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Ultrathin layer sensing based on hybrid coupler
with short-range surface plasmon polariton

and dielectric waveguide
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A highly integrated sensor that is based on a hybrid coupler composed of short-range surface plasmon po-
lariton (SRSPP) and dielectric waveguides was proposed for refractive index detecting of an ultrathin layer.
The dependence of the coupling between the SRSPP and dielectric waveguide mode on the refractive index
of the detecting layer was analyzed theoretically. For a detecting layer as thin as 1/15 wavelength, the res-
olution can be as high as 3.3�10−6 refractive index units with a sensing length of only tens of micrometers.
© 2010 Optical Society of America
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A surface plasmon polariton (SPP) is a transverse
magnetic surface electromagnetic excitation that
propagates along the interface between a metal and a
dielectric medium [1]. Resulting from the mode field
concentrated on the metal surface, the SPP is sensi-
tive to the dielectric refractive index change on the
metal surface [2]. During the past two decades, its
application in chemical and biological sensing has re-
ceived continuous and extensive attention [2–4].
However, when the molecular interaction occurs
within a rather thin layer [3], the actual detecting
layer is only about tens or several hundreds of na-
nometers, in which case the sensitivity of a conven-
tional SPP sensor degrades dramatically. This is be-
cause such a thin detecting thickness is much less
than the field penetration depth of the general SPP
mode.

For a thin metal film embedded in dielectrics, the
SPPs on the upper and the lower metal–dielectric in-
terfaces couple and form two modes: long-range SPP
(LRSPP) and short-range SPP (SRSPP) modes [1].
The LRSPP, with its mode field extending to sur-
rounding dielectrics, is promising for highly sensitive
detection of bulk refractive index change [5]. The SR-
SPP mode, with its mode field tightly bound to the
metal surface, is promising for ultrathin layer detec-
tion, which has been illustrated by prism-based [6]
and grating-based sensors [7]. Recently, we demon-
strated theoretically the highly efficient vertical cou-
pling between the SRSPP and dielectric waveguide
(DW) mode [8]. In this Letter, based on this vertical
hybrid coupler, a highly integrated sensor is proposed
for detecting the refractive index change of an ultra-
thin layer. The surface refractive index dependence of
the coupling between SRSPP and DW modes is ana-
lyzed theoretically. It is demonstrated that even for a
detecting layer as thin as 1/15 wavelength, the high
resolution, up to 3.3�10−6 RIU (refractive index
units) within the large refractive index range of 3
�10−2 RIU can be obtained with a sensing length

only about tens of micrometers.
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The proposed highly integrated sensor based on
the SRSPP-dielectric hybrid coupler is shown in Fig.
1. The operating wavelength � is fixed at 1.55 �m. As
shown in the figure, the sensor is composed of the
SiO2 substrate (refractive index ns=1.444), SiNx
waveguide layer (nd=2 and thickness hd=146 nm),
SiO2 buffer layer �hb=2 �m�, and Au film (dielectric
constant �m=−132+ i�12.65 [9] and hm=22 nm).
Above the Au film is the detecting layer with varied
refractive index ndet �1.3–1.6� and thickness hdet
�100–500 nm� in the water environment. The effec-
tive sensing length along the z direction is deter-
mined by the length of the Au film L [10].

For the SRSPP supported by 22 nm thick Au film
embedded in SiO2 when �=1.55 �m, the 1/e penetra-
tion depth in the dielectric is only about 600 nm,
which is much thinner than that of general SPP
modes. Therefore, the refractive index change within
a rather thin layer would notably influence the cou-
pling efficiency between the SRSPP and DW modes.

The device shown in Fig. 1 can be divided into
three regions along the z direction: input region I �z
�0�, sensing region II �0�z�L�, and output region
III �z�L�. In the sensing region II, there exist two
dominant bounded eigenmodes, mode A and B, re-
sulting from the in-phase and opposite-phase cou-
pling between the SRSPP and DW modes. Figures
2(a)–2(d) show the real and nonnegligible imaginary

Fig. 1. (Color online) Proposed sensor based on the

SRSPP–dielectric hybrid coupling structure.
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part of the main magnetic field component Hy of
these two bounded eigenmodes with different ndet
when the detecting layer is only 150 nm thick. The
red solid profile illustrates that the concentrations of
the mode fields surrounding the Au film and DW are
almost equal when ndet=1.475. In this case, the effec-
tive refractive indices �Re�neff�� of individual SRSPP
and DW modes match each other well, which corre-
sponds to the crossing point of the black and red
curves shown in Fig. 2(e). Reducing ndet to 1.4 or in-
creasing ndet to 1.57 will cause the Re�neff� of the in-
dividual SRSPP mode to deviate from the crossing
point, which results in unbalanced field concentra-
tions surrounding the Au and SiNx waveguide, as il-
lustrated by the black dashed and blue dotted pro-
files in Figs. 2(a)–2(d).

As the input, the DW mode Hd�x� of region I can be
expressed in terms of the superposition of the above
two eigenmodes HA�x� and HB�x� of region II at z=0,

H�x,z� = �
m=A,B

ame−�mizHm�x�e−i�mrz, �1�

where am= 1
2��Ed�Hm� · ẑdx and �m=�mr− i��mi �m

=A,B� are the complex propagation constants of the
eigenmodes in region II. Here all the modes are nor-
malized according to the unconjugated versions of

2 2

Fig. 2. (Color online) (a)–(d) Complex magnetic field pro-
file of two eigenmodes when hdet=150 nm with ndet=1.4
(black dashed), ndet=1.475 (red solid), and ndet=1.57 (blue
dotted). (a) and (b) show the real and imaginary part of
mode A, respectively; (c) and (d) show the real and imagi-
nary part of mode B, respectively. (e) Effective refractive in-
dex �Re�neff�� of SRSPP (red) and LRSPP (blue) mode of in-
dividual Au waveguide part (layers 3–6 in Fig. 1) as a
function of ndet. The black line corresponds to Re�neff� of the
dielectric waveguide mode supported by individual SiNx
waveguide parts (layers 1–3 in Fig. 1).
Eqs. (11–16) in [11], and aA +aB �1 to ensure the
completeness of expanding the input with the two
eigenmodes at z=0.

After the propagation length L, the coefficient of
the DW TM mode field Hd �Ed� in region III at z=L
can be expressed as

aL =
1

2 � �Ed � H�x,z = L�� · ẑdA

= �
m=A,B

am
2e−�miLe−i�mrL. �2�

When the input power of region I is set as 0 dBm, the
output power from the DW of region III is Pout=20
� log 	aL	 dBm. According to Eqs. (1) and (2), the ndet
dependence of coupling efficiency between the SRSPP
and the DW modes can be examined by studying the
field intensity transmitting along the z direction and
how Pout changes as a function of L.

Figure 3(a) shows the output power Pout as a func-
tion of L with different ndet. It can be seen that, when
ndet=1.475, the output power declines rapidly along L
with strong ripple, and the period of the beat is in
close agreement with 2Lc (coupling length Lc
=� / ��Ar−�Br�). The large decline slope and strong
ripple result from the complete energy exchange be-
tween the DW mode and high-loss SRSPP mode. This
can be understood easily by observing the energy
transmission process in the x–z plane; it is shown in
Fig. 3(c) that the energy of the DW mode transfers
completely to the SRSPP mode and then couples
back. Compared with Fig. 3(c), Fig. 3(b) illustrates
that when ndet=1.4, there is always some residual en-
ergy remaining in the DW, and total energy de-
creases slower along z. In this case, less energy is
coupled to the high-loss SRSPP mode, and the
shorter coupling length results in a smaller loss

Fig. 3. (Color online) (a) Output power Pout versus sensing
length L labeled with different ndet. Simulated field inten-
sity transmission process when (b) ndet=1.4, (c) ndet

=1.475, and (d) ndet=1.57.
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when the energy couples back to the DW. That is the
reason why the short-dashed curve shown in Fig. 3(a)
has much weaker ripple and smaller slope compared
with the solid curve. Similarly, when ndet is increased
to 1.57, the coupling is even weaker, with most of the
energy propagating through the DW, and the corre-
sponding Pout shown as long-dashed curve in Fig. 3(a)
has little ripple and much smaller slope.

Therefore, it can be concluded that the better the
mode field concentration around two arms matches,
the higher the coupling efficiency is, and the stronger
the ripple will appear in the Pout−L curve with a
larger decline slope. Here, the extremely weak cou-
pling between LRSPP and DW modes is ignored be-
cause of their significant Re�neff� difference, shown in
Fig. 2(e).

As a result, based on the highly sensitive SRSPP–
dielectric coupling characteristics to the refractive in-
dex of the thin detecting film, a highly integrated
sensor can be realized. Figure 4 shows that the Pout
varies dramatically with ndet for different detecting
thickness by setting L=85 �m, which corresponds to
the leftmost dip in the red solid curve shown in Fig.
3(a). The dips of the curves in Fig. 4 and the variation
of the output power over the corresponding change of
ndet were defined as the sensing center and sensitiv-
ity [2], respectively. The sensitivity for the
100-nm-thick (thinner than 1/15 wavelength) detect-
ing layer was estimated. According to the dotted–
dashed curve in Fig. 4, the average sensitivity in the
range of ndet=1.52 to ndet=1.55 can be as high as
2983 dB/RIU. If the resolution of the powermeter is
0.01 dB [2], the minimum detectable refractive index
change can be as small as 3.3�10−6 RIU. The high
resolution for such a thin detecting layer can be at-
tributed to the extremely bound field of the SRSPP
mode of the metal film. It should be also noted that
such high resolution can be obtained in a large re-
fractive index range of about 3�10−2 RIU. This is be-
cause the SRSPP can still be supported under the
comparatively large refractive index difference below
and above the metal film. In addition, according to
the results of Figs. 3 and 4, the sensing length can be

Fig. 4. (Color online) Output power Pout as a function of

det det
shorter than 100 �m owing to the strong coupling be-
tween SRSPP and DW modes.

Therefore, compared with traditional SPP sensors
[2–4,6,7,12], the proposed SRSPP–dielectric coupling
sensor can have better performance, such as a much
more compact size, larger sensing range, and higher
sensitivity for detecting films thinner than 1/10 of a
wavelength.

It can be also seen in Fig. 4 that, when the thick-
ness of the detecting layer hdet is decreased from 500
to 100 nm, the sensing center shifts from ndet=1.405
to the higher value ndet=1.535. The shift of the sens-
ing center can be interpreted that the total dielectric
refractive index above the metal film decreases with
thinner hdet. As a result, to get a high coupling effi-
ciency between SRSPP and DW modes, a larger ndet
is required for a thinner detecting layer.

In conclusion, a highly integrated sensor based on
the coupling between SRSPP and DW modes was
proposed for detecting the refractive index change of
an ultrathin layer. The dependence of the coupling ef-
ficiency between SRSPP and DW modes on the sur-
face refractive index change was analyzed theoreti-
cally. It was demonstrated that even for a detecting
layer thinner than 1/15 wavelength, a resolution as
high as 3.3�10−6 RIU within a large refractive index
range of 3�10−2 RIU can be obtained with a sensing
length as short as tens of micrometers. All these ad-
vantages meet the requirements for a SPP sensor of
the next generation.
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