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Multimode metal-insulator-metal waveguides: Analysis and experimental characterization
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The analysis and experimental characterization of the propagation constants and attenuation coefficients
of surface plasmon (SP) modes in planar multimode metal-insulator-metal (MIM) waveguides are presented.
The experimental characterization is based on determining the width of the reflection angular spectrum in the
attenuated total reflection (ATR) configuration. Due to its transverse character, the ATR configuration provides
a more straightforward and simpler way to determine the propagation constants and attenuation coefficients of
plasmonic modes in MIM structures, compared to using tapered end-couplers with multiple waveguide samples
or near-field scanning optical microscopy (NSOM). In this paper, the propagation constants and attenuation
coefficients of multimode MIM structures are investigated, and MIM waveguide structures with 730 and 1460 nm
Si0O, cores and Au claddings are fabricated and experimentally characterized. The measurement results indicate
that the absorption of Au is responsible for the high attenuation in MIM plasmonic modes, while scattering
loss is another source of attenuation for higher-order modes (smaller zigzag angles). To the best of the authors’
knowledge, the present work represents the first time the attenuation coefficient and propagation constant of each

mode in a multimode MIM waveguide have been individually measured.
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I. INTRODUCTION

Metal-insulator-metal (MIM) waveguides with subwave-
length apertures are of great interest in plasmonics,'™ primar-
ily for their potential in realizing integrated optical nanocir-
cuitry. However, large-core MIM waveguides may also be used
for lower-loss interconnects in surface plasmon (SP)-based
optical nanocircuitry. Therefore it is important to understand
the propagation properties in large-core MIM waveguides,
which, similar to conventional dielectric optical waveguides,
support more than one mode. In conventional experimental
characterization techniques,”™® all the waveguide modes are
excited simultaneously; therefore the propagation constant
and attenuation coefficient of each mode cannot be easily
extracted from the measurement data. In the present work,
by using an attenuated total reflection (ATR) configuration,
the propagation constants and attenuation coefficients of the
waveguide modes in multimode MIM waveguides have been
experimentally measured. The ATR configuration is highly
angularly selective; therefore each mode can be separately
excited and characterized. Two MIM (Au-SiO,-Au) structures
with 730 and 1460 nm oxide cores have been fabricated and
characterized at A = 1550 nm.

II. MIM MODE ANALYSIS

Figure 1 shows the schematic diagram of an MIM structure.
By using the boundary conditions for TM waves in the MIM
structure, the characteristic equations are given as
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for odd TM modes,”'? where « = (k? — kée)l/2 are the
complex wave vectors in the x direction, with k, being the
wave vector in the z direction and ky being the free-space
wave vector. In the case that both ¢; and ¢, are real, a real
k; indicates that the wave is evanescent in the insulator core
and that the mode is a plasmonic mode, and an imaginary «;
indicates that the wave is sinusoidal in the insulator core and
that the mode is referred to as an oscillatory mode throughout
the paper. The latter is similar to a regular dielectric optical
waveguide mode. A k, value that satisfies Egs. (1) or (2) is the
complex propagation constant y =  — ja corresponding to
a TM mode, where f is the propagation constant and « is the
attenuation coefficient.

Figure 2 shows the effective mode indices N = 8/ky and
propagation lengths L = 1/(2|x|) as functions of dielectric
core thickness d; for TM modes in an MIM (Au-SiO,-Au)
waveguide at A = 1550 nm. At this wavelength, Au has
a dielectric constant g5, = —115 — j11.3.!' The dielectric
constant for the SiO, core is assumed to be &; = (1.4877)%. It
can be observed from Fig. 2(a) that at small core thicknesses
d;, only the fundamental mode TM, exists. As d; increases,
the MIM waveguide starts to support higher-order modes,
and the cutoff thickness is larger for higher-order modes. The
modes with effective mode indices higher than the refractive
index of the insulator are plasmonic modes, and the others are
oscillatory waveguide modes. The TM;y mode is plasmonic
for any core thickness. The TM; mode is an oscillatory mode
at smaller core thickness but becomes a plasmonic mode at
larger thickness. The higher-order modes, such as the TM,
and TM3 modes, are oscillatory modes for any core thickness.
Figure 2(b) shows that the propagation lengths are larger for
larger core thicknesses for TM to TM3 modes. From Fig. 2, the
two plasmonic modes, TMy and TM; at large core thickness,
become practically degenerate at large d;, because the two
Au/SiO; interfaces become decoupled and the TM, and TM;
modes propagate like independent SP modes at the Au/SiO,
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FIG. 1. Configuration and coordinate system of a metal-insulator-
metal (MIM) structure. The structure is invariant in the y
direction.

interfaces. This can be observed from both values of N and
L of the TM, and TM; modes, which approach the values
of N¢g and L of the SP mode at a single Au/SiO; interface,
respectively. On the other hand, the higher-order modes, TM,
and TM3; modes, do not approach the SP mode at Au/SiO,
interfaces. As d; increases, the attenuations of the oscillatory
modes always decrease. This property is also observed for
the modes in lossy dielectric optical waveguides.'? It is worth
mentioning that at larger d; values, the attenuation of the funda-
mental mode exceeds the attenuation of the oscillatory modes
(e.g., TM; and TM3 modes). This differs from conventional
dielectric waveguides, in which the fundamental mode always
has the lowest attenuation. For data transmission purposes,
it is favorable that the fundamental mode has dominantly
low attenuation. Therefore, when other modes which have
comparable attenuation exist, it is critical to investigate
the propagation constant and attenuation coefficient of each
mode.

Similar analysis can be preformed for TE modes in the
MIM structure. The characteristic equations for the TE modes

are given as
t kl‘ di Km ( 3)
an| — )| = —
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for even TE modes and
kid; ki
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for odd TE modes,”!? where k; = (kgs - k?)l/2 = —jk; is the
wave vector in the x direction in the insulator. Unlike the
TM modes, the k; value is always real for a TE mode, and
it indicates that the wave is sinusoidal in the insulator core.
As a result, the TE modes in MIM structures are oscillatory
modes, which are similar to the TE modes in dielectric optical
waveguides.

Figure 3 shows the effective mode indices N and propaga-
tion lengths L as functions of dielectric core thickness d; for TE
modes in an MIM (Au-SiO,-Au) waveguide at . = 1550 nm.
At small d;, no TE mode exists, and the cutoff thickness is
larger for higher-order TE modes. Moreover, all the TE modes
are below the light line and are similar to dielectric optical
waveguide modes. Figure 3(b) shows that the propagation
lengths are larger for larger d; for each mode, and at a given d;,
the propagation lengths are larger for lower-order modes. This
phenomenon is similar in lossy dielectric optical waveguides. !>
It is also worth mentioning that, at larger d;, the TE modes
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FIG. 2. (a) Effective mode indices N = 8/ k, and (b) propagation
lengths L = 1/(2|a|) for the TMy_3; modes as functions of the
dielectric core thickness d; in MIM (Au-SiO,-Au) waveguides at
A = 1550 nm. The curves for the MIM TM,_3 modes and the
single Au/SiO, interface are labeled TM,_3 and SP, respectively.
The effective mode index for the latter is 1.502 0. The light line in
(a) represents light propagation in bulk SiO,, with an effective mode
index = 1.4877.

propagate for a much longer distance than the fundamental
plasmonic mode TM; does.

III. TRANSVERSE TRANSMISSION/REFLECTION
METHOD

The measurement approach presented here is based on
the concept of the transverse transmission/reflection (TTR)
method,'?"'> which significantly simplifies the loss mea-
surement of the MIM plasmonic modes. The TTR method
differs from previous loss measurement methods for MIM
waveguides.”® Instead of injecting light through the end of
a waveguide,’”’ the TTR method excites a plasmonic mode
from the transverse direction. This can be realized by making
one of the metal claddings sufficiently thin (e.g., 3—4 skin
depths) for light coupling.®'3 A high-index prism is then added
adjacent to the thin metal layer to enable coupling, as shown
in Fig. 4(a).
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Based on the transmission matrix formulation,'® each layer can be represented by a transmission matrix:

(s
M=

1

Kx,i+1

where for TE waves f; = 1, while for TM waves f; = ¢;11/¢;,
and d; is the thickness of the ith layer. The field amplitudes at
each boundary can then be related via the matrix equation

(2:) — MMM My (gg) - M(/;g), ©)

where A and B are field amplitudes (E, field for TE wave
or H, field for TM wave) corresponding to +x and —x
propagating waves at each interface. The range that each
matrix represents is shown in Fig. 4(a). The field amplitudes
at the other interfaces can be obtained in a similar manner.
Alternatively, the transmission matrix for the prism-loaded
MIM can be expressed by
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FIG. 3. (a) Effective mode indices N and (b) propagation lengths
L for the TE(_, modes as functions of d; in MIM (Au-SiO,-Au)
waveguides at A = 1550 nm. The curves for the MIM TE,_,
modes and the single Au/SiO, interface are labeled TEy_, and SP,
respectively.
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where the subscripts MIM and Otto denote the matrices for
structures in Figs. 4(c) and 4(b), respectively. For the MIM
structure, my = 0 corresponds to waveguide modes. The
reflection coefficient for the prism-loaded MIM structure is

M@0
M(2.,2)

~ M [1+@—m/”ml2%_"f/‘2m/” exp(—ZKmdm)j| L ®
mj, ma> myyMy,

Because mj; = 0 corresponds to MIM modes, my, can be
approximated by k, — y when k, is close to B, where y =
B — « is the complex propagation constant of the MIM mode.
Therefore Eq. (8) can be further approximated by

s(k;)
rX>row |1+ r exp(—2kmdm) | 5 )
Z
where roy, = —mj, /m’, is the reflection coefficient for the

Otto configuration in Fig. 4(b), and s(k,) is a composite
function which varies relatively slowly in a small range of
k.. Therefore the fractional reflected power R = |r|> can be
approximated by
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FIG. 4. (a) Schematic diagram of the ATR configuration applied
to a symmetric MIM structure. The transmission matrix correspond-
ing to each numbered layer is labeled. (b) A single metal/dielectric
interface (Otto configuration, Ref. 17). (¢) A symmetric MIM
structure.
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where S(k.) is a slowly varying function of k.. It is shown in
Ref. 12 that the approximation in Eq. (10) is valid for metals
with smaller absorption loss, such as Au and Ag. Equation
(10) shows that R is similar to Rpy,, but the former has
one or more resonances corresponding to the MIM plasmonic
modes near k, = 8. Equation (10) also indicates that R/ Roxo
has a Lorentzian-type resonance centered at N = 8/ky and
a half-width at half minimum (HWHM) = «/ k. It is shown
in Refs. 12 and 13 that R/Roy, can be obtained by simply
subtracting out the background variation (i.e., Rogo) from
R. Therefore, the TTR method provides a straightforward
and simple approach for determining the complex prop-
agation constants by using a configuration similar to the
prism coupler introduced by Ulrich and Tien'®!" and to
the ATR configuration.”>-?> These experiments characterize
the plasmonic modes in a multimode MIM structure, and
the attenuation coefficient and the propagation constant of
each mode in a multimode MIM waveguide are individually
measured.

IV. EXPERIMENTAL CHARACTERIZATION

Using the Metricon model 2010 prism coupler,* the TTR
method was experimentally applied to two MIM (Au-SiO;-
Au) waveguide structures. The schematic diagram of the
experimental configuration is shown in Fig. 5. The coupling
head is used to push the MIM structure toward the prism
to create a coupling spot where the prism and the MIM
structure have intimate contact for light coupling. The force is
controlled by air pressure P,, which is adjustable from 10 to
50 Ibs/in. A laser beam is manually adjusted to be centered
on the coupling spot for a stronger coupling between the prism
and the MIM structures. Two MIM structures with different
Si0O; core thicknesses, d; = 730 and 1460 nm, were fabricated
and characterized at A = 1550 nm. To ensure the appropriate
coupling strength, the Au layer on the top of the structure
is 75 nm thick, which is about three skin depths. The Au
layer substrate is 400 nm in thickness, which, for practical
purposes, is optically semi-infinite. The Au cladding layers

A = 1550 nm y z
R
prism X
air . dg(2)
Au coupling spot ‘ dm = 75 nm
Sio, di = 730 or 1460 nm
—/_\—
Au d, = 400 nm
—/_\—

Si substrate

e

FIG. 5. Schematic diagram of the ATR configuration applied to
the MIM structures.

coupling head
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TABLE 1. Normalized propagation constants 8/ky and atten-
vation coefficients «/k, obtained from rigorous calculations for
unperturbed MIM structures.

Structure Mode B/ ko a/ky
TM, 1.5392 0.002 81

d; =730 nm ™, 1.1764 0.006 68
TE, 1.1020 0.002 56
TM, 1.4964 0.00172
™, 1.4240 0.003 05

d; = 1460 nm ™, 1.0801 0.003 20
TE, 1.3748 0.00028
TE, 1.0464 0.00148

were deposited by using an e-beam evaporator at a rate of
0.5 A/ s, with a chamber pressure ~107% Torr. The SiO, cores
were deposited by using plasma-enhanced chemical vapor
deposition (PECVD) at 250°C, 900 mTorr, with 400 sccm
SiH4 (2% in N3), 900 sccm N, O, and rf power = 10 and 25 W
for the samples with d; = 730 and 1460 nm, respectively.

The propagation constant of the MIM waveguide can be
rigorously calculated by using the argument principle method
(APM).2* At A = 1550 nm, the refractive index of Auis#a, =
0.526 — j10.74,'"! and the refractive indices of the PECVD
oxide layers are ngjo, = 1.4877 and 1.468 for the samples
with d; = 730 and 1460 nm, respectively. The relatively high
refractive index of SiO; in the former is a result of incomplete
oxidation at low rf power.>>?® The calculated results for the
730- and 1460-nm core MIM structures are summarized in
Table I. It should be noted that in these calculations, it is
assumed that the MIM structures have symmetric and semi-
infinite claddings on both sides.

The measured TM reflectance angular spectra for
the structure in Fig. 5 with d; = 730nm is shown in Fig. 6(a).
The x axis is the effective index Negr = k;/ko =n,sin0,
where n, is the refractive index of the prism and 6 is
the angle of incidence at the prism/air gap interface. At
A = 1550 nm, n, =1.9349. By increasing the pressure of
the coupling head P, the air gap thickness d, decreases and
a series of spectra were measured. The resonances of R at
higher and lower effective mode index Ny correspond to
the TMy and TM; modes in the MIM structure, respectively.
Figure 6(b) shows the effective mode index Ny, = Bryy,/ kos
which corresponds to the resonance minima of the TMj
resonance, as a function of P, and the average of the mea-
surements yields N}MO = 1.533 3, with a standard deviation
og = 0.000 1. The prime denotes results obtained from the
measurements, in contrast to the rigorously calculated results.
Figure 6(c) shows the normalized attenuation coefficients
o/TM0 / ko = HWHMs of the TM mode as a function of P., and
the average of the measurements yields gy, /ko = 0.00247,
with a standard deviation o, = 0.000 07. This is equivalent to
aloss of 0.087 dB/um or L = 50 wm. The resonance minima
and HWHMs are obtained after removing the background
variation in R; this can be done by leveling both sides of a
resonance to unity. It can be observed from Figs. 6(b) and
6(c) that there is no apparent trend in the measured Ny
and aqy, /ko as functions of P.. The insensitivity of the
measurement results to P, and therefore d, is important for the
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FIG. 6. (a) TM reflectance angular spectra for the structure in
Fig. 5 with d; = 730 nm measured at various air gap thicknesses
d,, which correspond to pressures of the coupling head, P, =
30,35,40,45, and 50 psi. (b) The normalized propagation constants
N, = Brm,/ ko corresponding to the “resonance minima” and
(c) the normalized attenuation coefficients o/TMO/ ko = HWHMs of
the TM, resonances at various values of P.. (d) The normalized
propagation constants Ny, and (e) the normalized attenuation
coefficients ayy,, / ko of the TM, resonances at various values of P..

application of this approach, because d, is difficult to quantify
experimentally. The experimental results measured at all P.
conditions agree well with the calculated results in both the
propagation constant and attenuation coefficient. Similar to
the cases of single-mode MIM waveguides,' the measured
attenuation is about 13% smaller than the calculated value.
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The Npy;, and oy, of the TM; mode can also be obtained in
the same manner. Figure 6(d) shows N%M] as a function of P,,
and the average of the measurements yields Np, = 1.1687,
with a standard deviation og = 0.000 1. Figure 6(e) shows
ary, / ko as a function of P, and the average of the measure-
ments yields ary /ko = 0.005 88, with a standard deviation
0, = 0.0009. This is equivalent to a loss of 0.21dB/um or
L =21 pum. Again, there is no apparent trend in the measured
Nrpy, and oy / ko as functions of Pe.. The agreement between
the experimental results and the calculated result is very good.
Similar to the case of the TM mode, the measured attenuation
is about 13% smaller than the calculated value.

The measured TE reflectance angular spectra for the same
structure is shown in Fig. 7(a). The TE; mode has a much
weaker resonance strength than the TM modes [Fig. 6(a)],
because the portion of penetrated field into the absorptive
Au claddings is less in the former. As a result, the coupling
between the prism and the TE mode is weaker. The Ny and
arg, of the TEg mode are also obtained from the resonance
minimum and HWHM of the TE( resonance in each measure-
ment curve. Figure 7(b) shows N}EO as a function of P,, and
the average of the measurements yields Nyg, = 1.107 3, with
a standard deviation o = 0.000 4. Figure 7(c) shows ag /ko
as a function of P., and the average of the measurements yields
a’TEO /ko = 0.003 10, with a standard deviation o, = 0.000 2.
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FIG. 7. (a) TE reflectance angular spectra for the structure in
Fig. 5 with d; = 730 nm measured at various P, values. (b) N]CEO and
(©) ot’TEO / ko of the TEy mode.
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This is equivalent to a loss of 0.11dB/um or L =40 um.
The measured Nip and agg /ko are very self-consistent
as P, varies. Although the experimental results agree with
the calculation, unlike the previous two cases, the measured
attenuations are larger than the calculated one. This is probably
due to loss mechanisms other than the absorption loss of the
metal, which is the only loss mechanism taken into account
in the calculation. Specifically, scattering loss caused by the
rough Au/SiO; interfaces is a possible source of extra loss
associated with the TE( mode. Scattering loss is much larger
for higher-order modes that have smaller zigzag angles in the
cores'? and stronger interaction with the interface. A further
discussion of this effect is presented in Sec. V.

For the structure in Fig. 5 with d; = 1460 nm, the measured
TM reflectance angular spectra is shown in Fig. 8(a). The three
resonances of R correspond to the TM, TM;, and TM, modes
in the MIM structure. It is shown that the resonances of the
TM, and TM; modes are much weaker at larger d,, while
the resonance strength of the TM, mode is approximately
independent of d, . This is because the air gap thickness d, has
only a small effect on the coupling efficiency of a mode with
low effective mode index.

Figures 8(b) and 8(c) show the effective mode index Npy;,
and normalized attenuation coefficients ey, /ko of the TM
as functions of P, respectively. The experimental results,
(B, — Jom,)/ ko = 1.4966 — j0.001 71 on average, agree
well with the calculated results. The loss is equivalent to
0.06dB/um or L =72 um. Unlike the cases of the TM
modes in the MIM structure with d; = 730 nm, in which
the measured attenuations are about 13% smaller than the
calculated values, the difference between the measured and
the calculated attenuation is much less in this case. This can
be ascribed to the angular distribution of the laser beam. In
the calculation, the incident light is assumed to be a plane
wave. However, the laser beam used in the measurement has a
finite width and broadens a reflection resonance on the angular
spectrum, and the broadening effect is stronger when the
resonance is narrower. A quantified analysis of this broadening
effect is discussed in Sec. V.

Figures 8(d) and 8(e) show Ny and apy /ko as func-
tions of P.. The experimental results, (Bry, — jorpy, )/ ko =
1.4273 — j0.00266 on average, agree well with the cal-
culated result. The loss is equivalent to 0.094 dB/um or
L =46 pum. Similar to the cases of the TM modes in
the MIM structure with d; = 730 nm, the measured loss
is about 14% smaller than the calculated result. Moreover,
Figs. 8(f) and 8(g) show Ny, and opy /ko as functions
of P, and the experimental results, (Bry, — jorpy,)/ ko =
1.0949 — j0.0039 on average, agree with the calculated
result. The loss is equivalent to 0.14 dB/um or L = 32 pum.
The larger-than-expected measured loss is likely to be a
result of the scattering loss caused by the rough Au/SiO,
interfaces.

The measured TE reflectance angular spectra for the same
structure is shown in Fig. 9(a). The TE resonances are weaker
than the the TM resonances [Fig. 8(a)], because the portion
of penetrated field into the absorptive Au claddings is less in
the former. Figure 9(b) shows N}EU as a function of P., and
the average of the measurements yields Ny = 1.3774, with
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FIG. 8. (a) TM reflectance angular spectra for the structure in
Fig. 5 with d; = 1460 nm measured at various P.. (b) N{-MO and
(©) a’TMo / ko of the TM resonances. (d) Npy;, and (e) apyy, / ko of the
TM; resonances. (f) Ny, and (e) epy, / ko of the TM, resonances.

a negligible standard deviation. Figure 9(c) shows a/g /ko as
a function of P., and the average of the measurements yields
g,/ ko = 0.000 71, with a standard deviation o, = 0.000 03.
The measured Nig and a/TEO / ko are very self-consistent as P,
varies and agree well with the calculated result. The measured
loss is much higher than the calculation because of the angular
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FIG. 9. (a) TE reflectance angular spectra for the structure in
Fig. 5 with d; = 1460 nm measured at various P, values. (b) N}EO
and (¢) oe’TEO / ko of the TE, resonances. (d) N%El and (e) a',l'El / ko of
the TE, resonances.

distribution of the incident laser beam. This effect is discussed
in Sec. V.

Figures 9(d) and 9(e) show N and ag / ko as functions of
P.. The experimental results, (Brg, — jorg, )/ ko = 1.0597 —
j0.00278 on average, agree with the calculated result. The
higher measured loss is contributed by both the angular
distribution of the incident laser beam and the scattering loss.

In this section, all the modes in the two multimode MIM
(Au-SiO;-Au) structures have been experimentally measured
and analyzed, and the measurement results agree well with the

PHYSICAL REVIEW B 85, 085405 (2012)

calculation. It is also shown that, as mentioned in Sec. II,
the fundamental TMy mode does not necessarily have the
lowest attenuation. For example, in the 1460-nm core structure,
the TE; mode has a lower attenuation, and all the other
modes have comparable attenuation coefficients. Therefore,
for the design and application of a large-core, multimode MIM
waveguide like this, it is important to consider the effects of the
other modes with lower or comparable attenuations in signal
transmission.

V. DISCUSSION

As mentioned in Sec. IV, the angular spread of the laser
beam broadens the measured reflection resonance on the
angular spectrum. The resultant resonance is a convolution
of the reflection resonance at plane-wave incidence and the
angular distribution of the incident laser beam. The reflection
resonance at plane-wave incidence can be calculated given
the structure parameters of the the MIM, and the reflection
resonance at experimental laser beam incidence can be
calculated by the convolution of the former resonance and the
angular profile of the incident laser beam. The laser beam used
in this work has a FWHM of ~0.12° in angle.27 In Table II,
the columns labeled “Calculated” correspond to the calculation
results using 7ia, = 0.526 — j10.74."' However, according to
measurements in Refs. 6 and 13 and the results from Sec. IV,
the absorption loss of Au is overestimated by about 15%. The
reason for this overestimation is likely due to the sensitivity
of the reflection/transmission measurements!! to surface-
roughness-induced scattering loss, which is mistakenly (and
probably inevitably) included as the overall absorption loss. As
a result, the column labeled “Adjusted calculated” represents
85% of the calculated loss. The columns labeled “Experi-
mental” correspond to the unadjusted experimental results
from Sec. IV. Given the measured reflection angular spectrum
(“Experimental” column) and the profile of the incident laser
beam, the absorption loss of Au can be adjusted until the width
of the calculated resonance (i.e., convolution of the resonance
at plane-wave incidence and the measured incident laser beam
angular profile) agrees with the measured resonance width.

T 15 :
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N e m  TE@E=730nm) |49
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FIG. 10. Estimated scattering attenuations for the TM and TE
modes based on the Aa/ky column in Table II. The general trend is
shown by the dashed curve.
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TABLE II. Normalized propagation constants and attenuation coefficients obtained from calculations and measurements. The calculations
are performed for unperturbed MIM structures, i.e., without the presence of a prism. The prime denotes original experimental results, and the
double prime denotes adjusted experimental results by considering the angular distribution of the incident laser beam.

ﬂ/ko ﬂ//ko O{/ko 0850{/]{0 O{’/ko O{”/ko AO{/kO
Adjusted Adjusted

Structure Mode  Calculated  Experimental  Calculated  calculated  Experimental  experimental (" — 0.85x)/ko
TM, 1.5392 1.5333 0.00281 0.00239 0.00247 0.00238 ~0

d; =730 nm ™, 1.1764 1.1687 0.00668 0.00568 0.00588 0.00584 ~ 0.0002
TE, 1.1020 1.1073 0.00256 0.00218 0.00310 0.00299 0.0008
TM, 1.4964 1.4966 0.00172 0.00146 0.00171 0.00156 ~ 0.0001
™, 1.4240 1.4273 0.00305 0.00259 0.00266 0.00256 ~0

d; = 1460 nm ™, 1.0801 1.0949 0.00320 0.00272 0.00390 0.00385 0.0011
TE, 1.3748 1.3774 0.00028 0.00024 0.00071 0.00020 ~0
TE, 1.0464 1.0597 0.00148 0.00126 0.00278 0.00266 0.0014

The resonance widths adjusted by considering the broadening
effect caused by the angular distribution of the incident laser
beam are labeled “Adjusted experimental.” The broadening is
more significant for narrower resonances. The Ac«/ ko column
is defined as the difference between the adjusted experimental
and adjusted calculated results, i.e., Ax = a” — 0.85x. All
the numbers in this column should be very close to zero if the
absorption loss in Au claddings is the only source of loss.

However, Aa/ky is nonzero for the modes with lower
effective mode indices. The most probable reason for this
discrepancy is scattering loss. Figure 10 shows the estimated
scattering attenuation Aw/ k( for the TM and TE modes listed
in Table II. The value of Ac«/ko increases rapidly as the
effective mode index N decreases, which agrees qualitatively
with the results shown in Ref. 10. The general trend is shown
by the dashed curve in Fig. 10. The high scattering loss (up
to 50 dB/mm) in the present work can be ascribed to the
high surface and/or interface roughness for vacuum-deposited
Au. A more detailed investigation of the scattering loss
requires more measurement data from various samples and
a straightforward and accurate model for the scattering loss in
waveguide structures.

VI. SUMMARY AND CONCLUSIONS

The propagation constants and attenuation coefficients of
all the TM and TE modes in multimode MIM waveguide
structures have been investigated both theoretically and

experimentally. The experiments are performed by using an
ATR configuration, and the measurement results agree well
with the calculation. It is also shown that the absorption loss
for bulk Au in the literature!' is overestimated by ~15%.
This overestimation is likely due to the inclusion of scattering
loss at the Au surface as the overall Au absorption loss. In
determining the overall waveguide mode propagation loss,
these two loss mechanisms should be considered separately.
According to the results from Table II, the Au absorption
loss is dominant when high-N modes and scattering loss is
relatively negligible. On the other hand, the absorption loss
cannot explain the higher-than-expected loss in the low-N
modes. The most probable explanation for the discrepancy is
scattering loss, which is much larger for modes propagating
at smaller zigzag angles.'”” On the other hand, although
the theoretical analysis and experimental characterization
are demonstrated on multimode MIM waveguides, similar
analysis and measurements may be applied to other plasmonic
waveguide structures, such as metal-slot waveguides**—" and
hybrid plasmonic waveguides.?'33

In summary, in contrast to conventional dielectric optical
waveguides, the higher-order modes in MIM structures may
have lower loss than the fundamental mode, TM,. Due to
the typically high propagation attenuation of plasmonic mode,
this property makes it possible to transmit waves at lower-loss
modes, such as nonplasmonic, higher-order TM modes or TE
modes, for applications that demand lower loss and fewer
footprint constraints in an SP-based optical device or system.
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