Q factor of about 5.2 × 107 is obtained in the 1550 nm band, which
is the highest compared with those based on the conventional sol−gel method.20,34,36,37,40,41 Furthermore, we also
obtain the Q factor of about 2 × 107 in the 1480 nm band,
which is a little lower than that in the 1550 nm band due to the
stronger absorption of Er3+ ions in the 1480 nm band (for the
detailed analysis of the Q factor, see part S2 in the Supporting
Information).
In the case of resonant pump through a narrow-line width
external-cavity laser, when the microcavity laser is tuned, the
wavelength of the pump laser ought to be simultaneously tunable, which makes the experiments complicated. Therefore, a
pump laser operating in the 980 nm band with a line width of
about 1 nm is selected, which can cover many resonance wavelengths due to dense WGMs of the microbottle cavity.45,46
A microﬁber with a diameter of about 2 μm is fabricated from
the SMF. The microﬁber is ﬁrst placed in the center area of the
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Figure 5. (a−e) Microlaser emission spectra of the erbium-doped ultrahigh-Q hybrid microbottle cavity at diﬀerent control powers. (f) Wavelength
shift of the microlaser as a function of the control power. The red line represents the ﬁtted result. (g) Measured ﬂuorescence spectrum of Er3+ ions.

lasing mode a also gradually decreases with the increase of the
control power, because this mode always shifts to the right side
of the ﬂuorescence spectrum, which can be seen in Figure 5a−e.
During the tuning process, diﬀerent lasing modes may emerge
and then disappear due to the mode competition.51 However,
lasing mode a always exists. It is noteworthy that as the control
power is over 155.16 mW, lasing mode a disappears. Because
with the shift of the lasing wavelength, the gradually decreasing
gain coeﬃcient of lasing mode a cannot compensate its loss.
The lasing wavelength shift as a function of the control power
is plotted in Figure 5f. The wavelength shift slightly nonlinearly
increases with the rising control power, with an average tuning
sensitivity of 30 pm/mW. When the control power increases to
155.16 mW, the maximum lasing wavelength tuning range of
4.4 nm is achieved, and it is larger than all those in the
reported work on doped silica microcavity lasers.

wavelength in vacuum and neff is the eﬀective refractive index.
From Figure 4c, we also ﬁnd that, as the microﬁber location is
far away from the center area, there are dense WGMs because
more high-order lasing modes with large axial orders are
excited and exported through the microﬁber.45,46 Therefore,
based on the active microcavity, laser emission with diﬀerent
wavelengths can be selectively launched by placing the microﬁber at diﬀerent locations along the axial direction of the microbottle (for details about the selective excitation, see part S3 in
the Supporting Information). Besides, it is noteworthy that the
lasing power tends to decrease as the microﬁber is away from
the center area of the microbottle, because the mode volume is
larger for the higher-order modes and the Er3+ ion concentration in this area is lower due to the fabrication process. The
measured lasing power versus the pump power is shown in
Figure 4d. We can ﬁnd that as the pump power is lower than
1.65 mW, there is no laser emission. As the pump power is
larger than 1.65 mW, the lasing power increases linearly with
the pump power. Therefore, it is determined that the pump
threshold is 1.65 mW, which is larger than those obtained
through resonant pump.20,34,37−39 However, it is the lowest
among all the work through nonresonant pump,28,36 which
beneﬁts from the ultrahigh Q factor of the doped microcavity.
The threshold could be further decreased by optimizing the
coupling eﬃciency between the microﬁber and the microcavity.
Due to large tunability of the hybrid microbottle cavity, the
lasing wavelength can be all-optical tunable. Figure 5 illustrates
a fact that the lasing wavelength presents a red shift as the
control power increases due to the positive thermo-optic and
thermal expansion coeﬃcients of silica.49 By combining with
Figure 5g, we ﬁnd that lasing mode a is located near the center
area of the ﬂuorescence spectrum of Er3+ ions, in which the
gain coeﬃcient is the largest. With the increase of the control
power, the mode number gradually decreases and the singlemode lasing is observed when the control power is 73.73 mW.
It is because the gain coeﬃcient gradually decreases in the two
sides of the gain peak, and the single-mode lasing can be
obtained during the tuning process. As a result, the power of

■

CONCLUSION

In summary, we proposed and experimentally realized the ﬁrst
all-optical controllable microlaser based on the ultrahigh-Q
Er3+ ion-doped hybrid microbottle cavity. By improving the
Er3+ ion doping method, we obtained the active microbottle
cavity with the Q factors of about 5.2 × 107 in the 1550 nm
band and about 2 × 107 in the 1480 nm band, both of which
are the highest compared with those obtained through the
conventional sol−gel processing. Through nonresonant pump
in the 980 nm band, a lasing threshold of 1.65 mW is achieved,
which is lower than those in all the previous work based on the
same pump method. By mixing the kerosene-based iron oxide
nanoparticle solution and the UV curing adhesive, we also
propose a coating process, which can enable us to precisely
coat iron oxide nanoparticles onto the tapered area of the
microbottle due to excellent viscosity of the optical adhesive.
This enables the hybrid microcavity to maintain the ultrahigh
Q factor, while possessing large tunability, and hence, we
realize all-optical tuning of the lasing wavelength with a range
of 4.4 nm. This work paves the way for future optical communications, biochemical sensing and spectroscopy.
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MATERIALS AND METHODS
Material Information. Kerosene-based iron oxide nanoparticle solution with the surface tension of 28 × 10−5 N/cm is
purchased from Beijing Sunrise Ferro-ﬂuid Technology Company Limited. UV curing adhesive with the viscosity of 10000 cps
is purchased from Guangdong Hengda New Materials Technology Company Limited.
FEM Simulation. FEM simulations (COMSOL Multiphysics) are used to illustrate the WGM ﬁeld distributions in
the microbottle cavity. By building up a two-dimensional
axially symmetric model, the fundamental mode distribution in
the cross section of the microbottle is calculated, which is
shown in Figure 1c. In order to get an acceptable accuracy, the
maximum size of the mesh element is set to be about λ/8.
Experimental Test Setup. Experimental test setup is
illustrated in Figure 3. Signal light derived from a narrow-line
width external-cavity laser operating in the 1550 or 1480 nm
band is controlled by a polarization controller (PC), and then
coupled into the microcavity to excite WGMs. The transmission light exporting from the other end of the microﬁber is
detected by a photodetector (PD). The transmission spectrum
is analyzed by a digital storage oscilloscope (DSO). Pump light
coming from another laser with a line width of about 1 nm,
which operates in the 980 nm band is fed into a 20/80 optical
splitter, and then nonresonantly excites the Er3+ ion-doped
microacvity and a power meter (PM) is used to detect the
pump power. The lasing spectrum is measured by an optical
spectrum analyzer (OSA). In order to tune the lasing wavelength, continuous-wave control light from a tunable diode
laser (TLS) in the 1550 nm band is ampliﬁed by a high-power
erbium-doped ﬁber ampliﬁer (EDFA) and then is fed into a
10/90 optical splitter after transmitting through a variable
optical attenuator (VOA). After that, the control light is fed
through the axial direction of the microbottle to tune the lasing
wavelength.
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