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Mode characteristics of metal-coated microcavity
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The mode characteristics (dispersion relation and Q factor) of metal-coated microcylinders are achieved from
the analytical resonance eigenequation. Among the resonance modes, two surface plasmon polariton (SPP) modes
have completely different characteristics compared to the hybrid plasmonic whispering gallery modes (WGMs).
In the metal-coated microcylinder, the Q factor of the asymmetrical SPP mode can be greater than the symmetric
mode, and the hybrid plasmonic WGMs have a greater mode index range, extending down to zero. Also, the
mode indexes and Q factors of the resonance modes are measured by the attenuated total reflection and resonance

linewidth method, respectively. The experimental results agree well with the theoretical.
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I. INTRODUCTION

The dielectric microcavity has been receiving great atten-
tion for many years due to its high Q factor and small mode
volume [1-3]. It has been utilized in a variety of applications,
such as biochemical sensor [4,5], low threshold laser [6-8],
and nonlinear conversion [9,10]. Recently, the metal-coated
microcavity has also been studied for its unique hybrid
characteristics of both whispering gallery mode (WGM) and
surface plasmon polariton (SPP): It has a relatively high QO
factor of WGM and optical amplitude enhancement as well
as small mode volume of SPP [11-15], which may have great
potential applications. In recent experimental research, high-
Q-factor plasmonic WGMs have been verified and measured
in sa ilver-coated microdisk [11] and microbottle resonator
[14]; also, theoretical calculation has also predicted the high
Q factor in the metal-coated microtoroid [13] or hollow silver
tube [15]. At the same time, SPP modes of metal microcavity
have been studied in both theory and application, such as in
SPP laser [16] and SPP resonance [17].

In this paper, we comprehensively study the mode char-
acteristics of a metal-coated microcylinder as a function of
microcylinder radius and metal film thickness. Through its
analytical eigenequation, the mode dispersion and Q factor
can be achieved through numerical calculation. The plasmonic
WGMs exhibit interesting characteristics for both the mode
index and Q factor. Both symmetric and asymmetric SPP
modes are completely different from the hybrid plasmonic
WGMs and are experimentally demonstrated in metal-coated
microcavity. The Q factor of an asymmetrical SPP mode can
be higher than that of a symmetric SPP mode. The hybrid
plasmonic WGMs have a wide mode index range and their
mode indexes can range down to zero. The mode index and Q
factor are measured through attenuated total reflection (ATR)
and resonance linewidth methods, respectively, which agrees
well with the theoretical predictions.
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II. THEORETICAL MODE CHARACTERISTICS

In this paper a cylindrical microcavity, a silver-coated
microcylinder is used for the study; its schematic profile is
shown in Fig. 1(a). The metal-coated fiber microcylinder is
comprised of three layers of materials: the inner cylindrical
fiber of radius R and index n;, the medial metal film of
thickness d and index #n,,., and the outer cladding medium of
semi-infinite dimension and index 7n,. The outer medium dis-
cussed in this paper is air. The metal-coated fiber microcylinder
is fabricated by evaporating silver onto the surface of the fiber
microcylinder. The fiber microcylinder is prepared by etching
the commercial single mode fiber in HF solution to the desired
size. Then the prepared microcylinder is coated uniformly with
silver film by thermally evaporating silver onto its surface
while rotating around its longitudinal axis. The thickness of
metal film can be monitored by the oscillation quartz in the
evaporation machine, and be controlled by the evaporation
rate and time. The optical micrograph of one silver-coated
microcylinder sample is shown in Fig. 1(b); the uniform silver
film is assured by the scanning electron microscope (SEM)
image, and its thickness is approximately 67 nm, as shown in
Fig. 1(c).

The metal-coated microcylinder can be treated as the three
layers of WGM microcavity, and its mode eigenequation can
be derived from the boundary conditions [5,18]. The cylindri-
cal coordinate is used for the microcylinder cavity. Transverse
magnetic (TM) [transverse electric (TE)] mode designates
that only the axial field component, H, (E.), of the three
magnetic (electric) field components, is nonzero. The reso-
nance mode can be designated as (p, m, [), where p is the
transverse magnetic or transverse electric polarization, m is
the azimuthal mode number, and [ is the radial mode number.
For example, the amplitude of resonance mode (TM mode) in
the radial direction can be derived as
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where J,, and H{" are the mth Bessel function and Hankel
function of first kind, respectively. R; = R and R, = R + d
are the inner and outer radii of the metal film of the
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FIG. 1. (Color online) Schematic profile (a) and optical micrograph (b) of metal-coated microcylinder, and SEM image (c) of the metal
film. R is the radius of fiber microcylinder; d is the thickness of metal film; n;, n,,., and n, are the refractive index of inner microcylinder,

medial metal film, and outer medium, respectively.

metal-coated microcylinder, respectively. k is the complex
eigen-wave-number in the vacuum, and can be calculated from
the above eigenequation.

From the modal eigenequation, the dispersion relation
and Q factor can be directly calculated from the complex
resonance wave number k, according to the relationships n =
m/[Re(k)R] and Q = Re(k)/[2Im(k)], where Re(k) and Im(k)
are the real part and imaginary part of complex k, respectively.
These two characteristics are dependent on both the radius of
the microcylinder and the thickness of the metal film. We first
calculate the dispersion relation and Q factor as a function
of radius R of the fiber microcylinder. In the calculation, we
suppose the resonance wavelength is within the 65-nm wave
band and no material dispersion is considered in this narrow
wave band. In this case, the resonance mode (p, m, ) can also
be simplified as TM [ or TE [, for convenience. The indexes #;,
Ne, N, Of the inner fiber, silver film, and outer air are 1.4565,
0.0245 + 4.7635i, and 1.0000, respectively, in the 65-nm wave
band. The thickness of the silver film is fixed at d = 67nm,
which corresponds to the experimental size. The dispersion
relation and Q factor of plasmonic WGMs are calculated in
Fig. 2. Also, the field intensity and amplitude distributions
in the radial direction are calculated for some typical modes
in Fig. 3.

TM modes (solid line) and TE modes (dashed line) have
totally different characteristics in the SPP mode in Fig. 2.
TM modes exhibit two SPP modes localized near the surfaces
of the metal film, but TE modes do not. Indeed, SPP modes
can be considered as the special WGM (TM, m,0) with radial
mode number [ = 0, where the maximum field amplitude is
on the surface of the metal film. There are two different types
of SPP modes, the SPPa and SPPs modes. The SPPa mode’s
index increases with the decreasing of the radius R, and has a
minimum value of 1.5290 when R becomes infinite. Most of
the intensity of the SPPa mode is localized near the inner metal
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FIG. 2. (Color) The dispersion relations (a) and Q factor (b)
as a function of the radius R of the microcylinder. The resonance
wavelength is in the 650-nm wave band; k is the wave number of
the resonance wavelength. The thickness of silver film is 67nm; the
indexes of inner fiber, medial silver film, and outer air are 1.4565,
0.0245 + 4.7635i, and 1.0000, respectively. Material dispersion is
not considered in the resonance wave band.
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FIG. 3. (Color online) The intensity (| H, | for TM mode or | E. |
for TE mode) and amplitude distributions in the radial direction of
some typical modes. (a) The intensity distribution of SPPa, SPPs,
TM1, and TE1 modes; (b), (c), the amplitude distribution of SPPa
and SPPs modes, respectively. Here, the metal-coated microcylinder
is composed of a 50-um radius fiber microcylinder, a 67-nm silver
film, and outer air.

surface [see Fig. 3(a)], and the SPPa mode is the asymmetrical
mode due to the opposite sign of field amplitudes at both
dielectric-metal interfaces [see Fig. 3(b)]. The SPPs mode has
different characteristics compared to the SPPa mode: Its index
decreases with the decreasing of R, and has a maximum value
of 1.4500. The mode index of the SPPs mode is always less
than that of the SPPa mode. The intensity of the SPPs mode
is primarily located in the outer surface of the metal film, and
it is the symmetrical mode due to the same sign of optical
amplitudes at the both interfaces [see Fig. 3(c)]. Compared
with all other modes, the SPPs mode is the extraordinary
mode, as it can exhibit the guided mode or surface mode
depending on its mode index [19,20]. Here, differing from
the SPPa mode, the field of the SPPs mode in the inner fiber
microcylinder is not a surface plasmon wave but a pure WGM,
due to the huge index contrast between the inner fiber and outer
air. Nevertheless, the SPPs mode is a SPP mode, essentially,
because most of its intensity is still localized in the outer
surface plasmon wave.

Meanwhile, the SPPa and SPPs modes have different Q
factor characteristics. As shown in Fig. 2(b), the Q factor of
SPPa mode is nearly constant from 567 to 846, but the Q
factor of the SPPs mode increases dramatically from 25 to
714 when the radius R increases from 1 to 60 xm. When the
radius becomes smaller, the Q factor of the SPPa mode is
not seriously degraded because the field of the SPPa mode
can be tightly localized in the inner fiber microcylinder due
to small mode volume. But, for the SPPs mode, its field will
radiate more into the air, so the Q factor decreases quickly
due to radiation loss and metal absorption loss. When R is less
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than 64 pum, the Q factor of the SPPa mode is greater than
that of the SPPs mode, which is different from long-range
SPP in a one-dimensional metal slab waveguide [21]. But if
the radius becomes larger, the Q factor of the SPPs mode is
greater than that of the SPPa mode, and it will approach its
maxima gradually.

Besides two special SPP modes (I = 0), both TM and
TE guided modes (Il =1,2,3...) are hybrid plasmonic
WGMs, whose maximum field amplitude is in the inner fiber
microcylinder and not on the metal film surface [see Fig. 3(a)].
Also the field amplitude of the TM mode is enhanced near the
metal surface, but the TE mode is not enhanced due to the
TM characteristics of the SPP mode. In Fig. 2(a), the mode
indexes decrease with the decreasing of the radius R, and may
approach zero, because the hybrid WGMs can be restrained
towards the fiber axis and prevented from serious radiating
by metal film even when R is very small. Similar results
have been shown in a one-dimensional metal-clad waveguide
[20,22]. Thus, a metal-coated microcavity has a wider mode
index range than a dielectric microcavity. Each mode has its
corresponding cutoff radius, which means that there is the
minimum radius for supporting a certain mode. For the same
[, the index of the TE mode is always greater than the TM
mode. In Fig. 2(b), for the larger radius (>10 um), the Q
factors of the TE modes (I = 1, 2, 3) are almost the same
(relative error less than 1%), and increase almost linearly with
the radius R with the slope of ~ 5025/um. But for the TM
modes, their Q factors increase nonlinearly with R, and the Q
factor of high-/ mode is greater than of low-/ mode. But for the
small radius (<5 pm), the higher-/ modes (for both TE and
TM modes) have the lower Q factors, because the high-/ mode
will suffer from more absorption and radiation loss because it
will penetrate more power into the metal film and air. When R
is 50 um, the Q factor of TM1, TM2, and TM3 is 2560, 3415,
and 4050, respectively. But the Q factor of all three TE / modes
is ~249 000, about two orders of magnitude greater than that
of TM modes. The Q factor of the TE mode is always much
higher than the TM mode because the TM mode has more loss
than the TE mode due to SPP excitation.

Also we calculate the dispersion relation and Q factor of
hybrid modes under different thickness of metal film while
fixing the radius R. Here R is fixed at 30 um, and the other
parameters are the same as above. As shown in Fig. 4(a),
two SPP modes have different characteristics of mode index
compared to other modes. The mode index of the SPPa mode
increases with the decreasing of silver film thickness d, but the
index of the SPPs mode decreases with the decreasing of silver
thickness. The other hybrid modes have the below dispersion
characteristics: TE modes have a larger index than TM modes
with the same /: For the same polarization mode, the higher
the radial mode number [/, the smaller the mode index; the
mode index increases gradually with the decreasing of silver
thickness. However, when d is very thin (<20nm), the index
will increase greatly due to the strong coupling interactions of
the fields on both metal film surfaces. And in Fig. 4(b), the Q
factor of the SPPa mode increases with the thickness of the
metal film and then approaches its maxima ~900. Instead, the
Q factor of SPPs decreases with the thickness of silver film,
and then approaches its minima ~155. When d is 41nm, SPPs
and SPPa modes have the same Q factor of 531. The Q factor
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FIG. 4. (Color) (a) The dispersion relation and (b) Q factor as
a function of the thickness d of silver film. The radius of fiber
microcylinder is fixed at 30 um. The other parameters are the same
as in Fig. 2.

of the TE modes is approximately two orders greater than the
TM modes at ~60-nm thickness of silver film.

III. EXPERIMENTAL MEASUREMENT

As shown in Figs. 2 and 4, the mode index of a metal-coated
microcavity has a large index range for the low-order modes.
The ATR method can be used to measure the mode index
efficiently, and has been widely used in the SPP measurement
of planar metal film structure [20,22]. The ATR measurement
schematic is shown in Fig. 5. Here the narrow-linewidth
laser diode is used as the laser source. The output laser is
polarized to TM or TE polarization by the polarizer, and is
focused on the metal-coated microcylinder by a long-focus
lens. The half-cylinder prism with high index is used to excite
the plasmonic resonance mode. The prism is placed on the
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®eee Electric

Computer
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]

Motor
| il |

FIG. 5. (Color online) ATR experimental schematic for mode
index measurement.
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FIG. 6. (Color online) ATR spectra of silver-coated microcylin-
der with a 50-pm radius fiber and a 67-nm silver film. The index of
the coupling prism is ~1.75 at 650-nm wavelength.

6 motorized rotation stage of a 6/260 computer-controlled
goniometer and the prism’s axis is aligned with the rotation
axis of the goniometer. The metal-coated microcylinder is
attached to a glass substrate, and placed near the axis of the
half-cylinder prism. Thus the focused light can be guaranteed
to stay on almost the same coupling point even with large-
angle rotation. Also the coupling spacing between prism and
microcavity can be tuned by applying external force on the
substrate. One photodiode (PD) is placed on the 26 rotation
stage to detect the reflection intensity from the rotation prism
on the 6 stage. The principle of the ATR measurement for
mode index is that evanescent light can produce the wide-range
effective index n = n, sin® when the prism is rotated, where
6 is the total reflection angle and n,, is the refractive index of
the prism. Once the index of evanescent light is equal to that
of the resonance mode, the evanescent light can be coupled
into the microcavity, and the reflection light will generate the
resonance dips. Thus we can measure the mode index from the
position of the resonance dip.

In the experiment, the laser wavelength is fixed at 650 nm
and the index of the coupling prism is ~1.75 in this wave-
length. The ATR spectra of the metal-coated microcavity with a
fiber microcylinder of 50-um radius and a silver film of 67-nm
thickness are shown in Fig. 6. There are many resonance dips in
the reflection intensity at certain angles, where the evanescent
wave has the same index as the resonance mode. For TM
polarization, the two maximal angels of the dips are at 60.65°
and 55.90°, so their corresponding indexes are 1.5253 and
1.4491 for SPPa and SPPs modes, respectively. According to
the theoretical results that the greater the radial mode number,
the smaller the mode index, the mode indexes of TM1, TM2,
and TM3 are determined from the subsequent dip angles. For
TE polarization, we can get the indexes of TE / modes with
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FIG. 7. (Color online) The measured resonance spectra of the
mode SPPa (a), SPPs (b), and TM1 (c) of metal-coated microcylinder
with a 50-um radius fiber and a 67-nm silver film; the Q factor
comparisons (d) between the theoretical and experimental values.

the same method. The measured mode indexes are shown
in Fig. 6 with their corresponding modes, and also shown
in Fig. 2 together with the theoretical dispersion relation for
comparison. And the mode indexes are measured for another
metal-coated microcylinder and shown in Figs. 2 and 4. The
experimental and theoretical results agree well with each other.
The measurement error is less than 1% and comes primarily
from the positioning precision of resonance dips.

The Q factor of the metal-coated microcylinder is measured
by the resonance linewidth method. For a metal-coated

PHYSICAL REVIEW A 90, 013816 (2014)

microcavity with large R, the Q factor is primarily determined
by the loss of metal film. In the experiment, the resonance
spectrum of the desired plasmonic WGM can be measured
when the total reflection angle is fixed at the proper excitation
angle of the desired mode. The measured resonance spectra
and their Lorentz fits of three typical modes are measured in
Fig. 7 for a metal-coated microcylinder of a 50-um radius fiber
and a 67-nm silver film. According to Q = A/AA, where AX
is the full width at half maximum (FWHM) of the resonance
spectrum, the Q factors of SPPa, SPPs, and TM1 modes
are 702, 465, and 1950, respectively, about 16.8%, 6.4%,
and 23.8% lower than their theoretical value, respectively.
The measurement error of the Q factor is mainly due to
the imperfections of the silver film (such as smoothness and
uniformity) and the manually tunable wavelength precision of
narrow-linewidth laser diode (especially for the high- Q-factor
TMI1 mode). As shown in Fig. 7(d), the experimental results
agree well with the theoretical.

IV. CONCLUSION

We have studied the dispersion relation and Q factor of
a silver-coated fiber microcylinder theoretically and experi-
mentally. Compared with a dielectric microcavity, plasmonic
WGM has some interesting characteristics in the mode index
and Q factor. Two types of SPP modes, the symmetrical and
asymmetrical modes, are demonstrated in the metal-coated
microcavity. The Q factor of the asymmetrical SPP mode
is greater than that of the symmetrical mode for small fiber
radius or thick metal film. Additionally, other hybrid plasmonic
WGMs have a wider mode index range and the mode index
can range down to zero. Both mode index and the Q factor
of plasmonic WGMs are measured in the experiments, and
the experimental results agree well with the theoretical value.
The studied mode characteristics can provide the theoretical
foundation for its potential applications.
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