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Abstract: Plasmonic mode-size converters (PMSCs) for long-range
surface plasmon polaritons (LR-SPPs) at the wavelength of 1.55 um are
presented. The PMSC is composed of an insulator-metal-insulator waveg-
uide (IMI-W), a laterally tapered insulator-metal-insulator-metal-insul ator
waveguide (LT-IMIMI-W), and an IMIMI-W in series. The mode-intensity
sizes of the LR-SPPs for the IMI-W and the IMIMI-W were not only
calculated using a finite element method but were also experimentaly
measured. The propagation losses of the IMI-W and the IMIMI-W as well
as the coupling losses between them were analyzed by the cut-back method
to investigate the effect of LT-IMIMI-Ws. By using the PMSC with a~27 ©
angled LT-IMIMI-W, the coupling loss between a polarization-maintaining
fiber and a 3 um-wide IMIMI-W was reduced by ~3.4 dB. Moreover,
the resulting mode-intensity in the output of the PMSC was sgueezed
to ~35% of the mode-intensity in the input IMI-W. The PMSC may be
potentially useful for bridging micro- to nano-plasmonic integrated circuits.

© 2011 Optical Society of America
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1. Introduction

Surface plasmon polaritons (SPPs) are transverse magnetic (TM) polarized waves propagat-
ing on an interface between a metal and a dielectric [1]. The SPPs arise from the interaction
between the evanescent electromagnetic fields and longitudinal collective oscillations of the
free electrons in the metal. In general, SPPs support various types of mode properties in di-
verse structures. Therefore, SPPs have been widely studied for use in micro- to nano-photonic
applications [2-13].

On insulator-metal-insulator waveguides (IMI-Ws), a symmetric mode of magnetic fields
with respect to the center of the metal, i.e. long-range SPPs (LR-SPPs), can be formed. By
controlling the width and the thickness of the meta stripe, the mode-intensity size of the LR-
SPP can be easily adjusted to be close to that of a single-mode fiber (SMF) [4-7]. Therefore,
the LR-SPP can be efficiently excited by using the butt-coupling method. The propagation
length of the LR-SPP dramatically increases with decreasing the metal thickness [4-7]. For
these reasons, experimental studies of LR-SPP components including transmission applica-
tions, modulators, switches, Y-splitters, directional couplers, and reflection gratings have been
widely demonstrated [5-8]. On the other hand, metal-insulator-metal waveguides (MIM-WSs)
support a symmetrically coupled mode of magnetic fields with respect to the central insulator
layer, which is known as gap-SPP (G-SPP) mode. This G-SPP mode offers high confinement
of electromagnetic field in theinsulator layer compared to the LR-SPP modein the IMI-W. The
G-SPP mode can be propagated up to the micron-scale length with a nano-scale mode-intensity
size by properly adjusting the thickness of the central insulator layer [9-12]. Therefore, mode
confinement below the diffraction limit in the MIM-W can be redlized in highly integrated
photonic devices.

Recently, a more complex multilayered configuration referred to as the insulator-metal-
insulator-metal-insulator waveguide (IMIMI-W) has been researched to take advantages of
both the IMI-W and MIM-W [9-14]. In the IMIMI-W, the symmetric LR-SPP mode, which
is symmetrically coupled with the LR-SPP modes in each metal layer, offers arelatively small
mode-intensity size compared to the LR-SPP mode in the IMI-W. On the other hand, the sym-
metric short range-SPP (SR-SPP) mode, which is symmetrically coupled with the antisym-
metric modes in each metal layer, supports a sub-wavelength-size mode similar to the G-SPP
mode in the MIM-W. The IMIMI-W can offer hybrid integration and effective mode conver-
sion between the IMI-W and the MIM-W, which resultsin the benefits of a high integration for
more complex plasmonic device geometries with easy fabrication. Furthermore, these hybrid
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plasmonic waveguides with mode-size converters may be potentially useful for bridging from
micro- to nano-photonics.

In general, the coupling loss of light between photonic and plasmonic waveguides which
naturally occurs due to the mismatch of modes can be easily minimized by inserting a tapered
waveguide [4, 15, 16]. The efficient coupling between different plasmonic waveguidesis also
essential for hybrid plasmonic integration and can be achieved by introducing a new type of
mode-size converter which is presented in this paper. We demonstrate plasmonic mode-size
converters (PMSCs) for the effective hybrid integration of IMIMI-W and IMI-W at atelecom-
munication wavelength. The demonstrated structure was successively composed of the input
IMI-W (for reducing the coupling losswith the SMF), alinearly tapered IMIMI-W (LT-IMIMI-
W) (for effective sgueezing of the LR-SPP mode and reducing the coupling |oss between the
IMI-W and IMIMI-W [4]), and an IMIMI-W (for propagation of the squeezed L R-SPP mode)
in series, which was easily fabricated by using polymer materials and thermal evaporation of
gold (Au) with a lift-off technique. The propagation losses, coupling losses and mode-size of
each component in the fabricated PM SC were experimentally measured and analyzed.

This paper is organized as follows. In Section 2, the design and fabrication processes of the
PMSC are described in detail. The results and discussions are presented in Section 3, while
concluding remarks are summarized in Section 4.

2. Design and fabrication processes
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Fig. 1. Schematic view of the proposed PM SC successively composed of an input IMI-W
(input region), an LT-IMIMI-W (taper region), and an output IMIMI-W (output region).
The width, W;, of the input region is 6 um and the width of the output IMIMI-W (W, and
Wou) is 2 or 3 um. The width of the laterally tapered IMIMI-W of the taper region was
linearly varied from W, to W,. Ly and Ly, denote the lower and upper lengths of the taper
region, respectively. The 6 denotes the taper angle which depends on the length Ly. Here,
the upper stripes in the taper and output regions have the same design parameters of lower
stripes. The thicknesses of the Au layers are 14 nm and the central insulator thickness, dc,
is set to 500 nm. The refractive indices for cladding and Au are 1.450 and 0.550 — 11.4912i
at the wavelength of 1.55 um, respectively.

Figure 1 shows the structure of the proposed PMSC consisting of an input IMI-W, an LT-
IMIMI-W and an output IMIMI-W. In the input region, in order to reduce the coupling loss
between an SMF and the input IMI-W, the width and thickness of the lower Au layer (W and
d;) were selected to be 6 um and 14 nm, respectively [9]. In the taper region, in order to study
the lateral taper effect, the lateral tapers with Ly and Ly, lengths ranging 1.5 to 240 um were
inserted between the IMI-W and the IMIMI-W [4]. Here, the angles(0) of the LT-IMIMI-W
were calculated based on the taper lengths. In the output region, the width of output IMIMI-W
(Wo and Wgy) was selected to be 2 or 3 um. In the taper and output regions, the thickness of
the upper Au layer (dy) was selected to be 14 nm, which is identical to thickness of the lower
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Au layer to maintain avertical structural symmetricity [9, 12—14]. The thickness of the central
insulator (dc) was selected to be 500 nm. Here, the refractive indices for the polymeric cladding
and Au layers were selected to be 1.450 and 0.550 -11.4912i at the wavelength of 1.55 um [17,
18].
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Fig. 2. (a)-(b) sp and ag modes in the IMI structure. (c)-(f) Sso, Sag, Asp, and Aag modes
inthe IMIMI structure. (g) Effective refractive index of the SPP modes as a function of the
waveguide width at the wavelength of 1.55 um. (h) Horizontal and vertical mode-intensity
sizes for the 59 and Ssp modes as a function of the waveguide width. The thickness of the
Au waveguide is 14 nm and the refractive index of the cladding is 1.45.

The IMI-W supports the two modes of the symmetric mode (s, where the subscript 0 indi-
cates the fundamental mode), LR-SPP, and an antisymmetric mode (ap), SR-SPP, as shown in
Figs. 2(a) and 2(b). Here, the symmetric mode is defined as the symmetric field distribution of
the transverse magnetic field component (Hy) in the structure. The IMIMI-W supports the two
symmetric modes (Ssy, Sag) and the two antisymmetric modes (Asy, Agg) as shown in Figs.
2(c)-2(f) [17]. The capital S and A denote the overall symmetric and antisymmetric modes
with respect to the central insulator layer, respectively (Figs. 2(c) -2(f)). The Ssp mode has
optical properties similar to the sy mode including propagation loss, mode-intensity size, and
mode shape. The optical properties of the Say mode are similar to the G-SPP mode in the MIM
waveguide [9, 10, 12]. In this study, we focused on a mode conversion among the fundamental
symmetric modes.

Figure 2(g) shows the effective refractive index of the three SPP modes (s, Sso, Sap) as
a function of the lateral IMI-W and IMIMI-W widths, which were calculated using a finite
element method. In the 6 um-wide IMI-W and IMIMI-W, the 5y, Ssp, and Sap modes can be
excited. Asshown in Fig. 2(g), the effective refractive indices of the 5o and Ssp modes are very
similar. Since the Ssy mode is based on the symmetrical two sp modes, the field distribution and
the mode-size of the Ssy mode are closest to those of the sp mode, as shown in Figs. 2(a) and
2(c). The power coupling between them is ~0.7 dB, as calculated using the MODE solution
from Lumerical Inc. [19]. Therefore, the sp mode in the 6 um-wide IMI-W is most effectively
converted into the Ssp mode in the 6 um-wide IMIMI-W. On the other hand, the effective
refractive index of the Sagp mode is very much different compared to that of the s mode. In
addition, the mode-intensity size difference between the sy and Sap modes is very large. The
power coupling between them calculated using the MODE solution from Lumerical Inc. [19]
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was ~40 dB. Therefore, the Say mode is hard to excite by the sp mode passing through the
LT-IMIMI-W [4].

Aslong as the sp mode is converted to the Ssy mode passing through the LT-IMIMI-W, we
expect that the Ssp mode in the 3 um-wide IMIMI-W can be squeezed effectively to ~40% of
the mode-intensity size of the 5o modeinthe 6 um-wide IMI-W as shownin Fig. 2(h). Here, the
horizontal and vertical mode-intensity sizes represent full-width Hy field intensity sizes at the
1/e point for each mode. Note that the s mode with the calculated mode-intensity size of 11.0
um x 10.5 um (horizontal x vertical) can be converted into the Ssp mode with the calculated
mode-intensity size of 6.9 um x 6.6 um inthe 3 um-wide IMIMI-W, as shown in Fig. 2(h).

The PMSC was fabricated by applying the following procedures. The 30 um-thick lower
cladding was formed onto a Si wafer by spin-coating a polymeric material (ZPU450, Chemop-
tics Inc., Korea, [17]) with a refractive index of 1.45 at the wavelength of 1.55 um followed
by curing under ultra-violet light (UV, 365 nm) for 5 minutes at the optical power density of
20 mW/cm? in a nitrogen atmosphere. Next, the thermally evaporated lower Au stripes with
the thickness of 14 nm were fabricated by using lift-off lithography. To form a central insulator
layer, a polymeric material (ZPU450(LV500), Chemoptics Inc., Korea, [17])) with an identi-
cal refractive index as the lower cladding was spin-coated and UV cured. The thickness of the
central insulator layer was measured to be ~500 nm by a surface profiler. Then, the 14 nm-
thick upper Au stripes were fabricated by using the same process applied for the lower Au
stripes. The thicknesses of both the lower and upper Au stripes were measured to be ~14 nm
by an atomic force microscope. After forming a 30 um-thick upper cladding, the fabrication of
PM SCs was complete.

3. Resultsand discussions
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Fig. 3. (a) Propagation loss of the IMI-W and coupling loss between the IMI-W and the

PMF at the wavelength of 1.55 um, as a function of the waveguide width. (b) Propagation

losses of the IMIMI-W and coupling loss between the IMIMI-W and the IMI-W. The data
points were averaged from two sets of waveguides.

By using the cut-back method, the propagation losses of the 14 nm-thick IMI-Ws and their
coupling losses with the polarization-maintaining fiber (PMF) were analyzed from the insertion
losses at the wavelength of 1.55 um. Here, the insertion loss represents the total measured loss
of the structure under study, i.e., the total loss between input and output PMFs. The analysis
results are shown in Fig. 3(a) as a function of the waveguide width. The propagation loss for
the 6 um-wide IMI-W and its coupling loss with the PMF were 4.38 dB/cm and 0.77 dB/facet,
respectively. By using the data of Fig. 3(a) and the partially overlapped IMIMI-Wsin the inset
of Fig. 3(b), we also analyzed the propagation losses of the IMIMI-Ws and their coupling losses
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with the IMI-Ws. The propagation loss for the 3 um-wide IMIMI-W and its coupling loss with
the 3 um-wide IMI-W were 5.01 dB/cm and 1.92 dB/facet, respectively. Because the IMIMI-
W has one more metal layer than the IMI-W, the propagations losses of IMIMI-Ws are larger
than those of IMI-Ws at the same waveguide width, as shown in Fig. 3(b). The trends of the
propagation loss curves are similar to each other. Because of the increased light reflection at the
interface between the IMI-W and the IMIMI-W, the coupling losses between them increased
dlightly with increasing the waveguide width as shown in Fig. 3(b). Using the results shown
in Figs. 2(g), 3(a), and 3(b), the IMI-W (for input and output coupling elements to the PMF)
and LT-IMIMI-W (for the coupling element from IMI-W to IMIMI-W) are needed for reducing
the coupling loss from PMF to IMIMI-W in order to squeeze the mode-intensity size in the
IMIMI-W with alow loss.

% 2.0F 6 um 3 um 6 um
E = i
2 —1 67 | —
= Li Ly Lo
%0 1.5k 4
s
5 AN
i\i\._———/i
1.0 1 1 1

0 10 20 30 40 50
Angle (6, degree) of LT-IMIMI-W

Fig. 4. LT-IMIMI-W coupling losses between 6 um-wide IMI-W and 3 um-wide IMIMI-
W at the wavelength of 1.55 um, as a function of the tapered angle (0). Theinset in Fig.
4 represents the bow-tied PM SC for the measurements of the LT-IMIMI-W coupling loss.
The data points were averaged from three sets of waveguides.

In order to investigate and analyze the coupling losses of the LT-IMIMI-W introduced be-
tween the 6 um-wide IMI-W and the 3 um-wide IMIMI-W, a series of bow-tied PMSCs was
designed and fabricated as shown in inset of Fig. 4. The insertion losses of the bow-tied PM-
SCswith a length of 10.5 mm length were measured. Here, the bow-tied PM SCs contained 3
um-wide IMIMI-W with lengths (Limimi) of 2, 3 and 4 mm between the LT-IMIMI-Ws with
various tapered angles. The coupling losses (CLt_imimi (dB/taper)) of the LT-IMIMI-W were
experimentally determined by using the following Eg. (1):

CLir—imimi = (Ibpmsc —PLimi x (Li + Lo) =2 x CLpmr -PLimimi x Limimi ) /2 (1)

where |Lpysc is the insertion loss of the bow-tied PMSCs, PL,y; is the propagation loss of
the 6 um-wide IMI-W (seeFig. 3(a)), Li (Lo) isthetotal length of the input (output) 6 um-wide
IMI-W (see Fig. 4), CLpmr is the coupling loss between the 6 um-wide IMI-W and the PMF
(see Fig. 3(a)), PLimimi is the propagation loss of the 3 um-wide IMIMI-W (see Fig. 3(b)),
Limimi is the length of the 3 um-wid IMIMI-W (see Fig. 4). Here, the denominator 2 comes
from the fact that there are two LT-IMIMI-Ws (i.e., two tapers) in the bow-tied PM SCs.

#153295 - $15.00 USD  Received 22 Aug 2011; revised 22 Sep 2011; accepted 26 Sep 2011; published 18 Oct 2011
(C) 2011 OSA 24 October 2011 / Vol. 19, No. 22 / OPTICS EXPRESS 21610



The experimentally obtained LT-IMIMI-W coupling losses between the 6 um-wide IMI-W
and the 3 um-wide IMIMI-W as a function of tapered angle are shown in Fig. 4. Here, the
coupling losses include the coupling loss between the 6 um-wide IMI-W and the 3 um-wide
IMIMI-W as well as the propagation losses for the LT-IMIMI-WSs. With decreasing the angle
of the LT-IMIMI-W, which simultaneously resultsin increasing the length of the LT-IMIMI-W,
the coupling losses of the LT-IMIMI-W increase, as shown in Fig. 4. The coupling losses of
the LT-IMIMI-W with lengths of less than 1.5 um (larger than 45°) increased slightly because
of stronger light reflection at the interface between the IMI-W and the IMIMI-W [12]. Includ-
ing the propagation loss of LT-IMIMI-W, the coupling loss of the ~27° angled LT-IMIMI-W
between the 6 um-wide IMI-W and the 3 um-wide IMIMI-W is ~1.16 dB/taper, which was
lowest loss obtained, as shown in Fig. 4. In fact, this coupling loss is less than the coupling
losses shown in Fig. 3(b) by ~0.8 dB.

Theinsertion loss of the bow-tied PMSC composed of two ~27° angled LT-IMIMI-Ws and
the 3 um-wide IMIMI-W with a2 mm length is ~8.6 dB. However, the insertion loss of the
partially overlapped IMIMI-W with the 2 mm-long and 3 um-wide IMIMI-W was ~15.4 dB,
as shown in Fig. 3(b). By using the 6 um-wide IMI-W (for a coupling element between the
PMF and LT-IMIMI-W) and the ~27° angled LT-IMIMI-W (for a coupling element between
the 6 um-wide IMI-W and 3 um-wide IMIMI-W), the insertion |oss was reduced by ~6.8 dB.
In other words, the coupling loss from the PMF to the 3 um-wide IMIMI-W was reduced by
~3.4 dB by using the presented PM SC with a~27 ° angled LT-IMIMI-W. These results show
that the LT-IMIMI-W is needed to reduce the coupling loss in the PM SC.

Table 1. Comparison of dimensions and losses for the bow-tied PMSC and the partialy
overlapped IMIMI-W.

Bow-tied PMSC Partially overlapped IMIMI-W
Width of IMI-W (um) 6.0 3.0
Width of IMIMI-W (um) 3.0 3.0
Lj + Lo (mm) 85 8.5
Livimvi (mm) 2.0 2.0
CLpmr (dB/facet) 0.77 452
CLit—imimi (dB/taper) 1.17 -
CLimi—imimi (dB/facet)? - 1.92
Insertion loss (dB) 8.6 154
Total coupling loss (dB) P 4.3 77

aCLmi—mimi represents the coupling loss between the IMI-W and the IMIMI-W shown in Fig. 3(b).
bTotal coupling loss represents a half the insertion loss, i.e., the loss from the input PMF to the IMIMI-W.

Listed in Table 1 is the comparison of dimensions and losses for the bow-tied PMSC and the
partially overlapped IMIMI-W. With the shorter length of L;, we expect that the total coupling
loss from the PMF to the 3 um-wide IMIMI-W for the PM SC can be reduced to ~2.0 dB.

In order to measure the mode-intensity sizes at the wavelength of 1.55 um, an IR-Vidicon
camerawith a50x objective lens was used to take the images of the mode-intensity. By using
a beam view analyzer, the 1/€* horizontal and vertical mode-intensity sizes were evaluated
by fitting Gaussian distributions of the captured mode images. The mode-intensity size for the
PMF was 10.5 um x 10.5 um, as shown in Fig. 5(a). By using butt-coupling method, the 59
mode in the 6 um-wide and 14 nm-thick IMI-W was excited and its mode-intensity size was
measured to be 13.8 um x 13.8 um, as shown in Fig. 5(b). The s mode was coupled into the
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(a) PMF mode field (b) sp mode field (6.0 pm)

10.5 pm x 10.5 pm 13.8 um x 13.8 um

(c) Ssp mode field (2.0 pm) (d) Ssp mode field (3.0 um)

o

14.5 pm x 13.5 pm 83 umx 7.5 um

Fig. 5. Optical microscope images of the mode-intensity profiles for the (a) polarization-
maintaining fiber (PMF), (b) 6 um-wide IMI-W, (e) 2 um-wide IMIMI-W and (f) 3 um-
wide IMIMI-W. An IR-Vidicon camera was used to take the images using a 50x objec-
tive lens. The contour colors represent arbitrary values. The horizontal and vertical mode-
intensity sizes were evaluated by fitting Gaussian distributions of the captured mode im-

ages.

Ssp mode in the 2 and 3 um-wide IMIMI-Ws via the LT-IMIMI-W, as shown in Fig. 5(c) and
5(d), respectively. The measured mode-intensity sizesfor the Ssp modein the 2 and 3 um-wide
IMIMI-W were 14.5 um x 13.5 umand 8.3 um x 7.5 um, respectively. The measured mode-
intensity size of the 2 um-wide IMIMI-W is larger than that of the 3 um-wide IMIMI-W as
expected in Fig. 2(h). Note that the mode-intensity of the Ssy modein the 3 um-wide IMIMI-W
is squeezed to ~35% (horizontal 54% x vertical 60%) of the sy modein the 6 um-wide IMI-W.

The use of PMSCs yields advantages of reducing both the insertion loss and the mode-
intensity size with easy fabrication. The demonstrated PM SCs can be used as a coupling €l-
ement from the PMF to micro-plasmonic integrated devices. Moreover, PMSCs may be useful
to enhance the efficiency of plasmonic mode converters converting from the micro- to nano-
scale SPP mode.

4. Conclusions

In summary, we demonstrated the detailed mode properties of LR-SPPs at the wavelength of
1.55 um in the presented PMSCs. We both numerically calculated and experimentally meas-
ured the mode-intensity sizes of the LR-SPPs for the IMI-W and the IMIMI-W. Moreover,
we analyzed the propagation losses of the s mode in the IMI-W and the Ss; mode in the
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IMIMI-W as well as the coupling losses between them. The coupling loss of the ~27° an-
gled LT-IMIMI-W between the 6 um-wide IMI-W and the 3 um-wide IMIMI-W was ~1.16
dB/taper. By using the LT-IMIMI-W, the coupling loss was reduced by ~3.4 dB, which showed
that the LT-IMIMI-W is necessary to minimize the insertion loss for the PMSC. In addition,
the Ssyp mode-intensity in the 3 um-wide IMIMI-W can be reduced to less than 35% of the 5
mode-intensity in the 6 um-wide IMI-W. By using the presented PM SC, the 5o mode in the
IMI-W is effectively converted into the Ssp mode in the IMIMI-W with a reduction both the
insertion loss and the mode-intensity size. In view of the results obtained, the PM SC presented
enables effective hybrid integration between the IMI-W and the IMIMI-W. Furthermore, it may
be potentially useful for bridging micro- to nano-plasmonic integrated circuits.
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