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We demonstrate numerically and experimentally the enhancement of Surface Plasmon Resonance
(SPR) sensing via dispersion engineering of the plasmonic response using plasmonic nanograting.
Following their design and optimization, the plasmonic nanograting structures are fabricated using
e-beam lithography and lift-off process and integrated into conventional prism based Kretschmann
configuration. The presence of absorptive nanograting near the metal film, provides strong field
enhancement with localization and allows to control the dispersion relation which was originally
dictated by a conventional SPR structure. This contributes to the enhancement in Q factor which

is found to be 3-4 times higher as compared to the conventional Kretschmann configuration. The
influence of the incident angle on resonance wavelength is also demonstrated both numerically and
experimentally, where, only a negligible wavelength shift is observed with increasing the incident
angles for plasmonic nanograting configuration. This surprising feature may be helpful for studying
and utilizing light-matter interaction between plasmons and narrow linewidth media (e.g. Rb atom or
molecule) having nonlocalities in their susceptibility-momentum relation. Finally, we analyze the role
of plasmonic nanograting in enhancing the performance of an SPR sensor. Our results indicate that the
integrated SPR-nanograting device shows a great promise as a sensor for various types of analytes.

Surface Plasmon Polariton (SPP) is an electromagnetic wave propagating along a metal-dielectric interface, cou-
pled to oscillations of electrons in the metal. The coupling of light into SPPs requires phase matching, where the
phase velocity of the surface plasmon wave and of the lateral component of the incident light become equal’?.
Being localized at the interface, the SPP wave is extremely sensitive to minute changes in refractive index of
the dielectric medium, in the vicinity of the interface®*. One of the most common techniques to excite the SPP
for sensing is the Kretschmann configuration>®, where the signature of SPP excitation results in a decrease in
the intensity of the reflected light from the metal surface for a particular resonance angle or wavelength’=.
Commonly, to achieve high sensitivity, the resonance linewidth should be as narrow as possible. Unfortunately,
plasmonic resonances are typically broad, mostly due to Ohmic loss in the metal'®. In this regard, coating the
Kretschmann configuration prism by thin multilayers was recently reported theoretically and shown experimen-
tally to allow the engineering of the dispersion curve'!?, Periodic structures have been shown to provide better
figure of merit for sensing via dispersion engineering and in particular via the increase in group index, leading to
the narrowing of the resonance linewidth'>!*. Indeed, enhanced sensitivity detection based on dispersion engi-
neering using metallic gratings applied upon thin metal coated prism has been reported theoretically'>-!8, but
to this end, no experimental results have been reported demonstrating the enhanced sensitivity with the metal
grating on conventional prism configuration. Hereby, we demonstrate both numerically and experimentally the
use of plasmonic nanogratings to engineer the dispersion characteristics of SPPs with the goal of obtaining nar-
row resonance linewidth and thus enhancing sensing capabilities. Moreover, as a result of the dispersion engi-
neering, we observe a negligible wavelength shift with changing the incident angle. As a result, the proposed
plasmonic nanograting device can be used as a robust system to keep the resonance wavelength constant for
broad angular (momentum) range without shifting away of the resonance frequency of the media. Certainly, the
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Figure 1. Schematic of (a) Conventional and (b) Plasmonic nanograting based Kretschmann configuration.

A 2nm Cr adhesion layer followed by a 35 nm thick gold film is deposited on the prism. Rectangular gold
nanogratings with a thickness (t,) of 40 nm, a period (P) of 200 nm and a width (w,) of 100 nm are fabricated on
top of 30 nm thick gold film.
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proposed structures can also be used for grating coupled plasmon based sensor devices, where the light is directly
illuminated on the gratings to couple a desired diffraction order to SPP mode instead of the prism coupling'**.
However, grating coupled plasmon based sensors have been shown to exhibit lower sensitivities compared to
prism-coupled based sensors due to distribution of incident light across multiple diffraction orders?"?2. The major
drawback of grating coupled plasmon based sensor in sensing applications is that, the light is incident through the
sample solution and therefore the analyte and flow cell needs to be optically transparent. On the other hand, while
the interrogation optical system for both the SPR sensors are essentially the same, the accurate control of thin
plasmonic metal layer is not required in grating coupled based sensor as compared to prism coupled based sensor.

Throughout the paper, we are comparing the conventional Kretschmann configuration (Fig. 1a), with our
configuration which is based on incorporating a nanograting on top of the metal prism (Fig. 1b). SPR sensors are
typically based on either monitoring the spectral (wavelength) response, or the angular response. In some cases,
both spectral and angular response are combined. The combined interrogation approach effectively increases the
spectral range simply by changing the angle of incidence using the same broadband source. As such, it allows
for multispectral characterization of the sample**?*. Here, we are mostly focused on the spectral interrogation
approach®?%, which is becoming more attractive due to the availability of cheap and miniaturized spectrometers
and due to the importance in integrating the SPR sensor with absorption spectroscopy”~*. By integrating the
plasmonic nanograting on top of the prism, we experimentally observed about 3-fold enhancement in Q factor
compared to the conventional Kretschmann configuration. As a result, our configuration provides enhanced
SPR sensing compared to conventional prism configuration. It should also be mentioned that other SPR sensors
exist, e.g. based on Surface Enhanced Raman Spectroscopy (SERS) and single molecule Fluorescence Resonance
Energy Transfer (smFRET). Yet, these sensors are outside the scope of the current paper.

Results and Discussions

Numerical simulations results. In the simulations, a CaF, glass was used as the prism substrate
(n=1.4307) for both configurations. The wavelength dependent dielectric constant for gold was taken from pre-
vious publications®*2. A 2nm layer of Cr (n=3.9592-4.1936i) was also considered below the gold layer as an
adhesion layer in the simulation to match the realistic experiment scenario. The thickness of thin metal layer for
conventional Kretschmann configuration, shown in Fig. 1(a), was optimized using transfer matrix method*. The
geometrical parameters for the configuration incorporating plasmonic nanograting on top of thin metal layer,
which shown in Fig. 1(b), were optimized using RCWA method?**. Broadband simulations were performed to
extract the TM polarization based reflection characteristics and field distributions were obtained using a com-
mercial finite elements full wave solver (Comsol Multiphysics).

Figure 2(a) shows the TM polarization based reflection spectrum for a conventional prism configuration (blue
line) with gold thickness of 35 nm, assuming a fixed incident angle of 45.97°. As shown, the dip in reflectivity at
the wavelength of 780 nm is clearly observed. The Q factor was found to be ~5. The reflection spectrum obtained
for an optimized plasmonic nanograting, on top of 30 nm thin metal layer, with thickness (t,) 40 nm, period (P)
200nm and width (w,) 100 nm is also shown (red line) in Fig. 2(a). The angle of incidence was assumed to be
82°. As can be seen, a sharp dip at the same wavelength (780 nm) is observed in the reflectivity spectrum. The Q
factor for the plasmonic nanograting device was found to be ~20, i.e. 4 times larger as compared to the conven-
tional Kretschmann configuration. Figure 2(b,c) show the electric field distributions at the resonance wavelength
(780 nm) for the conventional and the nanograting configurations respectively. In the case of plasmonic nanograt-
ing shown in Fig. 2(c), the field enhancement is higher as compared to the traditional prism configuration shown
in Fig. 2(b). The existence of absorptive nanograting near the metal film leads to a perturbation in the dispersion
relation of the conventional SPR structure and contributes to the enhanced Q factor'®2°.

To get the optimized geometry for proposed plasmonic nanograting structure, the geometrical parameters
namely the thin metal height (t,,), grating width (w,) and grating height (t,) (labeled in Fig. 1(b)) were changed
systematically and the reflectivity was measured for TM polarization for a range of wavelengths from 600 nm to
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Figure 2. (a) Calculated reflectivity as a function of wavelength at a fixed incidence angle for conventional

and plasmonic nanograting based Kretschmann configuration respectively. Electric field distribution for (b)
conventional and (c) plasmonic nanograting based Kretschmann configuration. The different zoom in scale has
been used for both the field plots for visualization purpose. Scale bar is arbitrary but similar normalization was
applied for both panels b and c.

1000 nm at fixed incident angle of 82°as shown in Fig. 3. The final geometrical parameters were chosen during the
simulations to achieve narrowest linewidth and high signal contrast.

Figure 3(a) shows the reflectivity spectra for t, of 40 nm, P of 200 nm, W, of 100 nm and with different thick-
ness of metal height (t.,). As t,,, was increased towards 50 nm, the minimum reflectivity reduced up to 0.4 (black
color) resulting in low signal contrast but with narrowest Full Width at Half maximum (FWHM). When t,, was
lower than 30 nm (blue color), the reflectivity value was found to be the lowest but with higher FWHM. Hence,
a careful choice of the thickness of the thin metal (t,,) of 30 nm (red color), resulted in a decent value of signal
contrast and FWHM.

Figure 3(b) shows the reflectivity spectra for t,, of 30 nm, P of 200 nm, ty of 40 nm and with different width of
metal grating (w,). It was noticed that the value of 100 nm (red color) for grating width resulted in a high signal
contrast and narrow FWHM.

Figure 3(c) shows the reflectivity spectra for t,, of 30 nm, P of 200 nm, W, of 100 nm and with different thick-
ness of metal grating height (t,). It was noticed that the SP resonance wavelength can be easily tuned by chang-
ing the grating height and the increase in the grating height leads to high signal contrast together with a lower
FWHM in the reflectivity spectra. So, the metal grating height was optimized to t,=40nm (shown in red color)
for SP resonance wavelength of 780 nm.

So, from Fig. (3), It was observed that metal height (t,,) of 30 nm, grating width (w,) of 100 nm and grating
height (t,) of 40 nm, exhibits an optimum compromise between high signal contrast and narrow FWHM for SP
resonance wavelength of 780 nm.

In order to find out the relation between the angle of incidence and the resonance wavelength, the reflectivity
spectra of both the configurations were calculated for different incident angles. While the relation for the con-
ventional Kretschmann configuration is well known and can be easily derived from simple phase matching con-
dition, it turns out that this is not the case for our nanograting based device. This is due to the strong dispersion
imprinted by the plasmonic nanograting. Figure 4(a,b) show the reflected spectra for various angles of incidence
in both the configurations respectively. As can be seen, in the case of Fig. 4(a) the resonance wavelength decreases
significantly with the increase in incident angle, following the relation:

2T . 2w
= Tnprism sinf = K, = Tn

K 5 spp 1)

in||

where K, ||is the momentum of the incident wave in the parallel (x) direction, 6 is the angle of incidence, 71, is
the refractive index of the prism, ) is the resonance wavelength and n,,, is the refractive index of the plasmonic
mode. Yet, while the resonance wavelength for the case of the plasmonic nanograting based configuration must
also follow the same rule, one observes a negligible wavelength shift for different incident angles, as shown in
Fig. 4(b). This striking observation is the direct result of our dispersion engineering approach, implemented by
the plasmonic nanograting. This behavior can be understood by taking the derivative of Eq. 1 with respect to the
wavelength. By doing so, one obtains
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Figure 3. Calculated reflectivity as a function of wavelength for plasmonic nanograting based Kretschmann
configuration at an incident angle of 82° for a grating period of 200 nm with (a) variation in thin metal height
() (b) variation in grating width (w,) and (c) variation in grating height (t,) respectively.

1 1
(b)
0.9 0.9
0.8 0.8
0.7 0.7
3 3
® 0.6 ® 0.6
2 2
=05 S05
S ©
é’ 0.4 t.q__) 0.4
7} 7}
o o
0.3 0.3
0.2 0.2
0.1 o1
¢ 0
450 500 550 600 650 700 750 800 500 600 700 800 900
Wavelength (nm] Wavelength (nm}

Figure 4. Calculated reflectivity as a function of wavelength with variation in incidence angle for (a)
Conventional and (b) Plasmonic nanograting based Kretschmann configuration.
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As can be seen, it is possible to minimize the angular sensitivity of the resonance wavelength (i.e. to maximize
do/d)), by increasing the dispersion dn,/ d)\)*. Indeed, we find a striking difference in group index [(defined as
ny = fg — A ") between the two configurations, where the nanograting approach yields a group index of 4.18,
whereas the group index of the conventional Kretschmann approach is only 1.17.

It has been already shown that effective dispersion engineering in the composite structures can be achieved by
patterning the metal layer**-*. To learn more about the dispersion characteristics for both the configurations, we
have calculated the reflectivity of both configurations as a function of wavelength and incident angle. Wavelength
scanning from 400 nm to 1800 nm with an increment of 0.05 nm and angle scanning from 40° to 89° with an
increment of 0.25° are performed. The obtained results are shown in Fig. 5(a) (Kretschmann configuration) and
5(b) (nanograting configuration). The deep blue regions indicate minimum in reflectivity, corresponding to the
excitation of surface plasmon resonance. For Fig. 5(a), one can observe the standard dispersion curve for con-
ventional Kretschmann configuration. In striking contrast, the introduction of a nanograting on top of the flat
metal brings about a drastic change in reflection characteristics as shown in Fig. 5(b). In general, the resonances
in this dispersion curve tends to bend towards higher incidence angle and higher wavelengths. We also note that
a negative slope occurs in the wavelength range above the black dashed lines. Indeed, this specific wavelength
range in which negative slope is obtained can be tuned from visible region to IR region by changing geometrical
parameters such as the period or grating thickness.
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Figure 5. 2D dispersion curve for (a) Conventional and (b) Plasmonic nanograting based Kretschmann
configuration. The color bar indicates the reflectance values. Dashed lines are added to show the dispersive
plasmonic modes. The upper dashed line is originated from the nanograting while the lower dashed line is
originated from the conventional Kretschmann configuration. As can be seen, the addition of the nanograting
adds significant dispersion to the system, allowing to obtain high group index and narrow resonances.
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Figure 6. Calculated reflectivity spectra for several choices of top dielectric layer for (a) Conventional and (b)
Plasmonic nanograting based Kretschmann configurations. A dielectric film of thickness 100 nm is considered
on the top layer of both the configurations and the reflectivity spectra was calculated with the increase in the
refractive index of the dielectric film.

Application to sensing. In order to compare the potential performance of both configurations for SPR sens-
ing, we have followed the common knowledge in the field by introducing the Figure of Merit (FOM) defined by
FOM = S/w, where w and S denote the FWHM of SPR dip and the sensitivity (i.e. the change in resonance wave-
length as a function of a change in the refractive index of the dielectric layer on top of the metal) respectively®-!.

To calculate the sensitivity for both the configurations, a dielectric layer of thickness 100 nm was assumed to
be placed on the top surface. The refractive index of this layer was gradually varied from 1.33 to 1.36 in step of
0.01. Figure 6(a,b) show the reflectivity spectra for several choices of refractive index of the dielectric layer for the
conventional SPR and the plasmonic nanograting configurations, respectively. For both cases, a red shift in the
spectra is observed with the increase in the refractive index of dielectric layer.

As can be seen, the sensitivity (S) for the conventional prism configuration is higher (1500 nm/RIU) than that
of the nanograting configuration (1100 nm/RIU). Yet, due to its high Q factor (or equivalently the smaller value
of w, 55nm versus 130 nm), the plasmonic nanograting still provides a better FOM (20 > 12) as compared to the
conventional configuration. As such, one may expect better sensing capability, i.e. the plasmonic nanograting
configuration is expected to provide the capability of observing smaller changes in the refractive index of the top
layer, and as such, it should be sensitive to a smaller concentration of analytes.
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Figure 7. Calculated reflectivity spectra of our plasmonic nanograting based Kretschmann configuration
for different values of refractive index as a top dielectric layer with (a) variation in thin metal height (t,,)
(b) variation in grating width (w,) and (c) variation in grating height (t,) respectively.

To show the effect of different geometrical parameters on the enhanced FOM for plasmonic nanograting based
Kretschmann configuration, the reflectivity spectra was calculated for different values of refractive index as a top
dielectric layer with variation in the geometrical parameters as shown in Fig. 7. Figure 7(a) shows the reflectivity
spectra for two different refractive indices (1.33 and 1.34) of the top dielectric layer with variation in thin metal
height (t,,) of the plasmonic nanograting configuration. As expected, a red shift in the spectra was observed with
the increase in the refractive index of the top dielectric layer. For metal height of 20 nm (blue color), the broad
linewidth (FWHM) for SP resonance resulted in FOM value of 10, whereas, for 40 nm thick metal (green color),
the value of FOM was found to be 22 due to narrower FWHM. The optimized 30 nm metal height (red color)
exhibited about the same FOM (20) while offering the highest signal contrast.

Figure 7(b) shows the reflectivity spectra for two different refractive indices (1.33 and 1.34) of the top dielec-
tric layer with variation in grating width (w,) of the plasmonic nanograting configuration. It can be noticed that
for the optimized 100 nm grating width (red color), the narrowest FWHM with a higher signal contrast resulted
in FOM value of 20, which is higher as compared to other two cases (blue and green color) shown in Fig. 7(b).

Figure 7(c) shows the reflectivity spectra for two different refractive indices (1.33 and 1.34) of the top dielec-
tric layer with variation in grating height (t,) of plasmonic nanograting configuration. It can be noticed that for
values of t,=20nm (blue color) and 60 nm (green color) the FOM values found to be 16.07 and 17.3 respectively,
whereas, for optimized value of t,=40nm (red color), the narrowest FWHM of SP resonance resulted in FOM
value of 20.

Experimental Results

The SEM micrograph for 1D plasmonic structure with period 200 nm is shown in Fig. 8(a). Figure 8(b) shows the
photograph for the prism integrated with the plasmonic nanograting. Following the fabrication of the device, we
turn into their experimental characterization. Figure 8(c) shows the schematic for the experimental setup for the
Kretschmann configuration. A broadband light source in the wavelength range spanning from 400 nm to 1500 nm
was used to excite the SPP wave on the sample which is mounted on a rotational stage. TM polarized light focused
using a low NA lens was incident on the sample at a fixed incident angle. The reflected light is collected by another
lens, and focused towards a fiber-coupled spectrometer (FLAME-S-VIS-NIR-ES from Ocean Optics).

Figure 8(d) shows the experimentally measured reflectivity spectra for both configurations. From the spectra,
the reflectivity dip for the sample with the plasmonic nanograting (red line) was found to be significantly nar-
rower than that obtained for the conventional prism configuration (blue line). In terms of Q factor, the plasmonic
nanograting configuration (Q = 13) was found to be almost three times compared to the conventional configura-
tion (Q =4.4) which is in good agreement with the results predicted from the numerical results.

Next we turn into experimentally studying the effect of varying the incident angle on the response of the
device. To do so, light from the same broadband source was incident at different incident angles, and the reflec-
tivity spectra were collected for each incident angle.

Figure 9(a,b) show the experimentally measured reflectivity spectra for various angles of incidence in both
the Kretschmann and the plasmonic nanograting configurations, respectively. As expected from the theory and
numerical results, we found the resonance wavelength to decrease with the increase in incident angle for the case
of the Kretschmann configuration (Fig. 9(a)), whereas, one observes a negligible wavelength shift for different
incident angles for the plasmonic nanograting configuration. Indeed, this is the direct result of our dispersion
engineering approach, implemented by the plasmonic nanograting. By increasing the dispersion, it is possible
to minimize the angular sensitivity of the resonance wavelength which can be helpful for studying and utilizing
light-matter interaction effects with a narrow linewidth media (e.g. Rb atom or molecule) having nonlocalities
in their susceptibility-momentum relation*2. For such cases, the proposed plasmonic nanograting device can be
used as a robust system to keep the resonance wavelength constant for broad angular (momentum) range without
shifting away of the resonance frequency of the media.
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Figure 8. (a) SEM Micrograph of the fabricated 1D plasmonic nanograting with period of 200nm (b) a
micrograph showing the integrated plasmonic nanograting glued on top of the prism (c¢) Schematic drawing of
the experimental SPR setup. A TM polarized beam from the broadband source is incident on the sample and the
reflectivity is measured by the fiber-coupled spectrometer (d) Experimentally measured reflection spectra of the
samples without (blue) and with (red) the plasmonic grating at incident angles of ~46.2° and ~83°, respectively.
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Figure 9. Measured reflected spectra for (a) Conventional and (b) Plasmonic nanograting based Kretschmann
configuration with variation in angle of incidence.

Conclusions

We have shown numerically and experimentally that the resonance linewidth in an SPR based on the
Kretschmann configuration can be reduced by using the concept of dispersion engineering. More specifically,
by incorporating a plasmonic nanograting on top of a flat metal film we obtained a slow light effect, leading to a
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three to four-fold increase in Q factor. The plasmonic nanograting allows to tailor the dispersion of the plasmonic
mode such that dispersion engineering and high group index is achieved. We have also shown that the figure of
merit for sensing can be improved, essentially allowing to detect smaller changes in refractive index and hence
to observe lower concentration of analytes. Furthermore, we have calculated the electromagnetic field distri-
bution and show that the plasmonic nanograting further confine the field, offering the advantage of enhanced
light matter interactions. Another important aspect of our device is the reduced sensitivity to angle of incidence.
While in the conventional Kretschmann configuration the resonance wavelength shifts significantly with the
angle of incidence, this is not the case for our configuration due to the high group index. As such, our device
may become useful in probing atoms or molecules near their resonance wavelength under broader momentum
excitation. Although the fabrication using electron beam lithography is considered as limiting factor, this obsta-
cle can be removed by using approaches such as nano-imprint lithography. Moreover, the aspect ratio required
for the implementation of our plasmonic nanograting is fairly low (~0.4) which is advantageous for biomedical
applications for two main reaons: 1 - it is easier to fabricate and 2 - it still allows to maintain laminar flow of the
analyte between the grooves of the structure during the adsorption of the bio-analyte (e.g. antibody or antigen).
In the future, we also intend to integrate our device with analytes delivery system such as microfluidic channels,
and to probe actual analytes in an absorption spectroscopy scheme. By doing so, it should be possible to achieve
an advanced, versatile, robust and low cost integrated sensor for variety of sensing applications.

Methods

Fabrication. For comparison purposes, we have fabricated two types of samples, the conventional
Kretschmann device and the plasmonic nanograting device. For the Kretschmann configuration, we have used
aright-angle CaF, prism. After cleaning with soap water and DI water, a stack of 2-nm thick Cr (as an adhesion
layer) and a 35-nm thick layer of gold were evaporated on top of the prism using e-beam evaporator at deposition
rates of 0.3 A°/s and 0.5 A°/s respectively. For the second configuration, plasmonic naonograting was fabricated
on top of a 180 um thick CaF, glass substrate, deposited with 2 nm thick Cr followed by 30 nm thick gold layer
using e-beam evaporator. Next, a 200 nm thick PolyMethylMethAcrylate (PMMA) 950K e-beam resist from
Microchem was spin coated over the gold-coated sample and patterned using Raith 150 electron beam system
with 20kV accelerated voltage, 10 mm working distance, 10 pum aperture size and an optimized dose of 500 nC/
cm? for patterned area 600 um x 600 pm. The exposed PMMA was developed for 60 seconds using MIBK:IPA
(1:3) solution in cold environment. A 40 nm thick gold layer was deposited on the patterned PMMA grating using
e-beam evaporator. Lift off was used to obtain designed structure by treating the sample with acetone using ultra-
sonic-bath for 5minutes. The plasmonic nanograting fabricated on glass substrate was integrated on the prism
with index matched (NOA-85) optical adhesive.

Data availability statement. The dataset generated or analyzed during the current study are available from
the corresponding author on reasonable request.

References
1. Ritchie, R. H. Plasma Losses by Fast Electrons inThin Films. Physical Review 106, 874-881 (1957).
2. Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 424, 824-830 (2003).
3. Maier, S. A. Plasmonics: Fundamentals and Applications. Springer Science & Business Media, https://doi.org/10.1016/j.
aca.2010.06.020 (2007).
4. Kabashin, A. V. et al. Plasmonic nanorod metamaterials for biosensing. Nature Materials 8, 867-871 (2009).
5. Homola, J., Koudela, I. & Yee, S. S. Surface plasmon resonance sensors based on diffraction gratings and prism couplers: sensitivity
comparison. Sensors and Actuators, B: Chemical 54, 16-24 (1999).
6. Gwon, H. R. & Lee, S. H. Spectral and Angular Responses of Surface Plasmon Resonance Based on the Kretschmann Prism
Configuration. Materials Transactions 51, 1150-1155 (2010).
7. Advincula, R., Aust, E., Meyer, W. & Knoll, W. In Situlnvestigations of Polymer Self-Assembly Solution Adsorption by Surface
Plasmon Spectroscopy. Langmuir 12, 3536-3540 (1996).
. Homola, J. Present and future of surface plasmon resonance biosensors. Analytical and Bioanalytical Chemistry 377, 528-539 (2003).
9. Homola, J. Surface plasmon resonance sensors for detection of chemical and biological species. Chemical Reviews 108, 462-493
(2008).

10. Ding, F. et al. Broadband near-infrared metamaterial absorbers utilizing highly lossy metals. Scientific Reports 6, 1-9 (2016).

11. El-Gohary, S. H., Choi, M., Kim, Y. L. & Byun, K. M. Dispersion curve engineering of TiO2/silver hybrid substrates for enhanced
surface plasmon resonance detection. Sensors (Switzerland) 16, 1-10 (2016).

12. Liu, Z. et al. Surface dispersion engineering of Ag-Au alloy films. Applied Physics Express 8, 1-3 (2015).

13. Goldring, D. et al. Experimental measurement of quality factor enhancement using slow light modes in one dimensional photonic
crystal. Optics Express 16, 5585-5595 (2008).

14. Goldring, D., Levy, U. & Mendlovic, D. Highly dispersive micro-ring resonator based on one dimensional photonic crystal
waveguide design and analysis. Optics Express 15, 3156-3168 (2007).

15. El-Gohary, S. H., Eom, S., Lee, S. Y. & Byun, K. M. Dispersion curve-based sensitivity engineering for enhanced surface plasmon
resonance detection. Optics Communications 370, 299-305 (2016).

16. Bahrami, E, Aitchison, J. S. & Mojahedi, M. Dual-wavelength spectroscopy of a metallic-grating-coupled surface plasmon resonance
biosensor. IEEE Photonics Journal 7, 4800507 (2015).

17. Byun, K. M,, Jang, S. M., Kim, S. J. & Kim, D. Effect of target localization on the sensitivity of a localized surface plasmon resonance
biosensor based on subwavelength metallic nanostructures. Journal of the Optical Society of America. A, Optics, image science, and
vision 26, 1027-34 (2009).

18. Alleyne, C. ], Kirk, A. G., McPhedran, R. C., Nicorovici, N.-A. P. & Maystre, D. Enhanced SPR sensitivity using periodic metallic
structures. Optics express 15, 8163-8169 (2007).

19. Homola, J,, Yee, S. S. & Gauglitz, G. Surface plasmon resonance sensors: review. Sensors and Actuators B: Chemical 54, 3-15 (1999).

20. Byun, K. M., Kim, S. J. & Kim, D. Grating-coupled transmission-type surface plasmon resonance sensors based on dielectric and
metallic gratings. Applied optics 46, 5703-5708 (2007).

21. Arora, P. & Krishnan, A. Analysis of Transmission Characteristics and Multiple Resonances in Plasmonic Gratings Coated with
Homogeneous Dielectrics. in Progress In Electromagnetics Research Symposium Proceedings, 2013 1, 927-931 (2013).

sl

SCIENTIFICREPORTS | (2018) 8:9060 | DOI:10.1038/s41598-018-27023-x 8


http://dx.doi.org/10.1016/j.aca.2010.06.020
http://dx.doi.org/10.1016/j.aca.2010.06.020

www.nature.com/scientificreports/

22. Roh, S., Chung, T. & Lee, B. Overview of the characteristics of micro- and nano-structured surface plasmon resonance sensors.
Sensors 11, 1565-1588 (2011).

23. Yan, H.,, Lai-xu, G., Wen-ling, S., Song-quan, L. & Hong-an, Y. Realization of Surface Plasmon Resonance sensor based on
wavelength modulation by using 50 nm broadband light source. 2010 Academic Symposium on Optoelectronics and Microelectronics
Technology and 10th Chinese-Russian Symposium on Laser Physics and Laser TechnologyOptoelectronics Technology (ASOT) 182-185;
https://doi.org/10.1109/RCSLPLT.2010.5615335 (2010).

24. Jorgenson, R. C. & Yee, S. S. A fiber-optic chemical sensor based on surface plasmon resonance. Sensors and Actuators B: Chemical
12, 213-220 (1993).

25. Liu, X. et al. Wavelength-modulation surface plasmon resonance sensor. TrAC - Trends in Analytical Chemistry 24, 887-893 (2005).

26. Perrotton, C., Javahiraly, N., Slaman, M., Dam, B. & Meyrueis, P. Fiber optic Surface Plasmon Resonance sensor based on wavelength
modulation for hydrogen sensing. Optics Express 19, A1175-A1183 (2011).

27. Zilbershtein, A., Golosovsky, M., Lirtsman, V., Aroeti, B. & Davidov, D. Quantitative surface plasmon spectroscopy: Determination
of the infrared optical constants of living cells. Vibrational Spectroscopy 61, 43-49 (2012).

28. Zhao, J., Das, A., Schatz, G. C,, Sligar, S. G. & Van Duyne, R. P. Resonance localized surface plasmon spectroscopy: Sensing substrate
and inhibitor binding to cytochrome P450. Journal of Physical Chemistry C 112, 13084-13088 (2008).

29. El-Sayed, I. H., Huang, X. & El-Sayed, M. A. Surface plasmon resonance scattering and absorption of anti-EGFR antibody
conjugated gold nanoparticles in cancer diagnostics: Applications in oral cancer. Nano Letters 5, 829-834 (2005).

30. Adato, R. & Altug, H. In-situ ultra-sensitive infrared absorption spectroscopy of biomolecule interactions in real time with
plasmonic nanoantennas. Nature Communications 4, 1-10 (2013).

31. Arora, P. & Krishnan, A. Imaging the engineered polarization states of surface plasmon polaritons at visible wavelengths. Journal of
Lightwave Technology 32, 4816-4822 (2014).

32. Vial, A, Grimault, A. S., Macias, D., Barchiesi, D. & Lamy De La Chapelle, M. Improved analytical fit of gold dispersion: Application
to the modeling of extinction spectra with a finite-difference time-domain method. Physical Review B - Condensed Matter and
Materials Physics 71, 1-7 (2005).

33. Katsidis, C. C. & Siapkas, D. I. General transfer-matrix method for optical multilayer systems with coherent, partially coherent, and
incoherent interference. Applied Optics 41, 3978-3987 (2002).

34. Moharam, M. G., Grann, E. B. & Pommet, D. A. Formulation for stable and efficient implementation of the rigorous coupled-wave
analysis of binary gratings. Journal of optical society of america A 12, 1068-1076 (1995).

35. Khurgin, J. B. Slow light in various media: a tutorial. Advances in Optics and Photonics 2, 287-318 (2010).

36. Chasnitsky, M., Golosovsky, M. & Davidov, D. Broadband surface plasmon wave excitation using dispersion engineering. Optics
Express 23, 30570-30582 (2015).

37. Kelf, T. A., Sugawara, Y., Baumberg, J. J., Abdelsalam, M. & Bartlett, P. N. Plasmonic band Gaps and trapped plasmons on
nanostructured metal surfaces. Physical Review Letters 95, 1-4 (2005).

38. Dickson, W,, Wurtz, G. A., Evans, P. R, Pollard, R. J. & Zayats, A. V. Electronically controlled surface plasmon dispersion and optical
transmission through metallic hole arrays using liquid crystal. Nano Letters 8, 281-286 (2008).

39. Offermans, P. et al. Universal scaling of the figure of merit of plasmonic sensors. ACS Nano 5, 5151-5157 (2011).

40. Shalabney, A. & Abdulhalim, I. Figure-of-merit enhancement of surface plasmon resonance sensors in the spectral interrogation.
Optics Letters 37,1175-1177 (2012).

41. Wu, P. C. et al. Vertical split-ring resonator based nanoplasmonic sensor. Applied Physics Letters 105, 1-4 (2014).

42. Stern, L., Grajower, M. & Levy, U. Fano resonances and all-optical switching in a resonantly coupled plasmonic-atomic system.
Nature Communications 5, 1-9 (2014).

Acknowledgements
The authors acknowledge financial support from the Israeli ministry of Science and Technology.

Author Contributions
P.A. designed and fabricated the devices, performed the experiments and wrote the paper; E.T. performed the
experiments; N.M. fabricated the devices, and U.L. supervised the project and reviewed the paper.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:9060 | DOI:10.1038/s41598-018-27023-x 9


http://dx.doi.org/10.1109/RCSLPLT.2010.5615335
http://creativecommons.org/licenses/by/4.0/

	Dispersion engineering with plasmonic nano structures for enhanced surface plasmon resonance sensing

	Results and Discussions

	Numerical simulations results. 
	Application to sensing. 

	Experimental Results

	Conclusions

	Methods

	Fabrication. 
	Data availability statement. 

	Acknowledgements

	Figure 1 Schematic of (a) Conventional and (b) Plasmonic nanograting based Kretschmann configuration.
	Figure 2 (a) Calculated reflectivity as a function of wavelength at a fixed incidence angle for conventional and plasmonic nanograting based Kretschmann configuration respectively.
	Figure 3 Calculated reflectivity as a function of wavelength for plasmonic nanograting based Kretschmann configuration at an incident angle of 82° for a grating period of 200 nm with (a) variation in thin metal height (tm) (b) variation in grating width (
	Figure 4 Calculated reflectivity as a function of wavelength with variation in incidence angle for (a) Conventional and (b) Plasmonic nanograting based Kretschmann configuration.
	Figure 5 2D dispersion curve for (a) Conventional and (b) Plasmonic nanograting based Kretschmann configuration.
	Figure 6 Calculated reflectivity spectra for several choices of top dielectric layer for (a) Conventional and (b) Plasmonic nanograting based Kretschmann configurations.
	Figure 7 Calculated reflectivity spectra of our plasmonic nanograting based Kretschmann configuration for different values of refractive index as a top dielectric layer with (a) variation in thin metal height (tm) (b) variation in grating width (wg) and (
	Figure 8 (a) SEM Micrograph of the fabricated 1D plasmonic nanograting with period of 200 nm (b) a micrograph showing the integrated plasmonic nanograting glued on top of the prism (c) Schematic drawing of the experimental SPR setup.
	Figure 9 Measured reflected spectra for (a) Conventional and (b) Plasmonic nanograting based Kretschmann configuration with variation in angle of incidence.




