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We report a hybrid multichannel metal-cladded slab-capillary microcavity, which supports simultaneous
red, green, and blue lasing from an individual microcavity at room temperature. White and tunable lasing
over the full range of visible colors is achieved through controlled injection of different dye solutions into
the metal-cladded capillaries of the microcavity. The results show that RGB lasing beams with a line width
of approximately 1 nm are observed from the metal-cladded slab-capillary microcavity. The experimental
observations show the realization of white light and lasing simultaneously in a single hybrid microcavity.
Moreover, the improvement in the laser structure enables the elimination of background noise. Our work
describes a simplification in fabricating microlasers with dynamically color-controllable emissions and
provides an important route toward the potential of realizing a microlaser device generating both white
and full color light directly from a single monolithic structure.
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I. INTRODUCTION

The generation of multiple wavelength (i.e., multicolor)
lasing over a wide wavelength span on a single microchip
has attracted great interest in recent years, moving toward
a white-light laser. The lasing action spanning the full vis-
ible spectrum, in particular, red, green, and blue (RGB), is
especially useful for laser lighting, full-color laser imaging
and displaying, as well as biological and chemical sens-
ing [1-5]. As the illumination source, lasers offer higher
energy conversion efficiencies and potentially higher out-
put powers than white light-emitting diodes (LEDs) and
other traditional light sources. Moreover, broadly tunable
lasers may be used in many applications such as alternative
optical interconnects or multiplexing [1], multiagent chem-
ical [2] and biological detection [3], solid-state lighting [4],
solar cells [5], and superbright microdisplays [6].

It has recently been demonstrated [2] that generat-
ing wavelength flexible and controllable lasers with large
wavelength tunability is fundamentally difficult in a con-
ventional approach based on the planar growth technol-
ogy due to the lattice mismatching. Emissions at the
wavelength covering the entire range of the visible light
in a single structure requires the growth of potentially
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very dissimilar semiconductors into monolithic structures
with a high crystal quality. Unfortunately, this method of
achieving wavelength variability is strongly limited with
current methods of growing planar epitaxial heterostruc-
tures of semiconductor thin films on a crystalline substrate.
Moreover, the growth of the alloy materials requires strain-
free conditions without lattice mismatches, which intrinsi-
cally prohibits the generation of the desired lasers [7].
Alternatively, developments in nanotechnology over the
past two decades have shown the possibilities of generat-
ing emissions over a wide spectral range by using quantum
dots and nanowires as means of producing emissions over
a wide spectral range. However, quantum dots is made
with solution-based techniques, it is still difficult for avoid-
ing the absorption of emissions at the short wavelength
by narrow-gap dots by controlling their spatial distribu-
tion [8]. Most of the previous approaches use nonsemicon-
ductor materials such as nonlinear crystals [7,9—11], rare-
earth-doped materials [8,12,13], dye-doped polymers [14]
and liquids [15], and microfibers [16—20]. Furthermore,
the bulk setup with quantum dots is incompatible with the
electrical injection, which prohibits possible applications
in the field of integrated photonics. Therefore, it is of fun-
damental importance to achieve a compatible multichannel
cavity structure with a high quality factor, which generates
simultaneous lasing at three primary or multielementary
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colors. In addition, a metal-cladded slab-capillary mode-
cross-coupled microcavity (i.e., a hybrid microcavity)
holds promise for strongly enhancing the emission at the
ultralow threshold.

It has been shown that one-color lasing as well as nar-
rowband coherent light emission can be demonstrated in
a “macroscale” optofluidic waveguide cavity [21]. Nev-
ertheless, compared to the directional output in a con-
ventional laser, a concentric conelike emission in the
vertical direction from the surface of the cavity prohibits
it being a useful dye-lasing source [22]. We have demon-
strated that in the resonance cavity with its dimensionality
much larger than the wavelength scale, the pump threshold
can be significantly reduced if one introduces an asym-
metrical metal-cladded waveguide (SMCW) structure to
enhance the excitation of the resonance modes in the
gain medium. This waveguide chip includes a millimeter-
thick resonance cavity filled with active medium, which
supports thousands of guided modes, that is, ultrahigh-
order modes (UOMs) [23]. At small incident angles, the
standing optical field oscillates rapidly across the linear
cavity between the metallic coupling layer and substrate,
resulting in various interesting properties, such as strong
field enhancement, high sensitivity, and polarization inde-
pendence [24]. However, since there is only one single
channel on the chip and a strong background fluorescence,
monochromatic lasing is obtained due to difficult direct
detection in incident space. Furthermore, the emission of
monochromatic lasing has been scattered to produce a
series of concentric light rings [25]. Therefore, here, we
improve the structure to eliminate background noise and
integrated multiple capillaries on the slab, which forms
a multichannel hybrid microcavity with low background
noise to achieve multiple-wavelength lasing.

In this article, we show a hybrid microcavity com-
posed of a submillimeter symmetrical metal-cladded slab
waveguide (SMSW) and a hollow-core capillary. Capil-
lary oscillations are governed by surface tension and are,
therefore, distinguished from acoustic oscillations. These
oscillations play a major role in microstructure coales-
cence and are also important phenomena in interface the-
ories. Moreover, the metal-cladding structure outside of
the capillary couples the intrinsic modes with the SMSW
transmission modes, and hence traps these modes inside
the hollow core of the capillary. Therefore, a resonant
electric field with a high density is formed in the hol-
low core. Such a design is capable of excitation of the
capillary eigenmodes by the UOMs of the SMSW. In our
numerical simulations, the incident light is coupled into the
waveguide layer with a specific coupling angle obtained by
solving the mode eigenvalue equation of the SMSW [26].
With a small incident angle, which gives a minimum effec-
tive index difference between the adjacent modes over
the whole waveband, the final SMSW design supports
more than 1000 modes, indicating fully lifted eigenmode

channels for the SMSW transmission. Feedback provided
by the total internal reflection on the structure surface
leads to a laser emission at discrete wavelengths with high
0 resonances inside the gain medium profile of the dye
solutions.

II. STRUCTURAL CHARACTERIZATION

The waveguide structure of the microcavity chip
[Fig. 1(a)] is 10-mm long and 7-mm wide, including a 0.1-
mm-thick glass slab as the base of the chip. The upper and
lower surfaces of the glass slab are parallel (less than 4”).
The glass slab and a capillary with an outside radius of
0.1 mm are used as guiding layers. A thin silver film (about
40-nm thick) on the upper layer is used to couple the pump
light into the waveguide. Another 300-nm-thick silver film
serves as a substrate layer. We excite the UOMs in the
chips with and without the capillary, and for the chip with
the capillary, the UOMs are coupled inside the capillary.
The spectral reflectance in the slab (slab-capillary) waveg-
uide, R; (Ry), is experimentally measured as a function of
the incident angle in the range of 0°—5° [Figs. 1(c)—1(f)].

We compare the spectral reflectances R; and R,. Over
the same range of the incident angle, the numbers of
modes indicated by the dips in the spectral reflectances
(R, and R,) are different for two kinds of waveguides.
Note that coupling angles, (defined by the incident angle
at the resonant dips in the spectral reflectance), as well as
the FWHMs of the modes are also different for two spec-
tra, R; and R,. Clearly, the FWHM in spectrum R; is less
than that in spectrum R; [Figs. 1(d) and 1(f)]. To under-
stand the experimental phenomena shown above, we use
the standard optical waveguide theory to explain and ana-
lyze the results. For an optical waveguide consisting of
a thick guiding layer and two metal-cladding layers, the
reduced dispersion equation for UOMs is kgh/n? — N2 =
m, where ky = 27 /A is the propagation constant in vac-
uum; /4 and n are the thickness and refractive index of the
waveguide layer, respectively; N = S/ky is the effective
refractive index, B = kon sin 6 is the propagation constant
of the guiding modes; m is an integer giving the chosen
mode [27].

Except for high-order modes, the effective refractive
index of the UOMs N in SMCW is extremely small and
is usually less than the refractive index of air. Hence, the
number of modes is controlled by the thickness / and the
refractive index of the guide layer n, m o h, n. There-
fore, the slab and slab-capillary structures have different
thicknesses, 4, and &y (h; < hy), resulting in m; for the
slab waveguide being less than m, for the slab-capillary
waveguide, which is consistent with the experiments. To
excite the cavity mode for lasing, as well as to characterize
the optical and cavity modes, light from a tunable laser is
coupled into the hybrid microcavity using the slab layer,
which is also used to guide the light out from the hybrid
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FIG. 1. Structure of the slab-capillary mode-cross-coupled microcavity. (a) Schematic diagram of the hybrid microcavity. The thick-

ness of the coupling layer ranges from 30 to 50 nm, and the metal substrate is about 300 nm. The guiding layer includes a capillary
with a radius of 0.1 mm and glass slab with a thickness of 0.1 mm. (b) Excitation of the UOMs via free space coupling technique
in slab waveguide (reflectance R;) and slab-capillary waveguide (reflectance R;). (c),(e) Reflectance spectra of the modes for the
slab waveguide and the slab-capillary waveguide, respectively, versus the incident angle. (d),(f) are the corresponding enlarged plots.
(g) The measurement of the resonance reflectance, indicating the optical quality factor.

microcavity and into the detector. The quality factor Q of
the cavity mode for this microcavity is 10* [see Fig. 1(g)].

III. THEORY AND SIMULATION OF STRUCTURE

Our waveguide chip is different from the conventional
Fabry—Perot resonator in many aspects. First of all, the
effective refractive index of the guiding modes in our struc-
ture approaches zero, which is independent of the specific
design of the guiding layer. Moreover, different from the
result in Ref. [27], there is no propagating plasmon wave
existing in our devices because we directly couple the light
into the chip from the free space without a high-index
prism [Fig. 1(b)]. In the guiding layer, the resonance modes
oscillate at the high intensity. Numerical simulations indi-
cate that the Poynting vector of the mode is enhanced
by sixty times of the incident light [28]. Therefore, the
mode density for photons in the resonance UOMs is high.

Because the thickness of the guiding layer is three orders
of magnitude larger than the wavelength, the difference in
transversal wave vectors between two adjacent modes is
small, and hence leads to the high-mode density in our
structure, which reveals the physics behind the intermode
coupling. To calculate the mode orders m, we take a three-
layered model and perform the numerical simulations. The
parameters are set as wavelength 473 nm, dielectric con-
stant for silver ex, = —8.4 + 0.23i, thickness of the cou-
pling layer 40 nm, guiding layer thickness d =1 mm, and
dielectric constant for the guiding layer &; = 1.332. The
result gives m = 3373, and the calculated effective refrac-
tive index of the mode is N &~ 1.064 + 2.492 % 10~7i. With
this piece of information, we further use COMSOL soft-
ware to simulate the distribution of the field in the guiding
layer and the capillary (Fig. 2). When the incident laser
beam illuminates the top of the chip surface, its energy is
transferred and stored as modes in the guiding layer when
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FIG. 2. Theory and simulation of structural modes: (a) A series of reflection and transmission cones in which each cone corre-
sponds to a specific UOM projection from the front and back surfaces of the metal-cladded slab waveguide; (b),(c) Experimental
images revealing a series of reflection and transmission cones; (d) Specific UOMs with a fixed wavevector &, (m =0,1,2,...)
from the slab waveguide; (e),(f) COMSOL simulations results in a single slab-capillary microcavity and a double slab-capillary micro-
cavity; (g),(h) Electromagnetic field distributions for the single slab-capillary microcavity and double slab-capillary microcavities,

respectively.

the incident angle reaches the coupling angle. Because the
upper metallic layer is thin, the energy of all of the UOMs
leak out. For each specific UOM with a fixed transverse
wavevector k,, (m = 0,1,2,...), a concentric light cone is
observed since the mode is converted back into a freely
propagating light beam, which serves as a leakage radia-
tion source from the coupling layer. This is different from
specular reflection, which produces only a bright spot on
the screen [29]. Intuitively, a collimated laser beam can
only excite one UOM at a certain k,,. Nevertheless, our
experimental results reveal a series of reflection and trans-
mission cones, with each cone corresponding to a specific
UOM [Figs. 2(a)-2(c)]. As a physical explanation, once
the energy of the incident light is coupled and stored in the
guiding layer, the leakage radiation takes place throughout
all UOM channels and then produces a unique reflection
cone. The transmission process inside the resonance cav-
ity is similar and generates the coherent emission with a
series of concentric cones at different wavelengths in the
experiment.

Thousands of modes are excited at and transmitted
through the SMSW, where there is a weak, thin silver film
on its back surface. This film plays two crucial roles in
the hybrid microcavity, that is, it enables all of the modes

transmitted through the film [see Fig. 2(d)] and it acts
as a coupling layer of the capillary enabling the major-
ity of these modes to be coupled into the capillary via the
bonding area.

To demonstrate that the modes couple into the capillary
and induce a standing wave field in the interior of the capil-
lary, we use the COMSOL software, we use simulations done
in two different types of structures as shown in Figs. 2(e)
and 2(f), where one has a single capillary and the other has
two capillaries bonded to the slab. The incident light has a
Gaussian profile at a wavelength of 632.8 nm. The incident
angle is chosen as the coupling angle and is calculated by
using the attenuated total-reflectance software. The simu-
lation results show that our structure supports the strong
density in the slab waveguide and capillary indicating the
possibility of achieving lasing emission when the cavity is
filled with gain medium.

Furthermore, to show the potential of generating mul-
ticolor lasing emissions in a single chip, we design a
slab-capillary microcavity with different channel configu-
rations by changing the number of capillaries. We perform
COMSOL simulations to analyze the cavity modes in our
structure and the parameters of the structure are set to
be the same as the actual values. The distribution of an
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electromagnetic field in the interior of the slab waveguide
layer and cavity modes of the capillary are described in
Figs. 2(g)2(i). The electromagnetic field is an oscillat-
ing wave inside the structure including the slab waveguide
layer and the cavity of the capillary. In the boundaries
between the metal and the glass, as well as between the
metal and the air, fields are an evanescent wave, which
acts as the energy transmission bridge between the metal
dielectric layer and the nonmetal dielectric layer.

IV. RESULTS

In this study, we conduct experiments with two differ-
ent waveguide chip structures, where one involves a single
capillary and the other involves a triple capillary wave-
guide chip with simultaneous RGB lasing. The organic
dyes are selected such that each supports the emission
at the wavelength corresponding to one of the three pri-
mary colors [30], that is, stilbene 420 (S-420), coumarin
540 (C-540), and rhodamine 610 (R-610). The three dyes
S-420, C-540, and R-610, are ethanol solutions. B simul-
taneously y pumping the waveguide chip and operating,
a white light emission is obtained from the waveguide
chip. To avoid bleaching, the dye solution is continuously
injected into the channel through the inlet using a syringe
pump (PHD 2000, Harvard Apparatus). In our experiment,
we find that the balance among the three dye solutions
gives the condition of S-420 0.75, C-540 0.51, and R-610
1.5 mmol/L.
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To obtain single wavelength lasing, we inject a dye solu-
tion into the cavity of the single capillary waveguide chip
with a syringe pump. Lasing beams are emitted at the
ends of the capillary when each dye solution is injected
into the capillary of the waveguide chip [Figs. 3(c)-3(e)].
When the pumping light (A =405 nm, continuous wave
diode pumped solid state laser, maximum power 30 mW,
spot diameter 1 mm) illuminates the upper surface and
we detect a lasing spectrum obtained by using a spec-
trograph and imaged by a CCD. In addition, along the z
direction, the fluorescence intensity nearly fades away at
the ends of the capillary. We observe a bright beam of
light emitted from the end face, while the broad-band flu-
orescence is absorbed and leaked into the metal-cladded
layer of the capillary. A resonance mode is formed only
when cavity modes and transition modes of the fluores-
cence molecule are the same. Consistent with the laser
principle, the mode is confined in the capillary along the
z direction of oscillation up to the output end of the capil-
lary. When the pumping power is changed, we observe that
the blue, green, and red lasing spectra remain unchanged,
and the peak of the lasing intensity decreases as the pump
intensity diminishes.

Three capillaries are bonded side by side on the slab
waveguide [Fig. 4(b)] with a 300-nm layer of metal
cladding. In the interior of these capillaries, we achieve a
high power density in the three microcavities. The outside
diameter of each capillary is 0.1 mm, and the total width of
the three capillaries side by side is 0.3 mm. The pumping
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Experimental system and RGB lasing in a single metal-cladded slab-capillary microcavity: (a) Experimental system and

setup. (b) The chip is fixed on the 8/26 goniometer, the rotation of which is controlled by a PC. (c)—(e) Blue, green, and red lasing
occurs when pumping lights of 25 and 28 mW power illuminate the silver film on the chip. Inset: images of RGB color lasing.
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FIG. 4. RGB and white lasing: (a)-c) The pump beam illuminates the upper surface of the triple hybrid microcavity chip. The three
capillaries are placed side by side. S-420, C-540, and R-610 dye solutions are injected into the capillaries. (d) Adjusting the inclination
of the capillaries, the RGB lasing beam converges to a point to form a white lasing point. (¢) Image shows the RGB lasing points
excited side by side in the chip structure. (f) White lasing point. (g) Lasing spectra when the blue (B), green (G), red (R), red and
green (R + G), green and blue (G + B), red and blue (R + B) and red, green and blue (R + G + B) segments are pumped above their
respective thresholds. (h) Chromaticity of the lasing peaks shown as seven white circles extracted from the spectra in (g). Chromaticity
of the R+ G + B lasing is close to the CIE standard white illuminant D65. Dashed lines indicate the range of the achievable color

palate for this particular chip.

spot with a 1-mm diameter illuminates all three capillaries
simultaneously. The energy of the pump field is averaged
to each cavity when the three capillaries are fabricated
in the metal-cladded slab waveguide. The S-420, C-540,
and R-610 dye solutions are injected into their respective
capillaries. By pumping above the lasing threshold, we
demonstrate one-color lasing of each RGB color, simul-
taneous two-color lasing of any two of the three primary
colors, and finally simultaneous RGB lasing of all three
[Figs. 3(c)-3(e) and 4(e)]. Figure 4(g) presents the emis-
sion spectra for all seven combinations; Fig. 4(h) shows
the calculated chromaticity for each of the lasing spectra
in a CIE (Commission Internationale de L’Eclairage)1931
color diagram (red, green, blue, yellow, cyan, magenta,
and white, respectively). In addition, according to Grass-
mann’s law, all colors inside the triangle pattern formed by
the three elementary colors can be realized through appro-
priate mixing of the three colors. The chromaticity of the
carefully balanced white lasing is very close to that of the
white point of the CIE standard white illuminant D65 [30]

[Fig. 4(h)].

Further evidence for multicolor lasing behavior can be
seen for each of the three RGB colors [Fig. 4(g)] in the
light-in—light-out curves [inset Figs. 5(a)-5(c)], together
with the theoretical fittings based on lasing equations [24].
One can see typical J-like curves covering the three colors
of operation. From the experimental data, we demonstrate
a lasing wavelength span of 1 nm when only one peak in
the spontaneous emission is observed. As pumping inten-
sity increases, a broadband of spontaneous emission is
observed. From the spectral evolution as a function of the
pumping energy [Fig. 5(d)], only a broadband of sponta-
neous emission is observed at the lowest pumping energy
(<23 mW). In the energy range from 23 to 28 mW, nar-
row peaks at 636 (red), 423 (blue), and 530 nm (green)
appear sequentially. The intensity of each color increases
with pumping energy and is attributable to the well-known
lasing behavior of the corresponding dye.

To illustrate the potential of our hybrid microcavity for
general illumination, we study the dynamic tuning of color
blending over the full color range and also the white-light
lasing in particular. The three beams are focused into long,
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FIG. 5. Fitted light-inlight-out curves with multimode lasing: (a)—(c) for the 423, 530, and 636 nm lasing peaks. Inset: plots of the
curves at threshold. (d) RGB lasing peaks are excited with pumping on the triple slab-capillary microcavity chip.

narrow, parallel stripes to pump one of the three capil-
laries accordingly. The power of each pumping beam is
adjustable, allowing for a precise independent tuning of the
lasing intensity for each color. As a result, color-blended
lasing in the far field is controlled over the full-color range

-.

and the desired white light is achieved. The results are
summarized in Fig. 6. A photo luminescence image and the
structure of the hybrid microcavity are given in Figs. 4(c)
and 4(d). By pumping above the lasing threshold and
injecting two different dye solutions into two capillaries of

450 470 490 510 530 550
nm

570 590 630 650 660

FIG. 6. Full-color tunable lasing. The triple metal-cladded slab-capillary microcavity chip in which the three capillaries are placed
side by side. The S-420, C-540, and R-610 dye solutions are injected into their respective capillaries. Adjusting the inclination of the
capillaries, two colors of the RGB lasing points are made to converge to a point to produce different color lasing points.
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the chip, we demonstrate independent lasing of each pri-
mary color, the simultaneous two-color lasing of any two
of three primary colors, and finally, simultaneous lasing of
all three—that is, RGB lasing.

V. CONCLUSION

We demonstrate simultaneous RGB lasing from indi-
vidual multichannel hybrid microcavities at room temper-
ature. White light and tunable lasing over the full range
of visible colors is achieved with controlled injection of
different dye solutions into metal-cladded capillaries of
a microcavity. The essence in our demonstration is the
development of a unique growth strategy that exploits the
interplay of the vertical launching system, slab waveg-
uide, and mode-cross-coupling to a capillary. Through a
detailed characterization and understanding of this emis-
sion mechanism, we design an optimized multichannel
hybrid microcavity that allows incident light to be coupled
into a slab waveguide layer and a hollow-core capillary
with the desired thickness of metal cladding, pumping
wavelength, and capillary length. The metal-cladded film
significantly increases the absorption of off-resonance pho-
tons and couples resonance photons to a high-density
power field in the capillary interior. As a result, lasing with
a line width of approximately 1 nm in a hybrid micro-
cavity structure, the largest ever reported, is observed.
Our results demonstrate that the apparently contradictory
concepts “white light” and “lasing” can both be realized
in a single structure. Our work dramatically simplifies
the process of creating monolithic laser structures with
dynamic color-controllable emissions, and is an important
step toward the realization of an electrically driven micro-
laser for white light and full-color beams from a single
monolithic structure.
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