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Abstract It is critical to realize woven and wearable red-green-blue (RGB) whispering gallery mode (WGM)
lasing that is tunable and flexible in the fiber braiding cavity. However, it is still a challenge to achieve tunable
full-color lasing with the large color gamut by a facile approach. Here, we design the braiding cavity to realize
RGB WGM lasing with high performance. The braiding cavity consists of three optical fibers coated with
dye-doped polymer. Each fiber therein serves as a resonant cavity to support multiple lasing modes. There
is no interference owing to the air gap between them; therefore, we can achieve full-color WGM lasing. The
lasing emission in our fiber braiding cavity covers a color gamut of 86.7% larger than standard RGB space.
Our work may provide a platform for potential applications in white laser and integrated optoelectronic
devices.
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1 Introduction

The whispering gallery mode (WGM) microcavity with small mode volume and high quality (Q) fac-
tor [1-5] has emerged as a promising platform for novel physical properties and potential applications
in ultrasensitive detection [6-11], microlasers [12-18], biochemical and biological sensing [19-22], single
nanoparticles detecting [23], and ultrahigh-Q polymer lasing [24]. The small mode volume leads to the
significant enhancement of light-matter interaction, and the high Q factor implies a long photon lifetime
and lower optical loss in the resonant cavity [1-3]. Besides, the red-green-blue (RGB) lasing covering the
visible spectra has attracted much attention owing to the potential applications [25-28], such as optical
displays [29-31], white light sources [32-34], and full-color lasing [35,36]. In the past years, a lot of
active materials have been used to fabricate the lasers, such as colloidal quantum dots [37], meter halide
perovskite [38], dyes, and organic semiconductor polymer [39,40].

The fiber braiding structure has two potential functions in white sources for laser display devices and
next-generation devices for wearable sensors. The RGB lasing structure can be fabricated by mixing
three gain dyes. However, the reabsorption among different gain dyes will hinder the lasing in the
microcavity. Therefore, this strategy may hinder the practical application. The flexible woven has
important applications in the next-generation devices, such as wearable sensors, wearable energy storage
textiles, and smart electronic textiles [41-44]. The fiber braiding structure may be a facile approach to
achieving wearable smart textiles. The weaving of three dye-coated fibers into full-color lasing is hardly
reported.

Here, an ingenious and facile approach is used to achieve RGB WGM lasing by designing the fiber
braiding cavity. The resonant cavity consists of three optical fibers coated with the dye-doped polymer,
and it is fabricated by brush-coating technology. Therein, each fiber serves as an excellent WGM resonant
cavity to provide multiple lasing modes. The spectrum properties of WGM lasing woven are investigated
with a lower excitation threshold of 19.1 pwJ/ecm?. The narrowest spectral linewidth is measured to be
0.045 nm, which implies a low optical loss in the fiber braiding cavity. Moreover, there is no interference
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owing to the air gap exist. Therefore, the full-color WGM lasing can be achieved in the fiber braiding
cavity when pumped by an ultraviolet pumping source. By successively designing three optical fibers
coated with the dye-doped polymer, we obtain seven lasing emissions including blue (B), green (G)
and red (R) lasing, dual-color lasing (G+B), (R+B), (R+G) and full-color lasing (R+G+B). The lasing
emissions cover a color gamut 86.7% larger than the standard RGB (sRGB) space, showing great potential
in compact white sources and laser display devices.

2 Experiments

2.1 Materials

The chemical reagents include light-emitting molecules Disodium 4, 4’-Bis (2-sulfonatostyryl)biphenyl
(S420 D-36543 Tianjin Heowns Biochem LLC, Tianjin, China), Fluorescein sodium salt (uranin A46092
AT LAN (Shanghai) Chemical Technology Co., Ltd., Shanghai, China), Rhodamine B (RhB, Tianjin
Fuchen Chemical Reagents Factory, Tianjin, China), and Polyvinyl alcohol (PVA) (S27039-500g, Beijing
Hong Hu United Chemical Products Co., Ltd.) serving as a matrix.

2.2 Fabrication of fiber braiding cavity

The PVA solution is formed by dissolving PVA in deionized water with the concentration of 16 wt%, and
S420, uranin are dissolved in deionized water with the concentration of 10 mg/mL and 9 mg/mL, and
RhB is dissolved in ethanol with the concentration of 6 mg/mL to form three kinds of dye solution. Next,
PVA solution is mixed with three kinds of dyes solution respectively, with the volume ratio of 1:1 under
magnetic stirring for 30 min. Thus, three-color dyes doped polymer ink is formed, and they are brush
coated onto the optical fiber to form red-emitting fiber (R-fiber), green-emitting fiber (G-fiber), and blue-
emitting fiber (B-fiber). Further, the RGB WGM lasers are woven to form a fiber braiding cavity. The
PVA acts as the matrix and adhesion agent to form the cavity to offer the WGM resonation. Figure 1(a)
shows the design scheme of the fiber braiding cavity. The normalized absorption and photoluminescence
(PL) spectrum for three active materials can be found in Figure SI.

The frame consists of commercial optical fiber and fluorescent cladding. The fiber is made of the fiber
core, cladding, and coating. The diameter of fiber core and cladding are 9 and 125 um, respectively. The
refractive index of fiber core and cladding are 1.444 and 1.427, respectively. The fiber coating is removed
in the experiment. Therefore, the thickness of fiber is 125 pm. The dye-doped polymer layer’s thickness
is about 30 um (in Figure S2). The effective refractive index of microcavity is 1.55. The individual dye-
coated fiber can serve as an excellent microscale WGM resonant cavity to support the multiplemode lasing.
Moreover, there is no interference owing to the air gap existing in the fiber braiding cavity. Therefore
we can obtain the RGB WGM lasing when pumped by ultraviolet light, simultaneously. Figure 1(b)
presents the image of the fiber braiding cavity, which indicates the three fibers can be integrated to form
the fiber braiding cavity and the air gap exists between them. The PL spectrum for RGB lasing at the
center wavelength of A\; = 443 nm, Ay = 563 nm, and A3 = 628 nm, for B-fiber, G-fiber, and R-fiber,
respectively (in Figure 1(c)). Moreover, the full-color WGM lasing can be achieved when woven lasing is
excited by the single pump source in the fiber braiding cavity.

3 Results and discussion

Therein, the dye-coated fiber is smooth so that it can serve as WGM resonant cavity to support optical
feedback and oscillation. Therefore, each fiber acts as an excellent gain cavity to provide multiple lasing
modes. To identify the fiber braiding cavity performance of RGB WGM lasing, the fiber is excited with
a p-PL operating system (FST2-MPL-400L1) under a nanosecond laser with the wavelength of 343 nm
(third harmonics from a 1030 nm Yb:YAG laser, repetition frequency of 200 Hz, and pulse width of 1 ns).
The laser beam is adjusted to fully cover the whole sample.

The spectrum characterization of three individual optical fibers coated with dye-doped polymer is
investigated. Figures 2(a)—(c) provide the emission spectra of three dye-coated fibers with pumping
power density increasing from 4.5 to 52.3 wJ/cm?, 31.7 to 141 wJ/cm?, and 4.5 to 82.9 wJ/cm?, for B-
fiber, G-fiber, and R-fiber, respectively. The results indicate that the dye-coated fibers can serve as WGM
resonant cavity, with strong mode confinement in the dye-coated fiber (in Figure S3). Taking the R-fiber
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Figure 1 (Color online) Fabrication scheme for RGB WGM laser woven into a fiber braiding cavity. (a) Schematic illustration
of the fabrication progress of RGB lasing braiding cavity; (b) far-filed picture (scale bar: 500 pm) and high-magnification picture
(scale bar: 150 pm) for the RGB braiding cavity; (c¢) the PL spectra of RGB emission.
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Figure 2 (Color online) The RGB WGM lasing. (a)-(c) The spectra of RGB lasing with different pump power densities. (d)—(f)
The relationship between peak intensity, FWHM, and pump fluence at the wavelength of 440.3, 565.8, and 626.9 nm, for B-fiber,
G-fiber, and R-fiber, respectively. The top-left illustration is the simulated distribution of electric field intensity in the transverse
cross-section, respectively.

as an example, the uniform spontaneous emission is observed from the entire R-fiber at low pumping
fluence. The bright red emission begins to be observed on the circumference edge of the R-fiber at the
pump fluence of 20.6 wJ/cm?. Then, several equidistant discrete narrow peaks wavelengths are clearly
observed when the pump power density exceeds 20.6 wJ/cm?, indicating the strong mode confinement
and the lasing forming (in Figure S4). The narrow peaks wavelength corresponds to the WGM mode
selectively amplified by the resonant cavity, and it is revealed by the bright circumference edge in the
fiber (in Figure S4).

Figures 2(d)—(f) show the relationship between peak intensity (solid line) and pump power density
at the wavelength of 440.3, 565.8 and 626.9 nm, for the B-fiber, G-fiber and R-fiber, respectively. The
lasing threshold is about 19.1, 95.5 and 20.6 wJ/cm?, respectively. The dye-coated fiber can act as a
resonant cavity to support the stimulated radiation amplification, so that it can reduce the WGM lasing
threshold. The relationship between full width at half maximum (FWHM) (dashed line) and pump
power density is shown in Figures 2(d)—(f). We simulate the electric field intensity distribution in the
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Figure 3 (Color online) The PL spectra corresponding to different cavity diameters. (a) The multiple mode lasing spectra
from individual fiber cavity with diameters of 164, 138, and 83 pum from top to bottom. The top-left inset is the electric field
distribution; (b) the calculated FSR corresponding to 1/D, showing the linear correlation, the purple dashed line is fitted well
with (1); (c) the relationship between Q factor and D; (d) spectral map of the emission intensity with pump fluence (top), and the
relationship between mode numbers and peak wavelength determined by (2); (e) schematic diagram of the experimental setup and
the distribution of electric field intensity for TE and TM mode.

transverse cross-section using the commercial software COMSOL multi-physics 5.4 (top-left illustration
in Figures 2(d)—(f)). The lasing modes distribution cannot be distinguished if it is simulated according to
the actual size of the fiber resonant cavity. According to the scaling law, the size of numerical simulation
can be reduced dozens of times. The strong mode confinement excites in circumference edge of the
dye-coated fiber. The numerically simulated and experimental results are in good agreement.

We have investigated the relationship between free spectral range (FSR) and Q factor by altering
the size of the dye-coated fiber resonant cavity. Figure 3(a) provides the PL emission spectra for red-
emitting lasers with three typical diameters, and the FSR is 0.48, 0.57, and 0.97 nm, corresponding to
the diameter of 164, 138 and 81 pm (from top to bottom), respectively, recorded by a spectrometer
with a resolution of 0.001 nm. The mode spacing decreases with the diameter of the resonant cavity,
which can be readily tuned by readily tailoring the fiber diameters. The high-order mode and low-order
mode spacing is different in the same resonant cavity owing to the superposition of two different lasing
mode sets (in Figure S5). For resonant cavities with different diameters, the path of the optic limitation
region is greatly increased with the increasing of the diameter of the resonant cavity. The corresponding
numerical simulation of electric field distribution in the transverse cross-section demonstrates the WGM
lasing behaviors (below left in Figure 3(a)). The lasing modes are confined into the dye-coated fiber,
which is in good agreement with the experimental phenomena.

The dye-coated fiber resonant cavity can support optical feedback and oscillations due to total internal
reflection between the gain cavity and air. According to the WGM equation:

)\2

FSR= " (1)
where A\ is the center wavelength, n.g is the effective refractive index, and D is the dye-coated fiber
diameter, respectively. The dye-coated fiber resonant cavity is investigated by measuring different PL
spectra with the altered diameter of the dye-coated fiber. Figure 3(b) shows the relationship between
FSR and D. The red stars are the experimental data of different FSR for the lasing fibers with altered
diameters. The purple dashed line is well fitted with (1), with the slope as a constant, indicating the
nesr is a definite value when A is changeless and 7 is constant in the experiment. The red squares show
the relationship between the calculated @ factor and various diameters in the experiment as shown in
Figure 3(c). The @ value is calculated using the equation @ ~ A\/A\, where A is the center wavelength
and A\ is the linewidth of the peak wavelength. The calculation of @ value is from 1x10% to 3x10%
when altering dye-coated fiber diameter from 80 to 265 pm.

The spectral map of the normalized emission intensity with different pump power densities is shown
(top in Figure 3(d)). The lasing peak wavelength is almost changeless with increasing the pump fluence,
which demonstrates the WGM lasing is stable.
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Figure 4 (Color online) Full-color lasing in the fiber braiding cavity. (a) PL spectra for seven combinations of R, G, and B lasing
fibers. In the top-right illustration, the numbers show the CIE1931 coordinates calculated from the corresponding spectra. From
bottom to top: B-, G-, R-, G+B-, R+B-, R+G- and R+G+B-emitting lasing fibers. (b) Chromaticity diagram of lasing peaks (a)
with white circles. The dashed and solid lines show the range of the achievable color gamut for the RGB fiber braiding cavity and
sRGB space, respectively.

The peak wavelength can be determined by the WGM equation:
M\, = Teg D, (2)

where angular quantum number m is a positive integer, and A,, is the peak wavelength. The relation-
ship between peak wavelength and mode numbers is shown in Figure 3(d). The theoretical calculation
demonstrates the lasing peaks belong to first-order transverse magnetic (TM) and transverse electric (TE)
modes, and the corresponding mode numbers are from 1925 to 1931. The red squares and blue triangles
provide the relationship between peak wavelength TE modes and TM modes, respectively. Then, we
investigate the distribution of electric field intensity with TE and TM modes, and Figure 3(e) presents
the physical model. The numerically simulated results show that TE modes’ output intensity is higher
than TM modes, which is consistent with the experiment. Microlasers with linear polarization have ex-
cellent practical applications. To study the polarization of the dye-coated fiber, the emission spectrum
as a function of polarizer angle (0) is recorded as shown in Figure S6.

Here, the full-color expression was recorded through the emission spectra in a fiber braiding cavity. The
blue-color lasing is observed when the excitation beam is focused on the B-fiber resonant cavity, lasing
wavelength at 443 nm. As the excitation beam is manipulated to excite on the G-fiber (or R-fiber), we
can obtain the green-color (or red-color) lasing, lasing wavelength at 545 and 628 nm, respectively. The
B-fiber has two PL emission peaks (in Figure S1); therefore, we may obtain different PL lasing spectrums.
The dual-color lasing (R+B, G+B, and R+G) can be achieved when the R-fiber and B-fiber, the G-fiber
and B-fiber, and the R-fiber and G-fiber are simultaneously pumped above their thresholds. The full-
color lasing is realized in the fiber braiding cavity when the woven cavity is pumped, simultaneously (in
Figure 4(a)). The numbers show the CIE1931 coordinates calculated from the corresponding spectra
(top right in Figure 4(a)). The corresponding optical images with B-, G-, R-, G+B-, R+B-, R+G-, and
R+G+B-emitting fibers are shown in Figure S7. The chromaticity diagram based on the International
Commission on Illumination (CIE) 1931 color diagram is shown in Figure 4(b). The white circles are
from different combination of lasing spectra in Figure 4(a) and the lasing emission in the fiber braiding
cavity covers a color gamut 86.7% larger than the standard RGB space (in Table S1). The white circle
named “R+G+B” denotes the CIE value of the mixed white light. Therefore, the full-color WGM woven
lasing device is realized in a fiber braiding cavity. It may provide a platform for potential applications in
integrated optoelectronic devices and white light sources.
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4 Conclusion

In summary, we realize the RGB WGM lasing with the low threshold and high Q factor by designing a
fiber braiding cavity. Each dye-coated fiber can serve as a WGM resonant cavity to provide multiplemode
lasing, and full-color WGM lasing is achieved by a braiding fiber cavity. Moreover, our laser emissions
cover a color gamut 86.7% larger than the standard RGB space in the fiber braiding cavity. This work
may provide a platform for potential applications in wearable and integrated optoelectronic devices.
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