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The ability to manipulate and select optical modes effectively and accurately is strongly desired to
enable single-mode operation. Here, we report an optical system consisting of two directly coupled metal-
cladded optical resonators that can realize a single-mode peak through control of the tuning between the
resonant wavelengths of the two optical resonators. Additionally, the wavelength of the single-mode peak
can be chosen via adjusting the angle of incident light. Furthermore, the linewidth and power of the single-
mode output can be controlled completely by the thickness of the resonator guide layer and the angle of
incident light. This optical system provides a way to realize optical information processing without the
need for complex structures and specific materials.
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I. INTRODUCTION

Microscale waveguide cavities support large numbers
of closely spaced modes because their dimensions are
typically much larger than the optical wavelengths [1].
As a result, the stimulated emission outputs from these
microscale waveguide cavities are subject to random fluc-
tuations and instabilities caused by mode competition for
limited gain. During recent decades, the effective manip-
ulation and accurate selection of modes has been stud-
ied intensively to achieve single-mode operation [2,3].
Therein, both spatial and spectral controllability have
become requirements to enable enhanced stimulated emis-
sion performance with high monochromaticity, reduced
mode competition, and perfect beam quality. In traditional
manufacture, single-mode operation is achieved based on
sufficient modulation of gain and loss [1], but many fac-
tors impede wider realization, including inhomogeneous
gain saturation [4], excessive mode loss [5], and low effec-
tive modulation [6]. Several approaches were developed,
including the use of an additional cavity for intracavity
feedback [7–9], the use of a distributed feedback grating
[10,11], enlargement of the free spectral range through
mode-size reduction [12], and the use of spatially varied
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optical pumping [13]. However, specific design configu-
rations are applied in these approaches. A general design
concept that allows flexible control of the cavity modes
is still desired. To date, PT-symmetric optics [14] offers
one way to advance laser science via strategic manip-
ulation of the gain and loss to control light transport.
Proposed techniques, such as loss-induced transparency
[15], power-oscillation violations [16], PT-synthetic pho-
tonic lattices [17], and unidirectional invisibility [18], are
yet to be realized. Furthermore, a system consisting of two
directly coupled microtoroidal whispering-gallery-mode
resonators (WGMRs) [19,20] provides direct proof of non-
reciprocity in PT-symmetric optics, and this has substan-
tial device implications for optical information processing
[21]. However, this system mediates the coupling between
two directly coupled microtoroidal WGMRs using the
thermo-optic effect of silica and different fiber-taper cou-
plers, rather than enabling flexible control of the cavity
modes. Recent explorations of metal-cladded optical res-
onators offer the opportunity to advance laser science by
manipulating the angle of incidence strategically to con-
trol the wavelength of coupled light [22–25]. Here, we
report a system that consists of two directly coupled metal-
cladded optical resonators (MCORs) that are able to adjust
their angles of incidence using free-space coupling tech-
nology. Eventually, by adjusting the angle of incidence,
we realize single-mode operation by controlling the differ-
ence between the resonator wavelengths of the compound
system through resonance-wavelength tuning.
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II. THEORY

A. Structural characterization

As shown in Fig. 1(a), each MCOR consists of three lay-
ers: a 0.1-mm-thick BK7 glass layer is used as a guided
layer, a 24-nm-thick silver film is used to couple the inci-
dent light, and another 300-nm-thick silver film serves
as the substrate layer. Compared with conventional all-
dielectric optical waveguides, the MCOR offers a variety
of fascinating optical properties [22,26–31]. The most
unique feature is the presence of ultrahigh-order guided
modes (UOMs) [24,32,33] that occur when light illumi-
nates the upper silver film of the MCOR under the coupling
condition. The dispersion equation for the mth-order mode

of the MCOR can be written as

κ1h1 = mπ + 2 arctan
(

ρ
α2

κ1

)
, (1)

where κ1 = (k2
0ε1 − β2)1/2; α2 = (β2 − k2

0ε2)
1/2; and ρ

has a value of 1 or ε1/ε2 when the incident-light mode
is transverse electric (TE) or transverse magnetic (TM),
respectively. k0 = 2π/λ0 is the propagation constant in a
vacuum. n1 and h1 are the refractive index and the thick-
ness of the guided layer, respectively. β = k0 sin θi is the
guided-mode propagation constant, θi is the angle of inci-
dence, and m is the number of modes. As a result, an
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FIG. 1. Metal-cladded optical-resonator structure and associated theory. (a) Fabrication process for a tunable-frequency-matching
MCOR. (b) Incident light is coupled into a waveguide layer, and different wavelengths are separated according to scattering theory in
an isotropic medium when the linewidth of incident light is 2Δλ. (c) Illustration of the relationship between propagation constant β

of incident light and wave vector k̂′. (d),(e) When the angle of incidence matches the coupling angle, the attenuation of total reflection
(ATR) spectrum and an optical-comb spectrum are realized in the reflection direction. (f) When the angle of incidence is changed by
Δθ = θ2 − θ1, the optical-comb spectrum shows a redshift of δλ. (g) Using the model eigenvalue equation for the MCOR, we obtain
the relationship between shift δλ and θ .
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(a) (b)

FIG. 2. Dispersion curves of (a) the MCOR and (b) a symmetrical dielectric waveguide.

incident beam that illuminates the MCOR excites standing-
wave modes in the guided layer that depend on its angle of
incidence and wavelength.

Therein, for a given light frequency, ω, and guiding-
layer thickness, d, the propagation constant, β, of the
mth TE mode is smaller than that of the mth TM mode.
This property of the MCOR is identical to that of the
metal-cladded leaky waveguide, but differs from that of
a dielectric planar waveguide. The dispersion curves for
the MCOR and for a symmetrical dielectric waveguide are
shown in Figs. 2(a) and 2(b), respectively. The solid curves
represent the TM modes and the dashed curves represent
the TE modes. The MCOR is independent of the polariza-
tion of incident light. The dispersion curves for the TE and
TM modes are qualitatively similar for high-order modes.
Therefore, incident light with TE or TM polarization will
always suit our waveguide.

B. UOMs

When the guiding-layer thickness reaches the millime-
ter scale, as Eq. (1) shows, the MCOR can accommodate
thousands of guided modes. For example, when using
the parameters ε2 = −52.2 + i2.2 (the metal material is
silver), ε1 = 2.278, S = 30 nm, d = 0.38 mm, and λ =
1064 nm, m is 1657 for the highest mode. When the
light beam is coupled from free space with a large angle
of incidence, it is difficult to differentiate the adjacent
guided modes because the mode density in the MCOR
is extremely high and the corresponding ATR dips over-
lap with each other. However, a series of discrete guided
modes can be excited at specific extremely small angles of
incidence. We term these modes the ultrahigh-order modes

[24] because the orders of these modes are extremely
large and the effective refractive index of each mode is
small. From a ray-optics perspective, within the same
longitudinal propagation distance, the UOMs rebound at
interfaces more times than the conventional modes, and
their ray-propagation lengths are also longer because the
angles of incidence of the UOMs at the top and bot-
tom interfaces of the guiding layer are extremely small.
Ultimately, the UOMs show better confinement than the
conventional modes and their corresponding propagation
losses are small, even with the existence of the metal films.
Therefore, these modes form standing modes in the guid-
ing layer of the MCOR. Additionally, the UOMs have the
slow-light effect, which contributes to their enhanced con-
finement, and the inner states associated with these modes
are standing modes.

C. Wavelength variation relationship with the angle of
incident light

According to Eq. (1), we can obtain the relationship
between the propagation constant in a vacuum, k0, and
the angle of incidence, θi, under TE light polarization
conditions:

k0n1 cos θih1 = mπ + 2 arctan
(√

ε1 − ε2

ε1 cos2θi
− 1

)
. (2)

When the guiding-layer thickness, h1, reaches the mil-
limeter scale, the MCOR can accommodate thousands of
guided modes, as illustrated in Fig. 1(d) and described
by Eq. (1). In addition, a series of discrete guided modes
can be excited at certain extremely small angles of inci-
dence because the extremely large mode density in the
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MCOR results in the modes overlapping with each other.
On the basis of the dispersion equation [Eq. (1)] for the
MCOR, we can obtain the approximate formula 
m ∝
sin 2θi
θi. Because 
m = 1, when the angle of incidence,
θi, is smaller, then a larger value of 
θi is obtained. This
property is convenient for use in the design of an optical
comb, as illustrated in Fig. 1(e).

Therein, the angle of incidence is θi < 5◦, and the value
of the second term on the right-hand side of Eq. (1),
arctan(α2/κ1), is far smaller than m and can be ignored.
Therefore, Eq. (2) can be reduced to the following simple
equation [34]:

2π

λ
n1h1 cos θi = mπ , (3)

where n1 and h1 are the refractive index and the thick-
ness of the guiding slab, respectively. θi is the angle of
incidence of the light rays inside the waveguide. λ and
c are the wavelength and velocity of the light in free
space, respectively. Without consideration of the material
dispersion of the waveguide, we can express the wave-
length spacing between two neighboring channels as Δν =
c/(2n1h1 cos θi), which becomes a constant when the
angle of incidence of the light is fixed. In other words, the
channel wavelength spacings for this comb filter are equal.
Furthermore, based on Eq. (3), we can see that both the
center wavelength and the channel spacing can be tuned
by varying the angle of incidence. As shown in Fig. 1(f),
when the angles of incidence of the light, θi, are 4.949◦ and

6.440◦, we can obtain an optical-comb spectrum. More-
over, switching from an incident wavelength of λ1 to λ2
changes the angle of incidence by 
θi = 1.491◦. Accord-
ing to the simple equation above, the angle of incidence,
θi, and the incident wavelength, λi, have a linear rela-
tionship, as illustrated by the numerical simulation results
shown in Fig. 1(g). Equation (3) can then be reduced to the
following:

2n1(1 − θi)h1 = mλi. (4)

According to Eq. (4), the required wavelength variation is
achieved by changing the angle of incidence of the laser
light. We want to change the wavelength of a single mode
by changing the angle of incidence alone. The fundamen-
tal analysis results shown in Fig. 1(g) indicate that we can
obtain a series of wavelengths by changing the angle of
incidence. However, these angles of incidence are discrete
because of the mode-order integer.

Moreover, on the basis of the dispersion equation of
the MCOR given by Eq. (1), we can obtain the following
approximate formula:


m ∝ sin 2θi
θi. (5)

Because 
m = 1, when the angle of incidence, θi, is
reduced, a larger 
θi is obtained as a result. Therefore,
the ATR dips for the UOMs are discrete. This property
is convenient for use in the design of comb filters for
optical-communication applications.
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FIG. 3. Differences in separate peaks in the reflected spectrum produced by changing the angle of incidence. (a) Experimental setup.
PD, photoelectric detector. (b) ASE source spectrum. (c) Experimental data demonstrating that more than 98% of the power of the
1064-nm-wavelength light is coupled in the chip when incident light reaches the coupling angles. Therein, according to the eigenvalue
equation, multiple coupling angles are shown to exist. (d),(e) Continuous-wavelength ASE pumping spectrum is scattered into a series
of separate peaks in the reflected spectrum when the pump light is incident on the metal-cladded resonator at different angles of
incidence.
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III. EXPERIMENT AND RESULTS

Figure 3(a) shows the experimental setup used to pro-
duce an optical-comb spectrum. Figure 3(b) shows the
amplified spontaneous emission (ASE) source spectrum,
which ranges from 1050 to 1080 nm. In the experimen-
tal system, the coupling effect of the MCOR is detected,
and more than 98% of the incident light is coupled into the

MCOR when the angle of incidence reaches the coupling
angle, as illustrated in Fig. 3(c). According to Fig. 3(c)
and Eq. (1), there are many coupling angles that can be
used to reach 98% effective coupling; however, Figs. 3(d)
and 3(e) show the optical-comb spectra formed at angles
of incidence of θi = 3.80◦ and 5.15◦, respectively. The
continuous-wavelength ASE spectrum is scattered into
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FIG. 4. Wavelength tuning of the metal-cladded optical resonator. (a) Experimental setup. (b) Mode-selection system based on two
chips. (c),(d) Optical-comb-spectrum experimental data for chip 1 and chip 2, respectively, at different angles of incidence. Thickness
of the waveguide layer in both chip 1 and chip 2 is 0.1 mm, and metal-cladded resonator and substrates are prepared from the same
materials under the same conditions. (e) When the angle of incidence, ϕ, of chip 2 is adjusted and the angle of incidence of chip 1
remains fixed, single-mode spectra shown are obtained from the mode-selection system based on the two chips at angles of incidence
of ϕ1 = 6.40◦, ϕ2 = 10.04◦, ϕ3 = 12.66◦, and ϕ4 = 14.86◦. (f) When the angle of incidence of chip 2 is ϕ3 = 12.66◦, we change the
angle of incidence, θ , of chip 1, which results in changes to the intensity of the single mode shown. (g) ATR peak characteristic.
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an optical-comb spectrum, and the optical-comb-spectrum
wavelengths are different at the angles of incidence of
θi = 3.80◦ and 5.15◦. These experimental data support the
theoretical speculation that both the optical-comb wave-
length and the channel spacing can be tuned by varying
the angle of incidence.

After the theoretical speculation and experimental
verification, we design a system that consists of two
directly coupled MCORs, as shown in Fig. 4(a), where
each MCOR is coupled to enable adjustment of the angle
of incidence via free-space-coupling technology. Ulti-
mately, by adjusting the angles of incidence, θ and ϕ, we
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FIG. 5. Characterization of linewidths and continuous-tuning abilities. (a),(b) Experimental optical-comb-spectrum data for
waveguide-layer thicknesses of 0.26 and 0.1 mm at the coupling angle, respectively. (c),(d) Linewidths of modes and the distance
between modes for 0.26- and 0.1-mm chips, respectively. (e) When the mode-selection system is formed using two 0.26-mm chips, we
achieve single-mode output at different angles of incidence, ϕ, for chip 2. (f) When the mode-selection system is formed using 0.26-
and 0.1-mm chips, resonance part is as indicated by the red curve of the spectrum.
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produce a single-mode peak by controlling the detuning
between the resonant wavelengths of the MCORs through
tuning of the resonance wavelength. As shown in Fig. 4(b),
chip 1 and chip 2 are MCORs and are assembled into an
independent θ/2θ goniometer. The angle, θ , is the angle of
incidence of chip 1, and ϕ is that of chip 2. Figures 4(c)
and 4(d) present the optical-comb spectra for chip 1 and
chip 2 when the angles of incidence are θ = 6.40◦ and
ϕ = 14.86◦, respectively. The selected modes have a Fano
shape or are split due to the simultaneous coupling of
TM0 and TM1 modes. The TM0 and TM1 modes gener-
ate degeneracy when the thickness of the guiding layer
is increased beyond a certain finite value (defined as the
degeneracy thickness).

By varying the angle of incidence, ϕ, of chip 2, while the
angle of incidence, θ , of chip 1 remains fixed, single-mode
spectra are obtained by using the mode-selection system
based on the two directly coupled MCORs. When chip 2
is at angles of incidence of ϕ1 = 6.40◦, ϕ2 = 10.04◦, ϕ3 =
12.66◦, and ϕ4 = 14.86◦, the spectroscope detects single-
mode peaks at λ1 = 1064.39 nm, λ2 = 1067.62 nm, λ3 =
1073.82 nm, and λ4 = 1076.95 nm, respectively. In addi-
tion, when the angle of incidence, ϕ, of chip 2 is fixed, the
angle of incidence, θ , of chip 1 then changes according to
the four points shown in the ATR peak. At θ = 6.40◦, the
incident light is fully coupled into chip 1, which results in
the intensity of the output single-mode peak from chip 2
reaching a maximum. Additionally, when the light is inci-
dent without being coupled at point d, where θ = 6.90◦,
no single-mode peak output from chip 2 is found. When
the light is incident at points b and c, where θ = 6.30◦ and
θ = 6.50◦, respectively, part of the incident light is cou-
pled into chip 1, and the intensity of the single mode is less
than that at point a, as shown in Figs. 4(f) and 4(g).

IV. DISCUSSION

As shown in Eqs. (3) and (4), the linewidths of the
single-mode peaks output from the mode-selection sys-
tem based on the two directly coupled MCORs have a
close relationship with the waveguide-layer thickness, h1,
in each MCOR. Therefore, if we wish to achieve a nar-
rower linewidth for the single mode that is output from
the system, the value of h1 should be increased. In our
experiments, MCORs with thicknesses of 0.1 and 0.26 mm
are used to form the mode-selection system. Figures 5(a)
and 5(b) show the optical-comb spectra for the MCORs
with thicknesses of 0.10 and 0.26 mm, respectively; the
free-space range (FSR), 
λ, and the linewidth of the mode,
δλ, of the 0.26-mm MCOR are less than the corresponding
values for the 0.10-mm MCOR, but the value of δλ/Δλ

for the 0.26-mm MCOR is greater than that for the 0.1-
mm MCOR, as shown in Figs. 5(c) and 5(d). According to
the numerical simulation, the addition to the MCOR thick-
ness, h1, results in an increase in the number of modes,

m. Although the linewidth of each mode will be reduced
in this case, the FSR is also reduced, and the value of
δλ/Δλ thus becomes closer to 1, which leads to the adja-
cent modes becoming increasingly difficult to distinguish
because of the Rayleigh resolution limit. Therefore, in our
experimental system, we use MCORs with thicknesses of
0.1 and 0.26 mm. Additionally, the single-mode peak is
detected using the spectrograph from the system shown
in Fig. 4(a). When the system consists of chips that both
have a waveguide-layer thickness of 0.26 mm, we obtain
a narrower linewidth for the single-mode peak, as shown
in Fig. 5(e), where the linewidth of the single mode is
0.588 nm. When the angle of incidence, θ , of chip 1 is
fixed, the output single-mode peak wavelength varies in
tandem with the angle of incidence, ϕ, of chip 2. From
experimental data, we find that the peak wavelengths are
1063.00, 1064.57, 1066.14, 1067.68, 1069.25, 1070.82,
1072.39, and 1073.96 nm when the angle of incidence, ϕ,
of chip 2 is varied from ϕ1 to ϕ8, respectively.

However, under the same conditions, the MCOR with a
thickness of 0.1 mm is used to replace chip 1 in the mode-
selection system. This means that the mode-selection sys-
tem used to obtain a single-mode peak now consists of
MCORs with thicknesses of 0.26 and 0.1 mm. We detect
a signal spectrum that does not have a single-mode out-
put. Parts of the 0.1-mm MCOR mode and the 0.26-mm
MCOR mode can be found as coherent resonances in the
overlaps between the mode regions because the FSR Δλ

of the MCOR, with a thickness of 0.26 mm, is less than
that for the MCOR with a thickness of 0.1 mm; this results
in more than mode resonances occurring and not a sin-
gle coherent mode output. Experimental data are shown
in Fig. 5(f). Therefore, the mode-selection system must
consist of MCORs of the same thickness, which can then
provide a single-mode output.

V. CONCLUSION

Our demonstration of an optical-mode-selection system
represents an important step toward integrated single-
mode optical output. In addition to the consideration of
the linewidths of the output modes and the tunable sin-
gle modes in the discussion above, the power efficiency
and loss of the device can also be improved through
appropriate design and fabrication of the waveguide ele-
ments. Additionally, there are no fundamental limits on the
linewidth and the wavelength of the single-mode output
operation that can be obtained using the scheme presented
here. Therefore, this simple, effective, and tunable opti-
cal system has huge potential for applications in optical
communications and the optical-sensor field.
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