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Abstract: Single mode lasers, particularly red-green-blue
(RGB) colors, have attracted wide attention due to their
potential applications in the photonic field. Here, we realize
the RGB single mode lasing in a hybrid two-dimension and
three-dimension (2D–3D) hybrid microcavity (μ-cavity) with
a low threshold. The hybrid 2D–3D μ-cavity consists of a
polymer fiber and a microsphere. Typical RGB polymer film
consisting gain materials are cladded on a fiber. To achieve
single mode lasing, the polymer fiber therein serves as an
excellent gain cavity to providemultiple lasingmodeswhile
the microsphere acts as a loss channel to suppress most of
the lasing modes. Mode switching can be realized by
adjusting the pump position. It can be attributed to the
change of coupled efficiency between gain μ-cavity and
loss μ-cavity. Our work will provide a platform for the
rational design of nanophotonic devices and on-chip
communication.

Keywords: 2D–3D μ-cavity; mode switching; polymer fiber;
RGB; single mode laser.

1 Introduction

Thewhispering gallerymode (WGM)microcavity (μ-cavity)
lasing with small mode volume and high quality (Q) factor
has attracted a lot of attention due to the novel physical
properties and potential applications [1–5], such as
biochemical and biological sensing [6–10], aerostatic

pressure sensing [11, 12], white light sources [13–15] as well
as full color displays [16–18]. Moreover, the single-mode
WGM lasing is vital for various photonic applications and
anti-counterfeiting. Generally, the single mode lasing can
be achieved by reducing the size of the resonator cavity
so that the free spectral range (FSR) exceeds the photo-
luminescence (PL) emission range of the gain materials
until only one lasing mode exists in the cavity [19–21].
Another method for single mode lasing is utilizing the
distributed feedback grating [22–24]. The coupled μ-cavity
based on the Vernier effect [25–27] and the parity-time
symmetry breaking [28–30] have been reported to achieve
the single-mode lasing. The fiber-based lasers [31–33]
have been attracted much attention owing to the laser is
simple preparation. In the past years, the WGM μ-cavity
have been fabricated in various shapes, such asmicrorings
[34], microtubes, microrods [35–37], micropolymer bottle
[38, 39] and so on.

Singlemode laser, can be achieved by a coupled cavity
in which one μ-cavity serves as gain cavity to provide
multiple lasing resonant modes, and the other μ-cavity can
act as a loss channel to suppress most of the lasing modes.
The red-green-blue (RGB) single mode lasing can be ob-
tained by altering the organic polymer gain materials in
coupled μ-cavity. Moreover, the tunable lasing has hold
great attention. Generally, the tunable lasing can be ach-
ieved by altering the effective refractive index and tem-
perature [40, 41].

However, these strategies usually hinder the populariza-
tion of single-mode lasing owing to requiring precise manip-
ulation and complicated fabrication. Here, we demon-strate a
simple and general approach to realize tunable RGB single
mode lasing with a low threshold in hybrid two-dimension
and three-dimension (2D–3D) μ-cavity. The polymer fiber
serves as a 2D μ-cavity and the polystyrenemicrosphere (PSP)
can act as a 3D μ-cavity in hybrid μ-cavity. The 2D μ-cavity is
isotropic and 3D μ-cavity is tunable and flexible. To achieve
single mode lasing, the polymer fiber therein serves as an
excellent gainμ-cavity to providemultiple lasingmodeswhile
the PSP acts as a loss channel to suppress most of the lasing
modes. The hybrid 2D–3D coupled μ-cavity enable single
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mode lasing when all but one of the lasing modes is
suppressed.

There are two main strategies to achieve the RGB laser.
The RGB laser can be obtained by mixing three different
gain materials, which is higher integration. And the lasing
cannot be tuned alone and the cascading effect may have
effect on the lasing mode. However, parallel the three
trichromatic lasers are an effective way to realize the RGB
laser. This strategy can adjust the RGB laser one by one. And
it will be potential applications in light sources, anti-
counterfeiting and full color display. This RGB lasers can be
tuned wide range for International Commission on Illumi-
nation (CIE) 1931 color. Therefore, we adopt the parallel
strategy to obtaining the RGB laser in the experiment.

The RGB single mode laser can be designed easily
by changing the types of the gain materials in the
hybrid μ-cavity. So, we can achieve dynamic regulation of
RGB single mode lasing in hybrid 2D–3D μ-cavity.
Furthermore, the wavelength switch of single mode laser
can be realized by adjusting the resonant modes owing to
the different coupled efficiency between gain μ-cavity and
loss μ-cavity. The numerically simulated electric field
distributions includes two relational μ-cavity, the result
indicates the mode selection mechanism in the coupled
resonators. This work not only do we study the operating
range of single mode, but also discuss the working range
of multimode in hybrid μ-cavity. The RGB laser can have
high transmission bandwidth, which may provide the
rational design of nanophotonic devices and on-chip
communication [42].

2 Fabrication of the RGBWGM laser

Three typical light-emitting molecules Rhodamine B (RhB,
Tianjin Fuchen Chemical Reagents Factory, Tianjin,
China), Fluorescein sodium salt (uranin A46092 AI LAN
(Shanghai) Chemical Technology Co., Ltd, Shanghai,
China) and disodium 4,4′-bis(2-sulfonatostyryl)biphenyl
(S420 D-36543 Tianjin Heowns Biochem LLC, Tianjin,
China) are used in this work. The blue-emitting material
(S420) is dissolved in deionized water with concentration
of 10 mg/ml, and the green-emitting material (uranin) and
red-emitting material (RhB) are dissolved in ethanol with
concentration of 9 mg/ml and 6 mg/ml, respectively. The
polyvinyl alcohol (PVA) (S27039-500g, Beijing Honghu
United Chemical Products Co., Ltd., Yuanye, Beijing,
China) is dissolved in deionized water with the concen-
tration of 16 wt%. The PVA solution serves as the matrix
and adhesion agent. Then they are mixed with the volume
ratio (1:1) under magnetic stirring for 30 min.

The frame consists of the fiber and PSP, which are
commercial and do not need further treatment. The fiber
diameter is 125 μm, and its effective refractive index is 1.45.
The dye layer’s thickness is about 30 μm, and the effective
refractive index of microcavity is 1.55. The single mode
lasing design principle and the fabrication progress are
demonstrated in Figure 1a. The polymer fiber is fabricated
by drop-coating (Supplementary Figure 1). There are the
normalized absorption and PL (Supplementary Figure 2),
respectively.

In the design of RGB single mode lasers based on the
hybrid 2D–3D μ-cavity. The mode selection system is
illustrated in the couple μ-cavity (in Figure 1a). The electric
field intensity distribution in the transverse cross-section is
numerically simulated by the commercial software COM-
SOL multi-physics 5.4. The results show that the mode se-
lectionmechanism in the coupled resonators (in Figure 1b).
The polymer fiber can serve as a WGM μ-cavity to support
multiple lasing modes within its gain band while the PSP
can act as a loss channel to suppress most of the lasing
modes in the coupled system. Both the polymer fibers and
PSP show negligible deformation in the coupled μ-cavity.
The optical bright field (left) and dark field (right) shows
the same diameter of polymer fiber with different diameter
of PSP in a coupled μ-cavities (in Figure 1c).

3 Spectra characterization of
the RGB lasing

The PL emission spectra of RGB lasing are demonstrated
when pumped by a nanosecond laser with wavelength of
343 nm (third harmonics from a 1030 nm Yb:YAG laser,
repetition frequency of 200 Hz, and pulse width of 1 ns).
Each of the polymer fiber μ-cavity is smooth and uniform,
which helps to reduce the loss and threshold. It can be used
as a high qualityWGM μ-cavity to support optical feedback
and oscillations.

As shown in Figure 2a–c, the PL emission spectra are
under different pumppower from4.5 μJ/cm2 to 189.0 μJ/cm2,
7.6 μJ/cm2 to 189.0 μJ/cm2 and 2.3 μJ/cm2 to 45.8 μJ/cm2 with
excitation on the blue-emitting, green-emitting and red-
emitting gain materials, respectively. More details can be
observed in the enlarged spectrum (top right illustration
in Figure 2a–c). The bottom left illustration is the optical
photos with different excitation power (light and dark field
in Figure 2a–c). The PL images of the polymer fiber are
captured by an optical microscopy, exhibiting bright ring-
shaped patterns at the boundary and confirming the WGM
resonance.
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Figure 1: Mechanism of mode selection in the coupled μ-cavity.
(a) A schematic illustration of the fabrication progress and mode selection in hybrid 2D–3D μ-cavity. (b) Numerically simulated electric field
distribution of themodes in the coupled system, indicating themode selectionmechanism in the coupled resonators. (c) The optical images of
bright field (left) and dark field (right) and the same diameter of polymer fiber with different diameters of PSP.

Figure 2: The RGB WGM lasing spectra.
(a–c) The spectra ofWGM lasing with the excitation on the blue-emitting, green-emitting and red-emitting cavity. Bottom left illustration is the
optical pictures under different pump power (light and dark field). Top right is the enlarged spectrum, respectively. Scale bars: 100 μm. (d–f)
The relationship between pump power density and output intensity, the threshold are 9.8 μJ/cm2, 21.9 μJ/cm2 and 8.4 μJ/cm2 marked by an
arrow, respectively. Bottom right illustration is the simulated electric field intensity in transverse cross-section. Top left illustration is the
FWHM at different pump fluence, respectively.
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The relationship between pump power and output
density are shown in Figure 2d–f. The threshold for the blue-
emitting, green-emitting and red-emitting are 9.8 μJ/cm2,
21.9 μJ/cm2 and 8.4 μJ/cm2 marked by arrows in Figure 2d–f,
respectively. The low threshold indicates that the optical
loss is small in the polymer fiber μ-cavity. Top left inset
illustrates the relationship between the full width at half
maximum (FWHM) and pump intensity for theWGM lasing
(in Figure 2d–f). The bottom right illustration is the
numerically simulated electric field distribution of the
lasing mode in the isolated polymer fiber (Supplementary
Figure 3). The higher order radial modes can be excited in
the cavity (Supplementary Figure 4). The polymer fiber can
act as aWGM resonance μ-cavity to support the stimulated
radiation amplification and obtain multiple lasing modes.
The refractive index of polymer is calculated and fitted by
the spectroscopic ellipsometer (ESNano, ELLiTOP Sclen-
tiflo Co., Ltd.).

The FSR and quality (Q) factor can be tuned by
changing the polymer fiber diameter. As shown in
Figure 3a, the mode spacing gradually increases with
decreasing the μ-cavity diameter. The PL emission spec-
trum is modulated in three polymer fibers with different
diameters above the threshold (in Figure 3a). The illustra-
tion shows the FSR are 0.36 nm, 0.61 nm, and 0.98 nm for
the μ-cavity diameters of 228 μm, 134 μm, and 83 μm, and
the line-widths (Δλ) are 0.12 nm, 0.19 nm, and 0.27 nm
recorded by a spectrometer with resolution of 0.001 nm
(the top right in Figure 3a), respectively. Further investi-
gation of the FSR shows that an inversely proportional
relationship exists between the mode spacing and the
diameter, according to WGM resonance equation

mλm = πneffD (1)

where λm is the peak wavelength, m is the mode number,
neff is the effective refractive index, and D is the polymer
fiber diameter, respectively. The theoretical calculation
demonstrates the peak wavelength belong to first order
transverse magnetic (TM) and transverse electric (TE)
modes, and the corresponding mode number is from 1035
to 1042. The blue triangles represent peakwavelength of TE
modes and the red squares represent peak wavelength of
TMmodes. In our experiment, theQ factor can be estimated
over 5000 by using equation Q = λ/Δλ, where λ is 630 nm
and Δλ is 0.12 nm, indicating the μ-cavity has low optical
loss. Moreover, the Q factor can be higher to 19,000 when
the μ-cavity is smooth (Supplementary Figure 6). The peak
wavelength can be well-fitted as shown in Figure 3b.

To obtain more information about the lasing charac-
teristics, the size related measurements of the isolated

polymer fibers are carried out. Hence, according to the
WGM theory

FSR = λ2

πDneff
(2)

where λ is the peak wavelength. The relationship between
FSR and the D are shown in Figure 3c. The dashed line is
fitted with Eq. (2). The slope α is constant. Moreover, the
calculation of Q factor is in the range from 2000 to 6000.
The red squares indicate the relationship between Q factor
and various diameters in the experiment (in Figure 3d). The
spontaneous emission range of the isolated polymer fiber
comes from the gain-doped and the highlighted area in-
dicates lasing region as shown in Figure 3e.

To achieve single mode lasing, the polymer fiber therein
serves as an excellent gain cavity to provide multiple lasing
modes while the PSP acts as a loss channel to suppress most
of the lasing modes in the 2D–3D hybrid μ-cavity. The single
mode lasing with wavelength (λ = 626.15 nm) is indicated (in
Figure 4a) under different pump fluence increasing from
45.4 μJ/cm2 to 175.3 μJ/cm2. The results demonstrate that the
filtering effect is an effective way to realize single mode
lasingdue to themode selectionmechanism (Supplementary
Figure 7). Moreover, the colors of the RGB single mode lasers
can be designed easily by changing the gain materials.
Figure 4e provides the normalized single mode lasing emis-
sion spectra and correspondingPL images. Therefore,we can
achieve the single mode lasing in the coupled μ-cavity.
Furthermore, thewavelength switch of singlemode laser can
be realized by adjusting the resonant modes owing to the
different coupled efficiency between gain μ-cavity and
loss μ-cavity (in Figure 4d).

According to the filtering effect, the polymer fiber
therein serves as an excellent gain μ-cavity to provide mul-
tiple lasing modes while the PSP acts as the loss channel
to suppress most of the lasing modes in the hybrid
2D–3D μ-cavity which enable single mode lasing when all
but one of the lasing modes are suppressed by the
loss μ-cavity. There are not bonding and anti-bonding
modes in our configuration. The output lasing is controlled
by the active cavity, and the passive cavity ismainly used as
a filter in 2D–3D hybrid μ-cavity.

The laser mode will change owing to the different
coupled efficiency in the coupled μ-cavity (Supplementary
Figure 8). There are two modes (mode-1 and mode-2) in
hybrid 2D–3D μ-cavity, the mode-1 is confined in the
WGM μ-cavity, which leading to lasing at mode-1. The
coupled efficiency is altered between the gain μ-cavity and
the loss μ-cavity, which altered WGM resonant wavelength
from mode-1 to mode-2, leading to laser output at mode-2.
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In the experiment, there are two pumppoint A and B as
shown in Figure 4d. The single mode (λA = 626.15 nm) is
obtained when pumped by point-A, the single mode
(λB = 626.80 nm) is achieved when pumped by point-B. The
single mode (λA = 626.15 nm) is obtained when pumped
point is from point-A to point-B. Furthermore, this results
indicate the wavelength switch of single mode lasing can
be realized by pump-control. Thismaydemonstrate a novel
way to acquire tunable single mode lasing.

Noteworthy, according to the filtering effect, the
polymer fiber therein serves as an excellent gain cavity to
provide multiple lasing modes while the PSP acts as a loss
channel to suppress most of the lasing modes in 2D–3D
hybrid μ-cavity. We can obtain the single mode lasing
when the pump energy density exceeds the first threshold
(61.2 μJ/cm2). The 2D–3D hybrid μ-cavity enable single
mode lasing when all but one of the lasing modes are

suppressed duo to the loss μ-cavity of the PSP, and
the pump density do not exceed the second threshold
(101.2 μJ/cm2) (Supplementary Figures 5 and 9). However,
the multiple lasing modes will be output when the pump
density exceeds the second threshold (101.2 μJ/cm2). The
number ① indicates the operating range of spontaneous
emission, ② indicates the operating range of single mode
lasing, and ③ indicates the operating range of multiple
lasing modes in the 2D–3D hybrid μ-cavity (in Figure 4c).
This work, not only study the mechanism of single mode
operation, but also provides the multiple lasing modes
operating range in the 2D–3D hybrid μ-cavity.

The excellent temperature responsiveness provides a
feasible method to control the peak wavelength for the
polymer fiber.

The thermal-induced resonant wavelength shift can be
expressed as follows [43–46]:

Figure 3: The relationship between lasing spectrum and diameters.
(a) WGM modulation in three fibers with different diameters above the threshold. Scale bars is 100 μm. (b) The lasing spectra is from Eq. (1).
Top right illustration is the lasing peak belong to first order TE and TM, and the corresponding mode count from 1035 to 1042. (c) The
relationship between FSR and the diameter of isolated polymer fiber D, the dashed line is fitted with Eq. (2), α is constant. (d) The relationship
between Q factor and various diameter D. (e) The spontaneous emission and the highlighted area indicates lasing region.
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dλ = λ( 1
neff

dneff

dT
+ 1
D
dD
dT

)dT (3)

The effective refractive index of gain materials (RhB)
decreases with increasing the temperature [47], the peak
wavelength is also blue-shifting due to preserving the
conditions for WGM resonance. Derivation of formulas
from Eq. (2)

dFSR = λ2

πn2D
dn (4)

According to Eqs. (2) and (4)

dFSR = λ2

πn2D
dn = λ2

πnD
dn
n

= FSR
dn
n

(5)

dn/n≪ 1, so we can know the dFSR≪ FSR in Eq. (5),
therefore, the dispersion effect of the material have little
effect on the spectral FSR. We can ignore the influence of
the refractive index changes of the microsphere to the red

shift of the lasermodes after adding themicrosphere on the
fiber in the experiment.

During the measurement, Figure 5a provides the
schematic diagram of the temperature sensing experi-
mental setup. The effective refractive index of gain ma-
terial (RhB) decreases with increasing the temperature
[47], the peak wavelength is also blue-shifting due to
preserving the conditions for WGM resonance. The blue
color laser and green color laser have the same tempera-
ture responsiveness, which is the effective refractive
index of gain material decreases with increasing the
temperature (Supplementary Figure 14). The peak wave-
length is also blue-shifting. To investigate the effect of the
peak wavelength shift due to the temperature. We have
observed that the evolution of PL spectrum of the polymer
fiber μ-cavity is blue-shifting with increasing temperature
range from 24.9 °C to 32.8 °C, and the pump power density
is about 33.4 μJ/cm2 (in Figure 5b). The PVA hydrogel
will be melted under higher temperature. In a relatively
closed space, the temperature range is stable. Therefore,

Figure 4: The optical characterization of polymer fiber and microspheres in a coupled μ-cavity.
(a) The evolution of singlemode lasing in the coupledμ-cavity. (b) PL spectrumcollected from the coupled μ-cavitywith different pump fluence.
(c) The relationship between mode number and output intensity. These areas represent no lasing, single mode lasing and multi-mode lasing
from left to right in the coupled μ-cavity, respectively. The first threshold and second threshold show the threshold of single mode lasing and
multi-mode lasing, respectively. The number① indicates the range of spontaneous emission,② indicates the operating range of singlemode
lasing, and ③ indicates the operating range of multimode lasing in the coupled μ-cavity, respectively. (d) The wavelength switch of single
mode lasing can be realized by pump-controlled. (e) The normalized RGB single mode lasing and corresponding PL images. From left to right:
the blue, green and red emissive. Scale bars are 100 μm.
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the temperatures on the polymer fiber is approximate the
same as the values shown on the thermometer.

Moreover, the peak wavelength is hardly changed
with increasing the pump power density from 20.71 μJ/cm2

to 86.30 μJ/cm2, indicating that the pump power exhibits
negligible influence on peak wavelength shift at less than
86.30 μJ/cm2 (Supplementary Figures 10 and 11). Figure 5c
shows the temperature sensor is reversible (Supplemen-
tary Figure 13). The single-mode lasing is blue-shifting
with increasing the environmental temperature ranging
from 23.2 °Cto 26.9 °C in hybrid 2D–3D μ-cavity as shown in
Figure 5d. The wavelength of the laser can return to the
original positionwith the decreasing of temperature to the
room temperature. The result indicates that the temper-
ature sensor response is reversible. The diameter of the
PSP can affect the wavelength of the selected mode
(Supplementary Figure 15). Therefore, we can control the
wavelength shift by precisely adjusting the temperature,
which might help to achieve the expected lasing mode
(Supplementary Figures 12 and 16).

The limit of detection (LOD) for temperature sensing
was calculated from LOD = 3.3σD/b [48, 49], where b is the

slope of the FWHM value versus the temperature curve and
σD is the standard FWHM deviation. The peak wavelength
drift fluctuation of 0.004 nm standard deviation. Thus, the
calculated LOD of the temperature sensing is 0.36 °C.

4 Conclusions

In summary, we demonstrate a simple and general
approach to realizing tunable RGB single mode lasers in
the 2D–3D hybrid μ-cavity with a low threshold. Here, the
polymer fiber serves as an excellent gain cavity to provide
multiple lasing modes while the PSP acts as a loss channel
to suppressmost of the lasingmodes. The colors of the RGB
single mode lasers can be designed easily by changing the
gain materials. Furthermore, the wavelength switch of
single mode laser can be realized by pumping-controlled.
The temperature responsiveness can also switch the lasing
mode in the hybrid 2D–3D μ-cavity. We believe that it may
provide a novel way to acquire tunable single mode lasing.
Our work will provide a platform for the rational design of
nanophotonic devices and on-chip communication.

Figure 5: Tunability of the WGM peak wavelength for temperature sensing.
(a) Schematic diagram of the temperature sensing experimental setup. Inset: schematic diagram wavelength tuning achieved by controlling
the environment temperature (°C). BS: beam splitter. (b) The evolution of PL spectrum is blue-shifting with increasing temperature. (c) The
temperature sensor is reversible. (d) The single-mode is blue-shifting with increasing the environment temperature ranging from 23.2 °C to
26.9 °C in hybrid 2D–3D μ-cavity.
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