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ABSTRACT: We discover that stable high-Q bouncing ball modes with tight
lateral confinement and whole-body light−matter interaction can exist in an
imperfectly aligned, wedged plano−plano FP (WFP) cavity by simply introducing a
vertical dielectric interface (DI) between two media with different refractive
indices. Compared to a pure WFP cavity without the DI, which is known to have a
low-Q factor and a finesse of 10−300 due to the large diffraction and geometrical
walk-off losses, our WFP-DI cavity exhibits a high-Q factor of ∼105, a finesses of
∼3000, and a mode size (or diameter) down to 2 μm. Furthermore, optical
properties of our WFP-DI cavity, including stability, loss, dependences of the Q-
factor, and the effective mode area on the DI refractive index contrast and the
mirror tilt angle are systematically investigated using numerical methods. Finally,
we experimentally demonstrate WFP-DI dye lasers in the total internal reflection
(TIR) and non-TIR cases. A lasing threshold of 1−2 μJ/mm2 is achieved, which is
7−40× lower than the pure WFP laser without the DI and agrees well with the theoretical predications. Our results suggest that
the WFP-DI cavity provides a promising technology platform for miniaturized photonic devices, optofluidic lasers, and
microfluidics for biological/chemical analysis.

KEYWORDS: wedged Fabry−Peŕot cavity, dielectric interface, bouncing ball modes, optofluidic laser, total internal reflection,
glazing incidence

A Fabry−Peŕot (FP) cavity consisting of two parallel
mirrors is one of the most widely used optical cavities in a

variety of applications,1 such as interferometry, spectroscopy,
lasers, and cavity quantum electrodynamics (CQED). Owing
to their high quality factor (Q-factor), high finesse, small mode
volume, and stable cavity configurations,2−4 plano-concave FP
cavities have attracted tremendous attention in ultralow-
threshold optofluidic lasers,5 sensitive biological/chemical
analyses,6−8 and strong-coupling CQED.3,9−11 However, in
practical applications, fabrication of concave mirrors, especially
micron-sized concave mirrors with low surface roughness and
well-defined geometry, remains complicated and costly. On the
other hand, plano−plano FP cavities are much easier to make
and readily available, but they suffer two major drawbacks.
First, they lack the lateral optical confinement; any resonant
modes in such an unstable resonator can extend up to the
edges of the mirrors and spill over from the edges, thus,
causing diffraction walk-off loss, especially for the cavities with
small Fresnel numbers.12,13 Second, the plano−plano cavities
are highly susceptible to optical misalignment (i.e., non-
parallelism of two mirrors), leading to an extra geometrical
walk-off loss, hence, further Q-factor decrease.14,15 Recently, to
overcome these limitations, high refractive index (RI)
structures, such as microspheres,16,17 biological cells,18,19 and
optical fibers,20−22 are introduced into the FP cavities, which
provide the lateral confinement, reduce the walk-off losses, and
maintain high-Q factors. Nevertheless, scattering and refraction
losses usually occur at the boundaries of these inserted

structures. In addition, since most parts of the resonant mode
reside inside those inserted structures, light−matter interaction
is weakened if the analytes of interest are outside the inserted
structures.
Here we discovered that a stable high-Q resonant mode,

which we refer to as “bouncing ball mode”, can exist in an
imperfect, wedged plano−plano FP cavity with tight lateral
confinement and whole-body light−matter interaction by
introducing a vertical dielectric interface (DI) between two
media of different RIs. As illustrated in Figure 1, two planar
mirrors form a wedged FP (WFP) cavity, with the top mirror
having a tilt angle, θ. A DI is constructed on the right side of
the WFP cavity. As shown later, for n1 > n2, the reflectivity at
the DI is 100% due to total internal reflection (TIR); for n1 <
n2, the reflectivity can be close to 100% due to glazing
incidence. As a result, the DI forms a virtual “wall” on the right
side of the WFP cavity that prevents the light from leaking into
the right side of the DI. Meanwhile, the slight nonparallelism
of the two mirrors forms the second virtual “wall” on the left
side of the WFP cavity due to the progressively decreased FP
cavity height and the requirement for conservation of the total
momentum. Consequently, the two “walls” on both sides of
the WFP cavity provide lateral confinement of light waves and
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significantly reduce the diffraction and geometrical walk-off
losses.
In this work, we first study the ray-dynamical trajectories of a

WFP cavity with a DI (WFP-DI) based on geometrical optics.
Then, by using the COMSOL Multiphysics finite element
method (wave optics module), we systematically investigate
various characteristics of the WFP-DI cavity, including mode
distribution, Q factor, the effective size of the mode area, and
their dependence on RI contrast, and tilt angle θ. It is found
that as long as the tilt angle of the top mirror θ is small (e.g., θ
< 0.1°), which can be realized relatively easily in many
applications, high-Q factors are maintained for both n1 > n2
and n1 < n2 cases. Finally, we experimentally demonstrate a
WFP-DI based optofluidic laser with a lasing threshold as low
as 1−2 μJ/mm2, 7−40× lower than the counterpart FP cavity
without a DI.

■ RAY-DYNAMICS OF WFP-DI CAVITIES
The ray-dynamics in a two-dimensional microcavity can be
conveniently represented in a Poincare ́ surface of section
(SOS), which reports a ray-dynamical trajectory by recording
the position and the incident angle of each reflection point at
the edge of the cavity.23,24 To investigate the ray-dynamics of a
WFP-DI cavity, we simplify the cavity geometry as a triangle
with an opening on the left composed of three boundaries
(Figure 1): one from (−w, 0) to (0, 0), another from (0, 0) to
(0, d), and the third from (0, d) to (−w, d − w tan(θ)). In the
ray-dynamics study, we use θ ≤ 1°, d = 6 μm, and w = 25 μm
and assume that all boundaries have 100% reflectivity.
Furthermore, we focus only on the rays that are approximately
parallel to the y-axis, since it is obvious that rays with large
angles with respect to the y-axis can leak out of the cavity
quickly from the opening on the left.
We set 101 initial rays starting off from the point (−3 μm,

0), with an initial incident angle γ0 equally distributed between
0° and 1°, and then track their trajectories for a long time with

the number of reflections at all boundaries up to 10000 times
in total. In addition, when the ray between the two consecutive
reflection points travels from the left to the right, we define it
as traveling in the forward direction, and the corresponding
incident angle γ is positive (γ > 0; see Figure 1a). The
backward direction can be defined similarly with a negative
incident angle (γ < 0). By recording the x-coordinate and
sin(γ) at each reflection point for all the initial conditions, we
show the SOS in Figure 2 for cavities with a tilt angle θ = 0°,
0.03°, 0.06°, 0.1°, 0.5°, and 1°. It can be seen that, for the tilt
angle θ = 0° (i.e., a parallel FP cavity in Figure 2a), the ray
trajectory for each initial condition (except γ0 = 0°) projected
onto the SOS is a pattern with two x-axis-parallel dotted lines
(sin(γ) = ±sin(γ0)) and one isolated point (x = 0, sin(γ) =
cos(γ0)) on the top right corner. The above pattern can be
interpreted as follows. The rays first travel forward
(corresponding to the dotted lines with 0 < sin(γ) < 0.02 in
Figure 2a) get reflected by the vertical boundary (correspond-
ing to the dots with x = 0, sin(γ) > 0.9998), then travel
backward (corresponding to the dotted lines with −0.02 <
sin(γ) < 0), and finally escape out of the cavity from the left
opening (corresponding to the dots with x < −25 μm),
indicating nonrecyclable ray loops in such an unstable cavity.
In contrast, when θ ≠ 0° (Figure 2b−f), for almost every initial
condition (i.e., a given γ0), a smooth transition occurs between
the forward (corresponding to the dots with sin(γ) > 0) and
the backward rays (corresponding to the dots with sin(γ) < 0)
at or near sin(γ) = 0, indicating a recirculating optical loop
formed in these half-open triangle billiards. Specifically, most
of the backward rays stop further propagating and transit into
the forward rays somewhere at −25 μm < x < 0, and these
forward rays then get reflected back into the backward rays at
the vertical boundary (i.e., DI) at x = 0, resulting in a stable
optical cavity. The insets of Figure 2b−f plot exemplary ray
trajectories with the initial condition of γ0 = 0° and total
reflection times of 10000, showing an optical loop with good
lateral confinement. Note that there are always a few rays with
certain initial conditions that finally escape out of the cavity
due to the finite size of the top and bottom mirrors, as
indicated by the dots with x < −25 μm in Figure 2c−f.
Another insight obtained from the SOS is the incident angle

at the vertical boundary (i.e., DI). The incident angle at the DI
is important to analyze the critical angle condition for TIR if n1
> n2 and quantify the reflectivity for glazing incidence if n1 < n2.
In contrast, the incident angles at the top and bottom
boundary is relatively less important, since the dielectric
mirrors can maintain an extremely high reflectivity even for
large incident angles of 20°−30° (see Figure S1). As seen from
Figure 2b−f, the minimal value of sin(γ) for rays incident on
the DI is 0.99956 (Figure 2b), 0.996 (Figure 2c), 0.993
(Figure 2d), 0.962 (Figure 2e), and 0.928 (Figure 2f),
corresponding to the smallest incident angle of 88.3, 84.9°,
83.2°, 74°, and 68°, respectively. For n1 > n2, for all these
incident angles to be qualified for TIR (i.e., reflectivity = 1) at
the DI, the RI contrast ratio n1/n2 should be larger than 1/
sin(γ), which is 1.0004, 1.004, 1.007, 1.04, and 1.08 for θ =
0.03°, 0.06°, 0.1°, 0.5°, and 1°, respectively. In the TIR case,
the cavity loss comes mainly from the reflection loss of the two
dielectric mirrors. For n1 < n2, although TIR no longer exists,
we can still estimate the reflectivity through the Fresnel
equations. For example, for n1 = 1.33 and n2 = 1.6, the lowest
reflectivity of the DI (assuming s-polarization) is 83.75%,
58.7%, 50%, 20%, and 12% for θ = 0.03°, 0.06°, 0.1°, 0.5°, and

Figure 1. Schematic of a wedged FP (WFP) cavity with a vertical
dielectric interface (DI) between two media of different refractive
indices, n1 and n2. The red line illustrates a possible optical ray loop
that can be recycled in this cavity. The incident angle γ is defined as
the angle between a ray incident on a boundary and its normal. On
the left side of the DI (DI Enhanced Region), the two mirrors and the
DI form a triangle cavity with an opening on the left, which supports
stable and confined resonant modes. On the right side of the DI
(Unaffected Region), no stable resonant mode can be formed since
light can always leak out of the cavity from the opening on the right
side.
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1°, respectively. The smaller the tilt angle θ, the higher the
reflectivity. For rough estimation, θ should be smaller than 0.1°
to maintain a high reflectivity of the DI (and, hence, a high-Q
factor). A quantitative analysis will be carried out in the
following section.
Note that, in this section, we focus our discussion on the

cavity geometry on the left side of the DI (i.e., the DI-
Enhanced Region in Figure 1), where the two mirrors and the
DI form a triangle cavity with an opening on the left. On the
right side of the DI, that is, the Unaffected Region in Figure 1,
any light traveling from the left to the right at an initial incident

angle γ0 (>0) undergoes an angle increase of 2Nθ after N
roundtrips between the top and bottom mirrors. Eventually,
the incident angle (γ0 + 2Nθ) approaches 90° and the light
leaks out of the cavity from the right opening. Consequently,
no stable modes can be formed in the Unaffected Region.

■ WAVE-OPTIC SIMULATION OF WFP-DI CAVITIES
Although geometrical optics provides an intuitive picture of the
ray dynamics and an approximate optical field distribution, as
well as cavity stability and decay, a more accurate analysis
should be carried out based on wave optics, in which the beam

Figure 2. Poincare ́ surfaces of sections for a half-open triangle cavity with d = 6 μm, w = 25 μm, and (a) θ = 0°, (b) θ = 0.1°, (c) θ = 0.5°, and (d) θ
= 1°. The trajectories of 101 initial rays starting off from the point (−3 μm, 0), with an incident angle, γ0, equally distributed between 0° and 1°, are
represented in the Poincare ́maps to record the x-coordinate and sin(γ) of the reflection points on the boundaries. The forward direction is defined
as the ray between the two consecutive reflection points that travels from the left to the right and has a positive incident angle γ > 0. Under each
initial condition, the light is reflected a total of 10000 times. Dots with one color correspond to the pattern for one initial condition. Insets give
exemplary ray trajectories with the initial incident angle γ0 = 1° for (a) and γ0 = 0° for (b)−(f).
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diffraction and interference of multiple beams are taken into
account.15,24,25 In this section, the WFP-DI cavity is analyzed
using the Wave Optics modules in COMSOL. The 2D
mathematical model is shown in Figure 3a, in which the
dielectric mirror is made of 15 dielectric layers with high-RI
(nH = 2.32) and low-RI (nL = 1.38) alternately, resulting in a

reflectivity of 99.9% (see Figure S2). Again, we use d = 6 μm
and w = 25 μm, same as in Figure 2. An eigenfrequency study
is performed on this structure at a wavelength around 610 nm.
Figure 3a−d show exemplary eigenmodes with transverse
mode orders m = 1, 2, 3, and 4 for a WFP-DI cavity with a tilt
angle θ = 0.4°. We can see that these modes are strongly
confined laterally and nearly perpendicular to the top and
bottom mirrors. They are analogous to the eigenmodes that
occur in billiards with two parallel walls (e.g., the stadium
billiard), with bouncing ball orbits localized in the rectangular
region and perpendicular to the parallel walls.26−28 This is the
reason that we call the stable mode in the WFP-DI cavity
“bouncing ball mode”. Similar bouncing ball modes are also
found in three-dimensional cavities such as tapered optical
fibers29,30 and nanowires.31

Changing the medium RIs n1 and n2 does not affect the
mode distribution much, since it only changes the DI
reflectivity but the cavity geometry (i.e., half-open triangle
shape) remains the same. However, changing the cavity
geometry results in significant changes in the mode
distribution. For example, increasing the tilt angle θ results
in a monotonic decrease in the mode size and hence stronger
mode lateral confinement, as shown in Figure 3. Such
phenomenon can easily be understood by using the ray optics
described in Figure 2. In the framework of ray optics, any light
traveling from the right to the left at an initial incident angle
γ0(<0) undergoes an angle increase of 2Nθ after N roundtrips
between the top and bottom mirrors. Consequently, one can
expect that the incident angle (γ0 + 2Nθ) eventually change
the sign with a significantly large N, meaning that the light
travels back in the opposite direction (i.e., from the left to the
right). Apparently, the larger the tilt angle, the fewer steps (and
hence shorter distance) that it takes for the ray to switch from
the backward to the forward propagation. Another way of
interpretation is that when the light travels from the right to
the left the momentum component in the x-direction keeps
decreasing due to the increased momentum component in the
y-direction caused by the progressively decreased cavity height.
In Figure 4, we further investigate the dependence of the Q-

factor on the RI of the medium inside the cavity, that is, n2, at
fixed n1 = 1.33. As mentioned in the section Ray-Dynamics of
WFP-DI Cavities, the cavity loss of a WFP-DI cavity comes
mainly from the reflection loss of the top and bottom mirrors
and at the DI. Since the reflectivity of the top/bottom mirrors
remains the same regardless of n2, the reflectivity at the DI
becomes dominant in determining the Q-factor, whose effect
can be analyzed under three conditions based on the RI
contrast. (1) n1 > n2 (Figure 4a). TIR occurs at the DI and no
light leaks into the right side of the DI except the evanescent
field near the DI. (2) n1 = n2 (Figure 4b). No DI exists and the
mode extends to the right edge of the mirror, resulting in
significant walk-off losses. (3) n1 < n2 (Figure 4c). TIR no
longer exists and the reflectivity is less than unity.
Consequently, some light leaks through the DI. Figure 4d
presents the calculated Q-factor over n2, which clearly shows
the transition among the three situations discussed above.
Particularly, for n1 > n2, the Q-factor remains nearly constant
with a value as high as 8 × 104 (finesse = Qλ/2n1d ≈ 3000),
which is very close to that obtained in an infinite plano−plano
FP cavity or plano−concave FP cavity, whose Q-factor is solely
determined by the reflectivity of the mirrors,32 that is,

π λ= − = ×Q n d In R R4 /( ( )) 8.2 10i 1 21
4

Figure 3. Electrical field amplitude distribution of bouncing ball
modes ψlm, with l = 26, and (a) m = 1, (b) m = 2, (c) m = 3, and (d)
m = 4, where l and m denote the longitudinal and transverse mode
order, respectively. The parameters used are θ = 0.4°, n1 = 1.33, n2 =
1.3, d = 6 μm, and w = 25 μm. (e) Corresponding effective mode size
as a function of the tilt angle, θ using the same parameters as in (a)−
(d).
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where the mirror reflectivity R1 = R2 = 99.9% are kept the same
as for the WFP-DI cavity for a fair comparison. Therefore, it
can be concluded that the WFP-DI cavity with TIR at the DI
can be as good as an infinite, perfectly aligned plano−plano FP
cavity or plano−concave FP cavity in terms of the Q factor.
Meanwhile, the WFP-DI cavity provides lateral confinement as
a plano−concave cavity does. For example, a WFP-DI cavity
with θ = 0.04° exhibits the same mode size (or diameter) of
∼6 μm as a plano−concave cavity with a concave mirror radius
of 6 mm (see details in Figure S3). At n1 = n2, the Q factor of
the WFP-DI cavity decreases dramatically to 8 × 103 (Finesse
≈ 300) for θ = 0.03° and 300 (Finesse ≈ 10) for θ = 0.4° due
to the large walk-off loss. With further increased n2 (n1 < n2),
the reflectivity of the DI increases gradually (Figure S4), and
consequently, the Q factor increases and eventually becomes
3−9× higher than the minimal value at n1 = n2, but is always

lower than the TIR case. Besides, the cavity finesse F can be
estimated by F = Q/l, where l is the longitudinal mode order.
Furthermore, we study the dependence of the Q factor on

the tilt angle θ when n1 > n2 (Figure 5a) and n1 < n2 (Figure

5b). It can be seen that when the tilt angle increases slightly
from zero the Q factor in both cases increases abruptly. The
initial increase in the Q factor can be explained as follows.
When the tilt angle is extremely close to 0°, the cavity is
virtually a parallel plano−plano FP cavity and does not have
light confinement on the left side. As a result, significant loss
occurs when the mode size exceeds the mirror size and the
light spills over from the edge of the mirror. A small tilt angle
provides the lateral confinement that helps reduce the loss.
The maximal Q factor for the TIR case (n1 > n2) is the same
for all transverse modes. In contrast, for the non-TIR case (n1
< n2), the maximal Q factor for different transverse modes
varies significantly. The lower order transverse modes have a
higher Q factor peak value since, from the ray optics
perspective, they have a larger incident angle and, hence, a
higher reflectivity at the DI.
With the further increased tilt angle, the Q factor starts to

decrease. For n1 > n2 (Figure 5a), the Q factor drops slightly
from 8 × 104 to 6 × 104 when θ increases from 0.04° to 1°,
since TIR always exists for the tilt angle in this range. The
slight drop might be due to the decreased reflectivity of the
top/bottom mirrors, as the incident angles increase with
increased tilt angle (Figure 2b−f). In contrast, for n1 < n2
(Figure 5b), the Q factor drops rapidly from 7 × 104 to 5 × 103

when θ increases from 0.001° to 0.2° (Figure 5b), which is due

Figure 4. Electrical field amplitude distribution of bouncing ball
modes ψl=26, m=1 for (a) n1 > n2, (b) n1 = n2, and (c) n1 < n2. The
parameters used are θ = 0.03°, d = 6 μm, and w = 25 μm. PML:
perfectly matched layer, a scattering boundary condition applied at
the outer domains in COMSOL, indicating the termination of
calculation. (d) Quality factor of the 1-order transverse mode (m = 1)
as a function of the surrounding medium RI n2 for cavities with a
different tilt angle θ. n1 is fixed at 1.33.

Figure 5. Calculated Q factor as a function of the tilt angle θ with n2 =
1.2 (a) and n2 = 1.6 (b). The insets are the zoomed-in view of the
dashed-line boxes. n1 = 1.33 for both (a) and (b).
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to the decreased reflectivity at the DI. Note that when θ is
sufficiently small (θ = 0.001−0.002°), the Q factor in the non-
TIR case (n1 < n2) can be quite close to the TIR case (n1 > n2),
particularly for the low order transverse modes. The above
observation is of great importance in practice. As long as n1 ≠
n2, stable high-Q modes can be achieved within a WFP-DI
cavity by tuning the nonparallelism of the top/bottom mirrors.

■ EXPERIMENTAL DEMONSTRATION OF WFP-DI
BASED LASERS

We build a TIR-type WFP-DI laser by sandwiching several
drops of water solution doped with 1 mM R6G dye between
two dielectric mirrors (customized by Evaporated Coatings
Inc.) with a reflectivity R > 99.5%. At the edge of an air bubble
or a water droplet, the water−air interface forms. A SU8 spacer
with a fixed height (∼6 μm) is fabricated on one of the mirrors
to define the cavity height and ensure that the nonparallelism
of the top/bottom mirrors only results from slight deformation
of the mirror substrates, and the tilt angle θ is as small as
possible.33 A pulsed optical parametric oscillator (5 ns pulse
width, 20 Hz repetition rate, wavelength = 532 nm) is used as
the excitation source.
We first study the WFP-DI laser at the edge of an air bubble.

In order to locate the DI Enhanced Region, we scan the pump

beam along the boundary of the bubble (Figure S5) and find
that when the pump is at the position shown in Figure 6a, the
WFP-DI can achieve the strongest lasing. As a control, when
the pump is far away from the water−air boundary (Figure
6b), only the WFP modes are excited. Figure 6c presents the
lasing spectra of the WFP-DI cavity under different pump
energy densities, with a dominant lasing peak centered at
595.073 nm and a free spectral range (FSR) of 16.9 nm,
indicating a cavity length of d = 8.1 μm, which is close to the
designed height of 6 μm (a slight increase in the cavity height
may be attributed to the thin water layer between the SU8
spacer and the counter-facing mirror). The lasing mode can be
clearly seen in the inset of Figure 6c, with two red fringes lying
parallel to the boundary, indicative of the m = 2 mode. For
comparison, the lasing spectra of the same WFP cavity without
the DI (Figure 6b) under otherwise identical conditions are
shown in Figure 6d. Figure 6e plots the lasing threshold curves
for both the WFP-DI cavity and the WFP cavity extracted from
Figure 6c,d, showing that the threshold for the WFP-DI cavity
is 2 μJ/mm2, 7× lower than the WFP cavity. The Q factor of
these cavities, Q, can be calculated from the measured lasing
threshold Ith by the following rate equations:34

σ λ
τ

σ λ σ λ= − − − + −n
t

I N n n c
n

q n c
n

q N nd
d

( )( ) ( ) ( )( )p a p
1

e L
1

a L (1)

Figure 6. (a) Schematic of a TIR-type WFP-DI cavity with n1 = 1.33 (R6G in water) and n2 = 1 (air) when the pump beam is incident near the
water−air boundary. Right panel is a microscopic image of a bubble surrounded by R6G-doped water solution. The pump beam (marked by the
red arrow) is incident on the top of the bubble. The red fringes represent the lasing mode. Note that the schematic is in the x−y plane, whereas the
microscopic image is in the x−z plane. (b) Schematic of a WFP cavity without the DI when the pump beam is incident far away from the water−air
boundary. The right panel is a microscopic image for the same bubble. (c) Lasing spectra under different pump energy densities for the WFP-DI-
based laser in (a). The inset is a microscopic image of the lasing mode (m = 2) that has two fringes. Scale bar, 50 μm. (d) Lasing spectra under
different pump energy densities for the WFP laser without the DI in (b). (e) Spectrally integrated laser output as a function of pump energy density
for the WFP-DI laser (red squares) in (a) and the WFP laser without the DI (violet triangles) in (b). Error bars are obtained with three
measurements. Curves in (c) and (d) are vertically shifted for clarity.
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where σa and σe are the absorption cross-section and emission
cross-section of R6G; λp and λL are the pump and lasing
wavelength; n and N are the excited and total dye
concentration; q is the photon density inside the cavity; n1 is
the medium refractive index (n1 = 1.33); τ is the lifetime of
R6G (τ = 4.08 ns); and V is the mode volume. Substituting the
parameters listed in Table S1, we obtain Q = 2.8 × 104 and 3.6
× 103, respectively, for the WFP-DI and the WFP cavity. This
result validates our previous theoretical analysis that the DI
helps reduce the walk-off losses and increase the Q factor of
the cavity. Note that Q = 2.8 × 104 obtained above is less than
our simulation result Q = 1.1 × 105, which may be attributed to
the 2D model used in the simulation that ignores the walk-off
loss in the third dimension.
To provide light confinement in all three dimensions (3D), a

WFP-DI cavity is constructed based on a small R6G-water
droplet surrounded by air (Figure 7a), where the curved
boundary in the x−z plane helps confine the light in this plane.

The lasing spectra at different pump positions is shown in
Figure 7b when the pump beam is moved along the white
arrow in Figure 7a, away from the water−air boundary. A
gradual blue shift of the lasing peak from 616.401 to 615.965
nm from Position 1 to Position 5 indicates that the mirror
spacing decreases by 5.6 nm in a 75 μm distance,
corresponding to a tilt angle of θ = 0.004° along the white
arrow direction (the white arrow points to the lower cavity
height). Therefore, the region close to the right water−air
boundary in Figure 7a is the DI Enhanced Region, whereas the
region close to the left water−air boundary is the Unaffected
Region. Apparently, Position 1 belongs to the DI Enhanced
Region. At this position, we achieve the lowest lasing threshold
of 1 μJ/mm2 (Figure 7c), corresponding to an ultrahigh Q =
9.6 × 104 (Table S2), which is 3.4× higher than that in Figure
6a and e (Q = 2.8 × 104) and very close to our simulation
result Q = 1.1 × 105. This improvement indicates that the
curved water−air boundary does help confine light and reduce
the walk-off losses in the x−z plane (hence, increasing the Q
factor), which can be clearly seen from the lasing mode

Figure 7. (a) Microscopic images of a TIR-type WFP-DI cavity formed by a R6G-doped water droplet (n1 = 1.33) surrounded by air (n2 = 1). The
water−air boundary is clearly marked by the green circle due to the light scattering of the green fluorescence from R6G. The DI Enhanced Region
exists near the water−air boundary on the right side of the circle. The pump beam (indicated by the white dotted circle) is moved in a direction
indicated by the white arrow from Position 1 to Position 5. The mirror spacing gradually decreases along the white arrow direction. The vertical
dotted white lines in Positions 1−4 mark the left edge of the lasing mode distribution, to the left side of which no significant lasing mode is present.
(b) Lasing spectra for the WFP-DI laser when the pump beam is incident on different positions in (a) under the same pump energy density (15 μJ/
mm2). Curves are vertically shifted for clarity. (c) Spectrally integrated laser output as a function of pump energy density for the WFP-DI laser with
pump beam at Positions 1 (red squares) and 5 (olive circles) in (a). As a control, a WFP laser without DI is also measured (violet triangles) under
otherwise identical conditions. Error bars are obtained with three measurements.
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distribution in Positions 1 and 2 in Figure 7a. When the pump
beam is gradually moved away from the right boundary (from
Position 1 to 5), more red fringes can be observed, indicating
that the higher-order transverse modes are excited. Note that
all the transverse modes are distributed mainly between the
pump beam and the right boundary, even when the pump is
quite close to the left boundary (see Positions 4 and 5 in
Figure 7a). This is because stable bouncing ball modes exist
only in the DI Enhanced Region (see Figure 1). When the
pump beam is moved away from the DI Enhanced Region
(such as in the case of Positions 4 and 5), the overlap between
the pump beam and the bouncing ball modes becomes smaller,
leading to an increased lasing threshold, which is reflected in
the weaker lasing intensity under a fixed pump in Figure 7b
and the higher lasing threshold in Figure 7c (e.g., 7 μJ/mm2 for
Position 5). As a control, we move the pump beam to the
center of a much larger R6G-water droplet (Figure S6). Since
the pump region is far away from any boundary, the DI effect
can be neglected. Figure 7c shows that the lasing threshold for
this WFP cavity without the DI is 27 μJ/mm2 (corresponding
to Q = 1900), 4× higher than the worst position in the WFP-
DI cavity (Position 5 in Figure 7a), which attests to the
advantages of the WFP-DI cavity.
Similarly, we build a non-TIR-type WFP-DI laser by

sandwiching one drop of R6G-doped water solution (n1 =
1.33) and one drop of oil (n2 = 1.46) between the two
dielectric mirrors. Squeezing the mirrors makes these two
liquids to form a water−oil interface, as shown in the insets of
Figure 8a,b. From Figure 8a, we measure FSR = 16.9 nm,
indicating a cavity length d = 8.4 μm. In addition, the single
fringe in the Figure 8a inset suggests that the lasing mode is the
first order transverse mode. As described previously, by
comparing the lasing wavelength, for example, 606.396 nm in
Figure 8a versus 605.816 nm in Figure 8b, we obtain the tilt
angle of θ = 0.006° and the mirror spacing decreases along the
white arrow direction, as indicated in the inset of Figure 8a.
Thus, the DI Enhanced Region is formed near the right side of
the water−oil boundary (i.e., Position 1). Figure 8c shows that
the lasing threshold for Position 1 is only 1 μJ/mm2,
corresponding to Q = 7 × 104 (Table S3), much lower than
the lasing threshold for Position 2, which is 14 μJ/mm2

(corresponding to Q = 4.8 × 103 (Table S3)). The simulated
Q factor of the first order transverse mode is about 8 × 104,
which matches well with our experiment-derived Q = 7 × 104.
This result confirms our theoretical predication that the Q
factor in the non-TIR case (n1 < n2, Figure 8a) can be quite
close to the TIR case (n1 > n2, Figure 7a). For comparison, a
control experiment for the same WFP cavity, but without the
DI, is performed under otherwise identical conditions when
the pump beam is moved to a position filled with water, but far
away from any boundary (Figure S7). As expected, its lasing
threshold (40 μJ/mm2, Figure 8c) is much higher than the
WFP-DI cavity.

■ CONCLUSION
In this work we have theoretically investigated properties of
stable bouncing ball modes present in a WFP-DI cavity. It is
found that as long as the refractive indices of the DI meet the
condition n1 ≠ n2 and the mirror tilt angle is smaller than
0.05°, which can be readily realized in practice, high-Q factor
modes can be achieved with strong lateral confinement. We
further experimentally demonstrated the WFP-DI dye lasers in
the TIR and non-TIR cases. A low lasing threshold of ∼1 μJ/

mm2 can be achieved for both cases, due to a significantly
higher Q factor (∼105) compared to the WFP cavity without
the DI, which agrees well with the theoretical analysis.
Although in the current work we use water−air boundary
and water−oil boundary as the DI, the choice of the DI is very
flexible. For example, polymers and metals can be good
candidates. In fact, in our recent experiments (unpublished),
micron-sized polystyrene beads are used as the DI and placed
inside gain solution between the two mirrors. Strong laser
emission is observed near the edge of the bead with a lower
lasing threshold than the place without the bead. Our work
suggests that the WFP-DI cavity provides a promising

Figure 8. (a) Lasing spectrum for a WFP-DI cavity with n1 = 1.33
(R6G-water) and n2 = 1.46 (oil) under a pump energy density of 9.2
μJ/mm2. The insets show a dark-field (left) and bright-field
microscope image of the lasing mode, with one red fringe
corresponding to m = 1. The mirror spacing gradually decreases
along the white arrow direction. (b) Lasing spectrum for the same
WFP-DI cavity at a pump energy density of 36 μJ/mm2, but with the
pump beam (indicated by the dotted circle) incident on the opposite
side of the droplet. (c) Spectrally integrated laser output as a function
of pump energy density for the WFP-DI-based laser with pump at
position 1 in (a) (red squares), and position 2 in (b) (olive circles),
respectively. As a control, the lasing threshold for a WFP cavity
without the DI is also measured (violet triangles) under otherwise
identical conditions. Error bars are obtained with three measurements.
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technology platform for miniaturized photonic devices,
optofluidic lasers, and microfluidics for biological/chemical
analysis.
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