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Integrated sensor for ultra-thin layer sensing based on hybrid coupler
with short-range surface plasmon polariton and dielectric waveguide
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State Key Lab of Integrated Optoelectronics, Department of Electronic Engineering, Tsinghua University,

Beijing 100084, China
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Based on a hybrid coupler composed of short-range surface plasmon polariton (SRSPP) and
dielectric waveguides, an integrated sensor for ultra-thin layer sensing has been realized. The
simulation and experiment results demonstrate that the thickness variation of detection layer
(polymer layer) about several nanometers could be detected. The measured thickness-detection
sensitivity is as high as 0.67 dB/nm. And the sensitive region for thickness variation of polymer
layer can be adjusted widely by varying the thickness of the SRSPP waveguide. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4792319]

A surface plasmon polariton (SPP) is a transverse-
magnetic surface electromagnetic excitation that propagates
along an interface between a metal and a dielectric medium."
The significant response of SPP to a variation in external re-
fractive index plays a critical role in chemical and biological
sensing technology.”'* As is well known, the detection of
small molecules with size only in the range from several to
hundreds of nanometers, such as He,3 bisphenol A,4 pro-
teins,5 and benzo[a]pyrene,g’9 has received more and more
extensive attention in various application of disease diagno-
sis, food security, environment monitoring, and so on. For
these applications, real-time and field test is an important
issue. Therefore, the integration of sensor with rather small
size and low cost has to be considered. Up to now, various
integrated SPP sensors have been reported with different me-
tallic nanostructures, such as metal strips waveguides,'’
fiber-optic waveguide structure,'’ metal—insulator-metal
waveguides,'>'* photonic crystal waveguide,"* and so on.
However, the sensitivity of the integrated SPP sensor wor-
sens significantly when reducing the thickness of detection
layer to tens of nanometers, which is rather thin compared
with the field size of conventional SPP mode. Moreover,
utilizing the spectrometer as the output signal detector is not
suitable for the integration of the sensing system and
real-time and field test.

The short-range SPP (SRSPP) mode is a type of SPP
mode guided by a thin metal film with a field highly bounded
on the surface of the metal film, which is promising for ultra-
thin layer detection,® because its mode size is only a fraction
of the incidence wavelength.? Recently, our group has pro-
posed a vertical SPP-dielectric coupler. Based on this struc-
ture, long-range SPP (LRSPP) and SRSPP have been excited
efficiently using an integratable approach,'>™'7 and it is dem-
onstrated theoretically and experimentally that the coupling
between the SPP mode and the dielectric waveguide (DW)
mode is very sensitive to the refractive index of analytes on
the metal surface. As a result, by monitoring the output
power of the dielectric waveguide, this hybrid coupler has
great potential for realizing an integrated biological and
chemical sensor with rather high sensitivity.'>'®'* Based on
our previous works, where the thick detection layer was
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studied, in this paper, the ultrathin layer sensing characteris-
tics of the integrated sensor have been studied theoretically
and experimentally. The simulation results indicate that,
because the highly bounded field of SRSPP could effectively
feel the change of ultra-thin layer variation, the output power
of the sensor is rather sensitive to the variation of the thick-
ness of detection layer A4, even though /g is only dozens
of nanometers. For A4, changing 1 nm, variation of 1.65dB
in output power can be obtained. Subsequently, the inte-
grated sensors with different parameters are fabricated, and
the nanometer-thick polyelectrolyte layer with controllable
thickness and refractive index is prepared above the metal
film by utilizing the self-assembly method.?® The measure-
ment results are in good agreement with the theoretical
results, where the output power is very sensitive to the thick-
ness of the detection layer hg4., because the variation of the
thickness changes the effective index. Even 5 nm-thick varia-
tion of molecular layer can be detected. Since the detection
signal is output power in our proposed sensor, comparing to
that utilizing spectrograph as the output signal detector,”'*
the hybrid coupler sensor is essentially propitious to integra-
tion. Furthermore, it has been observed that the sensitive
region of hge, around which output power varies signifi-
cantly, can be adjusted by varying the thickness of the metal
film, which makes the sensing application flexible.

Figure 1 shows the schematic structure of the integrated
sensor, which is based on a hybrid coupler composed of a
SRSPP waveguide and a DW. Surrounding the two wave-
guides is the dielectrics SiO, with refractive index ng. The
sensing region with length L along the z-direction is located
on the SRSPP waveguide (Au strip). The sectional view of
the hybrid coupler sensor in the x—y plane and the detailed
structure parameters are presented in Fig. 1(b).

For the integrated sensor shown in Fig. 1, the previous
search results indicate that the energy coupling efficiency
between the SiNy waveguide and SPP waveguide, as well as
the output power of the SiN, waveguide, is rather sensitive
to the refractive index of substance on the metal surface.'®'°
Changing the thickness of the detection layer is actually
varying the refractive index of the detection layer and could
affect the output power of the sensor. Nevertheless, if it is

© 2013 American Institute of Physics
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FIG. 1. (a) Schematic structure of the integrated sensor based on the
SRSPP-SiN; vertical coupler with Au strip (yellow) and SiNy strip (gray)
embedded in SiO,. (b) Sectional view of the sensor in the x-y plane (Au strip
with thickness 7T,,=17nm, width W,,=8um, and dielectric constant
em=—132+ix 12.65;*" SiN, strip with thickness T4=175nm, width
W4=3 um, and refractive index nyg= 2:%! Distance between the two wave-
guides D = 1.5 um; refractive index of surrounding material SiO, n, = 1.444
(Ref. 21)).

expected to get the obvious output power change, two condi-
tions should be met. First, the relative propagation constant
of individual SRSPP (Re{n.¢}) and SiNy waveguide mode
should be close to each other when changing the thickness or
refractive index of the detection layer.ls’]6 Second, the thick-
ness change occurring in the region of mode field should be
comparable with the size of the SPP mode. Based on this
concept, the parameters of the sensor are designed and the
ultra-thin layer sensing characteristics are studied by finite
element method and modal-expansion method.”? The
detailed simulation method is similar to that described in
Ref. 19, with the only difference being that the thickness of
detection layer is decreased to dozens of nanometers and the
refractive index of detection layer is set to be 1.495, consid-
ering the refractive index of the polymer layer to be detected
in the experiment.20 Above the detection layer, there is infi-
nite thick water layer (refractive index n = 1.333). The other
structure parameters for simulation are listed in the caption
of Fig. 1.

Figure 2(a) shows that the relative propagation constant
(Re{n.s}) of DW mode and the SRSPP mode as a function of
hger. For Ty, = 15nm, the Re{n.s;} of SRSPP and DW mode
matches well at the crossing point of /g =30nm. In this
case, most of the power couples from DW mode to SPP mode
when the sensing length L ~m X L. (coupling length L.= 7/
(ParPBr), Par and Pg, are the real part of complex propagation
constants of the two coupled eigenmodes supported by the
hybrid coupler, m=1, 3, 5, 7,...).18 Thus, at the optimized
length L =106 um, the output power of DW mode P,
reaches the minimum value corresponding to the dip of the
black curve shown in Fig. 2(b). When the /4., deviates from
30nm, the Re{n.g} of the individual SRSPP mode deviates
from that of the SiNy; waveguide mode, and the coupling
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FIG. 2. (a) Relative propagation constant Re{n.¢} of SRSPP labeled with
different thicknesses of the metal film and LRSPP mode of individual Au
waveguide as a function of /4... The purple line corresponds to Re{n.g} of
the dielectric waveguide supported by SiN, waveguide. (b) Output power
P,y as a function of /g, When nge is setting to 1.495 labeled with different
thicknesses of the metal film.

between the two waveguides mode becomes weak, which
results in the larger output power from the SiN, waveguide.
To be noticed, in the range of /4. = 30-35 nm, the change of
the output power is 8.26 dB. Here, defining the thickness-
detection sensitivity (TDS) as APy, /Ahge, the average TDS is
approximately 1.65 dB/nm, which indicates a rather high sen-
sitivity for ultra-thin layer detection. Compared to conven-
tional thickness detection sensor,”>** our proposed hybrid
coupler sensor with output power as detection signal is propi-
tious to integration and has higher sensitivity for ultra-thin
layer detection. In addition, with increasing the Au thickness
To, the Re{ns} crossing points of the two waveguides mode
shown in Fig. 2(a) move to larger A4e. Thus, the correspond-
ing sensing curves illustrated in Fig. 2(b) get the minimum
Py when hge;=65nm and 105 nm, respectively. By the way,
owing to the much more diffuse mode field of LRSPP com-
pared with SRSPP mode, LRSPP cannot effectively feel the
change of ultra-thin layer variation, which is revealed by the
straight pink line in Fig. 2(b).

To verify the simulation results, the integrated sensor
based on the SRSPP-dielectric hybrid coupler sensor is fabri-
cated, and the detailed fabrication processes are similar to
that depicted in Ref. 19. Moreover, the sensors with Au strip
of different lengths and thicknesses (L = 80—150 um, with an
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FIG. 3. The SEM photo of polymer multilayer grown on the gold surface.
(a) and (c) secondary electron imaging; (b) and (d) back-scattered electrons
imaging.

interval of 10 um; T, = 15nm, 17 nm, and 20 nm) are fabri-
cated. Subsequently, the self-assembly method is adopted to
obtain the ultrathin detection layer with polyelectrolytes pur-
chased from Aldrich without further purification,?® including
poly(sodium 4-styrenesulfonate) (PSS, MW =70 000), cati-
onic poly(allylamine hydrochloride) (PAH, MW =65 000),
and cationic poly(ethyleneimine) (PEI, MW =70000).
Sodium chloride (purity > 99.5%) is purchased from Fluka,
and its 0.9 M solution is used as dissolvent for these polye-
lectrolytes and buffer/rinse solution in the experiment. First,
the SRSPP-coupling sensor is immersed into 100 ul of 0.9 M
NaCl solution and incubated for 5 min to establish a stability
baseline. 5 ul PEI solution is substituted for NaCl solution
and allowed to incubate for 5 min. Subsequently, the sensor
chip is rinsed and monitored with buffer for 5Smin. PSS and
PAH are alternately absorbed on the PEI surface using the
same procedure as PEI. In addition, a buffer rinse is used af-
ter every PSS and PAH incubation to re-establish a baseline.
Progressively, a ultrathin PEI-(PSS-PAH),, detection layer is
deposited on the sensor surface. In view of the fact that the
growth of each layer in the multilayer stack is self-limiting,
the thickness of each layer is about 5nm.?® Figure 3 shows
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the SEM images of polyelectrolyte multilayer prepared
above the gold film with 13 layers (Figs. 3(a) and 3(b)) and 4
layers (Figs. 3(c) and 3(d)), respectively.

Here, the chip is cut into 2.5-mm-long pieces for easier
measurement. In the fiber-to-waveguide butt-coupling mea-
surement,' ' the output power of the sensor is recorded
once a layer of polyelectrolyte is deposited on the chip. Con-
sidering the optimized sensing length in the simulation
results is 106 um, the sensing characteristics of the hybrid
coupler sensor with L =90, 100, and 110 yum are measured.
It is found that the sensor with L =100 um has the best
performance. Figure 4 shows the measured output power
Prym/Pre (dB) from the SiN, waveguide versus the thickness
of detection layer hy.,. For the sensor with T, = 15 nm, the
output power varies significantly as a function of the thick-
ness of polyelectrolyte layer /4. and the minimum P, is
obtained when hg=25nm. By the way, each point is
derived by measuring three samples with the same structure
parameters, and the small deviation of every point in the
three curves indicates that the sensors have good consistency
in sensing performance.

Figure 4(b) shows that the output power Pr\/Ptg changes
with the thickness of detection layer when T, = 17 nm. In this
case, owing to the shift of relative propagation constant
Re{n.s} introduced by the variation of metal film thickness as
shown in Fig. 2(b), the minimum P, moves to about 55 nm
compared with Fig. 4(a) and the average TDS is as high as
0.67 dB/nm in the range of 50-55 nm. Subsequently, when the
thickness of metal film T, is further increased to 20 nm, the
dip of the curve shifting to /ige,=90nm is observed owing to
the variation of the propagation constant of SRSPP mode.
Therefore, it is verified that SRSPP-dielectric hybrid coupler
sensor can be applied for ultrathin sensing, such as small bio-
or chemical molecules detection.

Compared with the simulation results shown in Fig.
2(b), the output power contrast (the largest change of P, is
much smaller indicating the relatively lower sensitivity. This
may be ascribed to two reasons: First, the fabrication error
results in the deviation of L in the experiment from the opti-
mal value; second, the thickness variation of detection layer
in the experiment (5 nm) is much larger than that in the simu-
lation (0.5nm), which influences the P, to reach a rather
low value. Thus, by optimizing the sensing length L and
monitoring the constant thickness variation of detection

(@) Tn=15nm (b) T,=17 nm (¢) T =20 nm
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FIG. 4. The measured output Pryy/Prg ratio (black triangles with error-bar) versus the thickness of the detection layer /g4, labeled with different Au thick-

nesses, (a) Ty, = 15nm, (b) T,,, = 17 nm, and (c¢) T,,, =20 nm.
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layer, rather high output power contrast similar to the simu-
lation results should be derived.

In conclusion, the ultrathin layer sensing characteristics
of an integrated sensor based on a vertical SRSPP-dielectric
hybrid coupler sensor have been studied theoretically and
experimentally. The simulation results show that the output
power changes significantly with nanometer-thick variation
of the detection layer due to the highly bounded field of
SRSPP. By preparing a polymer layer with controllable
thickness and refractive index on the surface of the sensor
with self-assembly method, it is observed that even 5nm-
thick variation of molecular layer is easy to be detected with
sensitivity (AP o /Ahge,) as high as 0.67 dB/nm, which would
have rather high sensitivity for small bio-chem molecule
detection and be conducive to the integration. In addition,
the sensitive region of A4 can be adjusted widely by varying
the thickness of the SRSPP waveguide.
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