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Abstract—We present an experimental study of guiding and
routing of electromagnetic radiation along the nanometer-thin and
micrometer-wide gold stripes embedded in a polymer via exci-
tation of long-range surface plasmon polaritons (LR-SPPs) in a
very broad wavelength range from 1000 to 1650 nm. For straight
14-nm-thick stripes and a wavelength of 1550 nm, LR-SPP prop-
guasi-two-dimensional (2-D) electromagnetic (EM) excitations
propagating along a dielectric—metal interface having the EM
eld amplitudes strongly enhanced at the interface and decaying
exponentially into both the neighboring media [1]. Rather tight
eld intensity con nement to the metal surface (typically of the
order of or smaller than the wavelength in the corresponding me-
dia) makes SPPs very sensitive to surface irregularities, which
enables their use in surface analysis, including biosensing. The
same feature allows one to manipulate the SPP in the surface
plane by using different types of surface metal nanostructures.
With the recent progress in nanofabrication, ef cient control of
SPP propagation has been achieved in the different scattering

BCB

Si-Substrate (n = 3.47)

(b)

Fig. 1. (a) Schematic of the LR-SPP mode eld distribution in transvéz3e
and lateray) directions. (b) Schematic of the sample geometry: Metal stripe
of thicknesst and widthw surrounded by BCB polymer layers. The structure
is placed on a silicon substrate.

tion to the use of SPPs in optical devices is its low propagation
length at optical frequencies-0 pm in visible and~300 um

in near-infrared, for a silver—air interface) and the dif culty of
ef ciently coupling light in and out of the structure.

These restrictions to the applicability of SPP devices have led
to explorations of another avenue of SPP research that focuses
on a special SPP subset, namely long-range surface plasmon
polaritons (LR-SPPs) [8] propagating on nanometer-thin metal
Ims or stripes embedded in a dielectric material [Fig. 1(a)].
Propagation of LR-SPP modes was rst considered for thin,
in nitely wide metal Ims [8], [9] and later for metal Ims
of nite width [10]. Such symmetrical structure supports the
propagation of the eld-symmetric modal solution, whereby a
coupling of SPPs at two metal—-dielectric interfaces results in a
very small eld concentration within the central metal Im, and
hence, a low propagation loss for the LR-SPP. At the same time,
for suf ciently thin metal Ims, the LR-SPP eld components
extend over several micrometers into the cladding via two iden-
tical evanescent tails facilitating the optical excitation, because
the mode size is now close to that of the standard single-mode
(SM) ber [Fig. 1(a)]. The end- re excitation of LR-SPPs was
rst proposed by Burke:t al. [9] and realized by Charbonneau
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Propagation and coupling losses dependences on the waveguide width.

(a) 1050 nm gpen symbols) and 1200 nmsplid symbols). (b) 1400 nm §pen
symbols) and 1550 nmsplid symbols).
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(a) Coupling loss for stripe waveguides of different widths. (b) Trans-
verse LR-SPP mode pro les for in nite 14-nm-thick Au Im performed using Fig. 5.
1-D mode solver.

lengths below 1 dB/cm for a @m-wide waveguide, and quite a
reasonable loss level for the whole wavelength range from 1000
to 1650 nm when using low-loss dielectric cladding for gold
stripes. For example, for a |2m-wide stripe, the propagation
loss was found to be below 3 dB/cm in the spectral range from
1200 to 1650 nm (Fig. 4).

Width dependence of the LR-SPP stripe waveguide
performance is further demonstrated in Fig. 5, where the exper-
imentally obtained propagation- and coupling-loss dependences
on the stripe width are plotted for different wavelengths. There
is always a tradeoff between the propagation and coupling loss,
so that the decrease in propagation loss is accompanied by
the increase in the coupling loss and vice versa. For example,

Fig. 4. Propagation loss (after subtraction of BCB loss) for stripe Waveguid@g 1550 nm, the propagation loss can be decreased from 7.1
of different widths.

to 5.4 dB/cm simply by reducing the stripe width from 10 to
4 um, however, simultaneously increasing the coupling loss

pro le was decreasing with the wavelength from approximateffyom 2.2 to 3.8 dB. This is due to the fact that the LR-SPP
3.2pum at 1720 nm to 1.2im at 1030 nm [Fig. 3(b)].
The propagation loss (with the polymer absorption loss suimode con nement (less eld inside the metal stripe) observed
tracted) obtained for different waveguide widths is presentéor narrower stripes results in lower propagation loss but, at
in Fig. 4. Propagation loss displayed a general tendency of diee same time, it becomes less bound to the metal stripe and
creasing with the reduction in waveguide width, a feature thaxtends more into the dielectric [12], [15] leading to a larger
was rst theoretically predicted by Berini [10]. The decrease afoupling loss. This also means that for a speci c application
the propagation loss with the stripe width implies the possibility the given in- and out-coupling conditions, it is possible to
of reaching very low propagation loss values at telecom wawehoose an optimal waveguide dimension providing the lowest

characteristics depend on the eld localization. Weaker LR-SPP
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V. DIRECTIONAL COUPLERS BASIC PROPERTIES _g' 06} b=0 i
. , . . . o)
DCs investigated in this paper consisted of two ldR&- N
separated straight waveguides that approached each other by g 04r T
means of 2.5-mm-long cosine bends [21], and had a straightin- 5 o2l |
teraction region, where the waveguides were placed suf ciently Z ™
close to each other so that the optical energy could be transferred 00l |
from one waveguide to the other (Fig. 6). DCs were based on P T T S S
stripe waveguides of different widthvs (from 2 to 8um) and 00 02 04 06 08 10 12 14 16
had different length& of the interaction region and separation Interaction length (mm)
distances between waveguides in the interaction region (edge- (b)

to-edge distancB, from O to 8um).

For DCs with the interaction length changing from 0.1 tgrig. 7. Normalized power (power divided by the total power of two arms)
through the direct and coupled arms versus the interaction length for DCs based

1.5 mm with a 0.1 mm step, the transmission through the dirgglg um-wide (w) waveguides. (a) 8m (open symbols), 4-1m (solid symbols)
and coupled arm was measured at the wavelength of 1570 saparation. (b) @m edge-to-edge separation (D). Lines indicatesim# and

using a tuneable laser. The dependence of the normalized pofer ts [see ().
through a direct and a coupled arm for each of the DCs on inter-
action length is presented in Fig. 7 for three different Separatio”Dependences for DCs based opd-wide stripes are shown
distance® between the waveguides. _ in Fig. 8 for two different separation distancBsbetween the
In order to estimate the DC coupling length, theoretical angj;, equides. It is clear that in the case of narrow waveguide, full
ysis for coupled optical waveguides can be performed using, e transfer from one arm to another cannot be achieved. For
coupled-mode theory, which gives simple analytical solution,, senarated waveguides, a possible reason for the incomplete
for the mode-coupling process in a DC device [22], [23].  q\yer transfer is that the coupling region consists of operg-
The power transmitted through the dirégtand coupledx \iqe waveguide, sothatthe rst higher order LR-SPP mode (the
arms of a DC with the interaction lengthcan be written as [23] ast9 mode in the nomenclature of [10]) is most likely cutoff.
In case of 4dm-separation, one can adapt the ideas developed
Iy =cos?(L ), Iy =sin®(L ) (1) for the four-port couplers [24] and suggest that the asymmet-

where is a wavelength-dependent coupling constant. The cdif super-mode supported by such couplers is most probably

pling length corresponding to full power transfer from one ari®r close to) cutoff. Thus, it cannot beat with the symmetric
to another is then de ned as supermode [24, Fig. 15] to achieve synchronous coupling and

o hence complete power transfer. Weak con nement of the LR-
Liz=5- @) PP mode for relativel i i
y narrow stripes also in uences coupler
The dependences of the transmitted power through onepafrformance, since itresults in the decrease of crosscoupling and
the arms on the interaction length (Fig. 7) were tted using (lincrease of loss in the region of the cosine-bends (the cosine-
that allowed estimating the value of the coupling length arltend used for the investigated DCs was designed to minimize
the offset, which gives a correction to the nominal interactiahe bend loss for a gm-wide waveguide).
length owing to the interaction of the modes in the cosine-bendWe compared the experimentally obtained values of the
region [14]. For DCs based oni@n-wide waveguides, the cou-coupling length with the modeling based on the effective-
pling lengthL ;, , was estimated to be around 0.8, 1.9, and 4réfractive-index approach [25], which was previously used
mm for the separation distances of 0, 4, ant® respectively. for the con guration in question [15]. In this approach, the
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Fig. 8. Same asin Fig. 7 for DCs based op#-wide waveguides with #&m

(solid symbols), Oum (open symbols) separation. Fig. 9. DC output modes (direct arm to the left) for the waveguide widths.

(a) 8um. (b) 4um. (c) 2um. Waveguides are |@m separated in the interaction

TABLE | region. The output arms separation is 104.
COUPLING LENGTH AND OFFSET FORDCS BASED ON 8-im-WIDE

WAVEGUIDES WITH DIFFERENT SEPARATION DISTANCES. THEORETICAL

VALUES ARE CALCULATED USING THE EFFECTIVE REFRACTIVE INDEX obtained from the twas 1.4 mm, while for themﬂ-separated

MErHoD waveguides, this distance was about 0.7 mm (Table I). These
Waveguide | Coupling Coupling Offset, mm offset values can be qualitatively accounted for by assuming
Separation, | Length, mm | Length, mm | (experiment) that the (relatively ef cient) interaction of the modes starts in
um (experiment) | (theory) . .
8 468 41 13 the area of the cosine-bend, where the distance between the
8 4.1 41 1.6 waveguide centers is approximately twice as large as that in
4 217 1.9 1.3 the nominal interaction region. This effect was also noted in the
2 1'28 1-8 1'3 couplers reported in [24]. Coupling along tebend region
0 08 09 07 is very pronounced (Fig. 7) and has to be taken into account

while designing the waveguide components containing DCs.

) ) ) ) Examples of the output-intensity distribution observed for
coupling length for a DC is obtained by calculating th@yo pDC arms are shown in Fig. 9 for DCs based on waveguides
beat length between the rst two (lowest order) modes @ff gifferent widths. The output modes forBn-wide waveg-
the composite structure of two separated waveguides. Fo[jiges demonstrated well-de ned output modes from both arms
14-nm-thick and 16sm-wide waveguide, which correspondsyng |ow level of background light in the polymer cladding.
to the DC based on gm-wide stripes with q;lm-separathn, For narrow waveguides (2 andu wide), the output modes
the beat length was calculated to be 0.91 mm, which \Gere less de ned compared to the background owing to weaker
close to the experimentally obtained value of 0.8 mm (Tgpn nement of guided LR-SPP modes. Owing to weaker mode
ble 1). For the rst two modes of the structure, consistingon nementin narrow waveguides as compared to wider waveg-

of two 8yim-wide waveguides with 4 and Bm separation, ides, higher bend loss should be expected and was indeed ob-
the beat (coupling) length was found to be 1.9 and 4deryed for narrow LR-SPP waveguides.
mm, respectively, matching closely the experimental values

(Table 1). It should be noted that Table | contains the experi-
mental results obtained with different samples, showing slightly
different values of the coupling length. The observed variationsThe coupling length of a DC is determined by the difference
are related to the circumstance that waveguide structuiesthe propagation constants of even and odd combinations
fabricated on different substrates might have slightly differenf individual modes and is, thereby, wavelength dependent.
parameters, such as thickness of the metal stripe and properfiegs, considering the practical applications, it is clear that the
of the polymer claddings. LR-SPP-based DCs with long interaction lengths can be used
One interesting feature observed is that, at the nominal-zefor wavelength division/multiplexing, i.e., as simple add-drop

interaction length, the output power at the coupled arm wasultiplexers. Typical transmission spectra for the direct and
higher than that in the direct arm (Fig. 7). The length depeneupled arms of the DCs based oruBrwide waveguides
dencies (Fig. 7) that were tted using (1) allowed us to evaluateith the interaction length of 8 mm are presented in Fig. 10 for
the offset, which gives a correction to the nominal interactidiree different separation distances. Transmission spectra are
length due to the interaction of the modes in tBebend normalized to the straight stripe transmission of the same length
region. This offset indicates that the interaction between tvas a DC, which demonstrates that the investigated DCs exhibit
waveguides also occurs outside the parallel section. In the caffectively lossless performance. Spectra were recorded in a
of 4-um-separation between the waveguides, the offset valuery broad wavelength range from 950 to 1690 nm and showed

VI. DIRECTIONAL COUPLERS WAVELENGTH SELECTION
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introduce a mismatch between the propagation constants of the
individual LR-SPP waveguide modes [15]. As the coupling de-
teriorates owing to the thermally induced phase mismatch,fétb
is expected that, depending on the interaction length and the
applied power, one would be able to exchange the outputs for
two different wavelengths or concentrating all the radiation in
one output channel. In another approach, one can simulta %-
ously heat both DC waveguides aiming at affecting their mod ]
distributions rather than the propagation constants. It is known
that, at relatively modest applied powers1c mw/mm for [3l
the BCB polymer), the LR-SPP waveguide approaches the cut-
off value because the thermo-optic coef cient in polymers ig4]
negative [16]. This implies that the LR-SPP waveguide modE§
becomes very weakly localized—a circumstance that shou
strongly in uence the coupling ef ciency of a DC. The variation

in the coupling constant would, in turn, change the wavelengtHg!
being spatially separated by the DC in accordance with (5).
Finally, since the fact that the electrodes that can be used fim
heating are already in place, one can combine the aforemen-
tioned approaches to realize speci ¢ output states for the ch
sen wavelengths. Note that the switching power can be further
decreased by using the polymers with larger thermo-optic ef®!
fects. We believe that the above considerations clearly indicate
that the dynamically controlled DCs represent a very attractij]
alternative for re-routing the optical signals in optical networks.

(11]

VIl. CONCLUSION [12]

Guiding light along the thin metal stripes embedded in di-
electric via excitation of long-range surface plasmon polafit3]
tons provides an alternative way of designing integrated op-
tical circuits. LR-SPP-based technology offers low cost, eagy]
fabrication, low propagation loss, ef cient coupling with SM
bers, with exibility and good performance. At telecom wave-[5)
length, the propagation loss ef4 dB/cm and coupling loss
of the order of 2 dB have been obtained for a 14-nm-thick
stripe waveguides of a few micrometers in width, implying theﬁs]
such components can be used as interconnections in the op-
tical communication systems. As an example of applying the
LR-SPP-based technology to economical and practical optiégl]
devices, directional couplers based opr@-wide stripe waveg-
uides have been investigated. Coupling lengths of 4.1, 1.9, dkd
0.8 mm have been found for directional couplers with 8-, 4-, and
0-um-separated waveguides, respectively, implying that short{a]
few millimeters) and low-loss functional components (splitters,
couplers, etc.) can be realized. Directional couplers have befgﬂ
modeled using the effective-refractive-index approach, and good
agreement with the experimental results have been obtain@d!
LR-SPP straight waveguides and directional couplers have b
investigated in the wavelength range from 1000 to 1650 nm,
showing acceptable loss levels and demonstrating the feasibil#s!
of LR-SPP-based components for operation in the very bro['%g]
wavelength range. Demonstration of ef cient routing of light
using directional couplers based on LR-SPP stripe waveguides
makes them promising candidates for novel-integrated optigs;
components with high wavelength selectivity.
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