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Abstract: We present a method for improving the sensing capability of 
grating coupled surface plasmon resonance (GCSPR) sensors. The grating 
is rotated azimuthally (φ) until the excitation of double surface plasmon 
polaritions (SPPs) by a single wavelength is possible. Close to this 
condition, further tuning of the incident wavelength will merge the double 
SPPs into a multi-SPP resonance which is angularly broad but spectrally 
sharp. This is the condition where the momentum vector of the propagating 
SPP is perpendicular to the incident light momentum. We demonstrate this 
sensitivity enhancement on a Au grating surface using a dodecanethiol 
(C12) self-assembled monolayer (SAM). Using this method, a shift in 
resonance angle as large as 3° can be observed. The simulated sensitivity 
of this method shows that a sensitivity up to 800°/RIU is achievable, which 
is one order of magnitude greater than that in a conventional fixed grating 
(φ = 0°) as well as the prism-coupled Kretschmann configuration. 

©2009 Optical Society of America 
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1. Introduction 

Surface Plasmon Polaritons (SPP) are electromagnetic waves coupled with surface plasma 
charge oscillations that propagate along the metal/dielectric interface. Due to its non-
radiative nature, SPP can be excited by an incident EM-wave illuminating the metal surface 
(Surface Plasmon Resonance - SPR) only in proper configurations such as prism-coupling 
and grating-coupling setup [1]. The resonance condition is extremely sensitive to the changes 
in refractive index on the metal film within a thickness comparable to the vertical extinction 
length of SPP [2]. Due to these properties, SPR reveals itself as a useful instrument for the 
study of surface optical properties and it is a highly suitable candidate as a sensor for liquid 
or gas solutions [3–5] and surface chemistry [6]. 

Currently, several groups are using different SPR approaches to detect the change of 
refractive index [7–10]. Sensors using prism-coupled SPR (PCSPR) with Kretschmann 
configuration [11] typically show refractive index sensitivity for typical angular interrogation 
architecture that ranges between 50 and 150°/RIU [12,13], with higher sensitivity at shorter 
wavelengths [14]. However, PCSPR sensors suffer from cumbersome optical alignment [15] 
and are not amenable to miniaturization and integration [16]. 

Another common way for SPR excitation is to use a metallic grating. Grating coupled 
SPR (GCSPR) sensors with either wavelength or angular interrogation have been 
demonstrated to have sensitivity 2-3 times lower than PCSPR [17,18]. However, GCSPR has 
the intrinsic possibility to be used with different sensing architectures and interrogation 
systems. A parallel SPR angular detection was shown by Unfrict et al. to have the possibility 
for multi detection for proteomic multiarray. Homola’s group demonstrated an SPR 
biosensor with a refractive index sensitivity of 695 nm/RIU by using wavelength 
interrogation, exploiting the advantages of both long-range and short-range surface plasmons 
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excited simultaneously on a diffraction grating [19]. Most recently, Alleyne [20] has 
exploited the generation of an optical band gap in GCSPR by using prism-coupled to achieve 
sensitivity down to 680°/RIU by bandgap-assisted GCSPR. A miniaturized GCSPR sensor 
implemented with a CCD allowed detection sensitivity of 50°/RIU over 200 sensing parallel 
channels [21–23]. 

To our knowledge, little work has been done to study the effects of rotating the grating 
substrate itself [24]. Recently, our group has shown that the number of excited SPP modes in 
GCSPR is related to the azimuthal angle of the grating. The higher the azimuthal angle, the 
larger is the number of excited SPP modes [25]. The SPP propagation direction can be 
controlled by rotating the grating azimuthally and double SPP excitation by a single 
wavelength is possible when the grating azimuthal rotation is larger than a specific angle. 
Under this condition, a small change in refractive index induces a much larger change in 
reflectivity, resulting in a higher sensitivity (more than 10 fold increase) than that for the 
non-rotated case. Here, we show that a self-assembled monolayer of dodecanethiol (C12-
SAM) molecules, which is only 1.5 nm in optical thickness [26] can be easily detected with 
an angular shift as large as 3° and an estimated sensitivity larger than 800°/RIU is possible. 
The experimental data are accompanied by a model description that explain the principle of 
sensitivity enhancement. 

2. Experimental 

The 1D sinusoidal grating used in this study, with a period of 487 nm and amplitude of 25 
nm, was generated by interference lithography (IL). The IL system was performed using 
Lloyd’s configuration [27] using a rotating sample holder stage with precision 0.01° in order 
to have a fine control of the periodicity over the sample. A 40 mW helium cadmium (HeCd) 
laser from KIMMON emitting a single TEM 00 mode at 325 nm / 441.6 nm is used as the 
source. The resulting grating has an almost perfect sinusoidal profile with a local roughness 
of the order of 1 nm rms. Subsequently the grating was formed by thermally evaporating a 
gold (7nm) /silver (37nm) bi-metallic layer. Silver is preferred because it has a smaller 
extinction coefficient than gold and therefore suffers less loss during coupling (higher 
plasmonic coupling efficiency). However a very thin gold coating is used to protect silver 
from oxidation and provides an inert surface for bio functionalization. 

C12-SAM [dodecanethiol �CH3�CH2|11SH, DDT|� was deposited on the gold coated 

grating surface at room temperature in a N2-purged glove box for 24hrs. The spontaneous 
assembly of the molecules is known to form a densely packed and highly oriented structure 
on the exposed gold surfaces [28,29]. The details of the SAM deposition is discussed in 
previous publication [29]. 

Reflectivity spectra were acquired using a J.A. Woollam Co. VASE instrument with an 
angular and wavelength spectroscopic resolution of 0.005° and 0.3 nm respectively. The 
measurements are collected before and after C12-SAM coating on Au grating in air 
environment. The sample is sitting on the center of rotation of the rotator, thus the location 
for data collection before and after coating with C12-SAM is not changed with azimuthal 
rotation. 

Incoming light with a phk  wave-vector forms an angle θ with the normal z-axis. 

Measurements are taken in a θ/2θ symmetric reflectivity configuration, with θ scanned from 
15° to 80° with a step size of 0.5°, using a 75W Xe lamp, monochromatized between 590 nm 
and 800 nm in steps of 4 nm. In our experimental method, the scattering plane is fixed and 
the gratings are mounted on a sample holder that can be rotated azimuthally to define the φ 
angle. Grating orientations used in this experiment were 0° and 60°. The grating lattice 
period has been determined in 487.3 nm using asymmetric diffraction configuration. 
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3. Results 

The experimental evidence of the azimuthal rotation effect in enhancing the SPR sensitivity 
is shown in Fig. 1 where reflectivity spectra have been collected at different wavelengths. As 
a reference, we first report the reflectivity spectra using GCSPR at conventional φ = 0° as 
shown in Fig. 1(a). In this configuration the difference in the reflectivity SPP minima before 

and after C12 functionalization, θ∆ , is typically less than 0.05 o. On the contrary, when the 

grating is azimuthally rotated to an angle of about 60 o (φ = 61.58° in our case), large angular 

differences, θ∆ , can be observed between reflectivity dips (Fig. 1(b)). The θ∆ differences 

are of the order of 1.8° but can reach values up to 3 o as for the case of λ  = 618 nm. The 

occurrence of double SPP reflectivity dips for a single incident wavelength is due to double 
matching in the momentum conservation condition, as discussed in our previous publication 
[25]. By increasing the wavelength from 606 nm to 618 nm, the two resonance dips in the 
reflectivity spectra come closer together until they merge together into one broad dip at 620 
nm. Further increase of wavelength reduces the resonance strength until SPR completely 
vanishes. 
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Fig. 1. Comparison of SPR spectrum between uncoated (solid line) and C12-coated (dashed 
line) Au grating. (a) Grating with φ = 0° (conventional mounted grating), where different line 
colors correspond to different incident wavelengths; and (b) φ = 60° (2 SPPs by single 
wavelength excitation condition), different colors of line represent difference incident 
wavelength. 

4. Analysis and discussion 

The analysis of the wave-vector components allows a description of double SPP excitation 
using the schematic shown in Fig. 2. The excitation of SPPs on a grating is achieved when 
the on-plane component of the incident light wave-vector and the diffracted SPP wave-vector 

spk  match the momentum conservation condition: 

 
||sp phk k mg= ±

� � ��
  (1) 

where )0,sin(
2

|| inphk θ
λ
π

−= , θin is the angle of incidence, the crystal momentum is 

)sin,(cos
2

ϕϕ
π
Λ

=g  whose rotation is measured by φ, and Λ  is the grating pitch. Only the 

first diffraction order (m = 1) is used because in our case, g  is always greater than 
||

phk . 

(a) (b) 
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All quadrants of the circle can be explored for SPP excitation as long as Eq. (1) is satisfied. 

For symmetry reason, only yk  positive half space is shown. 

 

Fig. 2. Schematic represents wave-vectors combination. The large circle represents equi-

magnitude g  vectors. The smaller black and green circles represent equi-magnitude 

vectors before, ( 1sppk ), and after ( 2sppk ), the surface functionalization with C12 SAM. The 

dashed lines represent a photon wave-vector and the dotted lines represent the SPP 

propagation direction, β. The letters A and B represent the g vector with azimuthal rotation 

�0=ϕ  and �60=ϕ  respectively. The capital letters with the primes represent the intersection 

of the photon wave-vector with the SPP semicircles. 

The largest circle in k -space represents equi-magnitude g  vectors at different azimuthal 

orientation. The two smaller circles represent all possible spk vectors with equal magnitude 

respectively before and after C12 surface functionalization and whose modulus is given by 

 M D

SPP ph ph

M D

k k k M
ε ε
ε ε

= =
+

  (2) 

where Mε and Dε are the dielectric constants of the metal and the dielectric medium 

respectively. After the coating, the SPP modulus increases because of the small increase in 

Dε due to the surface SAM functionalization with C12. 

The dashed line at the tip of the circle of radius g  represents the x component of the 

photon wave-vector 
||

phk , the only component that participates in SPP excitation. The line 

is scaled linearly in inθsin  such that the full length of the line at the incident angle θin of 90° 

corresponds to the maximum value of 
||phk . 

The intersections of the 
||phk  dashed horizontal line with the smaller 

sppk  circle 

determine the conditions for which Eq. (1) is satisfied and allows identification of both 
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incident angle inθ  for SPP resonance excitation and SPP propagation direction, β . We 

consider first the case of the uncoated sample - the smallest of the semicircles. For example, 

point B  on the g  circle is identified by the azimuthal angle ϕ  and allows the excitation of 

SPP at two possible conditions: 
'

1B  and 
''

1B , with 
+β  and 

−β , respectively. Within the 

double SPP range (point B ), a small increment in wavelength makes the points 
'

1B  and 
''

1B  

merge, to form a very broad resonance as shown by wavelength dependence of the 
reflectivity spectra (Fig. 1(b)). On the contrary, at φ = 0° (point A) it is clear that the photon 
wave-vector can intersect the SPP circle only in the first quadrant but not the second, thus 
exciting only a single SPP for each wavelength (Fig. 1.). 

The same understanding is applicable for light exciting SPP on the C12 coated sample. 
Due to larger kspp, different excitation condition is expected. The intersection points changes 

from 
'

1B  and 
''

1B  to 
'

2B  and 
''

2B  and from 1A  to 2A . The sensitivity of the GCSPP is 

higher at high azimuthal angles because the condition for double SPP excitation around the 
circumference of the kspp circle generates a shifts in k-space between points B1

’ and B2
’, 

which is much larger than that between points A1 and A2 provided by a single SPP excitation 
condition for φ = 0°. 

The estimated refractive index sensitivity, S, of this configuration can be defined as: 

 x

x

ph SPP

ph SPP

k k
S

n k k n

∂ ∂∂θ ∂θ
∂ ∂ ∂ ∂

= =   (3) 

In order to calculate S, we assume the rippling amplitude, δ, of the grating is so shallow 
(δ/Λ = 0.05 in our case) that the dispersion curve of SPP traveling at the metal-dielectric 
interface of a grating can be approximated by the case of a flat sample as described by Eq. 
(2). With Fig. 2 as a reference, the analytical expression for the sensitivity in angular 
interrogation can be found as: 

 

2

3
2 2

0

1 sin 2cos sin

1

cos sincos
r

M
S

n

θ φ θ
λλ

φ θθ
λ

+ −  ΛΛ= −  
  −

Λ

  (4) 

where M is defined in Eq. (2), n0 is the refractive index of the surrounding dielectric medium, 
λ is the incident wavelength and θr is the resonance angle that is equal to 

 

2

1 2 2sin cos sin
r

M
λ λ

θ φ φ−
   = −   Λ Λ  

∓   (5) 

The functional behavior of sensitivity for the first and second SPP dip is shown in Fig. 3 

for a typical wavelength of λ = 606 nm. Both the sensitivities diverge when φ approaches its 

critical value φMAX, i.e. the maximum φ angle that supports SPP resonances. In this 
configuration, incident photon momentum is tangential to the kspp circle and its length equals 
to the kx-component of the grating momentum in so that the denominator of the third term in 
Eq. (4) becomes null. Another condition for second dip sensitivity singularity is when the φ 
approaches critical azimuthal angle, φc, necessary to excite double SPP resonances, namely 
when the full length of the incident photon momentum is required to intersect the edge of the 
kspp circle. Since the incident angle θin = 90°, cosθ in the denominator of the first term Eq. (4) 
approaches 0 and S diverges. 
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Fig. 3. Sensitivity, S as a function of grating azimuthal angle, φ for the two dips for the SPR 
sensor with angular interrogation. The right y-scale refers to sensitivity values normalized to 
the first dip sensitivity at φ = 0 (Sr = S/S1(0)). In the subset figure, more detail is shown. 

Although φ close to the critical values provides a great enhancement in S (up to 2400 
°/RIU, 35 times higher than φ = 0°), these configurations should be avoided because of 

experimental limits. For cϕϕ ≅ , θr becomes large (θ>70°) and broad, becoming impossible 

to resolve the SPP minimum. In addition, when MAXϕϕ ≅ , the two resonance dips merge 

into a single broad dip which makes the two minima indistinguishable. Thus only limited 
parts of the azimuthal angular range are suitable for enhancing sensitivity significantly. The 
best conditions correspond to the middle of the “U-shape” of second dip functional behavior 
(inset of Fig. 3) where the sensitivity ranges from 900 to 1100 °/RIU, about 15 times higher 
than φ = 0° whose value is 67°/RIU. The sensitivity computed for the first SPP dip is smaller 
all over this range but it still provides values of the order of 500°/RIU. 

The experimental determinations of the wavevector phk  of the incoming light necessary 

for the SPP excitation have been successfully fitted with the help of Eq. (1), using as fitting 
parameters only the effective index of refraction and azimuthal angle. After surface 

functionalization we have determined a total increment in index of refraction equal to n∆  = 

0.00357 ± 0.00007 RIU. This is a value that agrees with the estimation of n∆  = 0.0038 RIU 

performed for effective refractive index change generated by a full surface coverage of close-
packed self assembled C12 molecules, considering their length = 1.488 nm and dielectric 

constant 12Cε  = 2.205. Also the theoretical sensitivity determination is in good agreement 

with the experimental determination obtained as a ratio between θ∆ , the angular 

differences before and after C12 coating and the n∆  determination as shown in Fig. 4(a). 

The average experimental sensitivity is of the order of 520 o /RIU for the first dip and 
reaches maximum values of 857 o /RIU for the second dip. 

The final error of the refractive index determination has been estimated on the basis of 
chi-square minimization based on a priori determination of the SPP angular position. The 
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reflectivity minima of this preliminary data set have been determined with a typical 
uncertainty of ± 0.07° deg. However the a posteriori determination of the SPP angular 
average deviation with respect to the dispersion curve best fit is much smaller, on the order 
of 0.015°, as can be confirmed by a simple graphical inspection. Taking into account this 

more realistic value for the final evaluation of the uncertainty, the value of n∆δ  is 7 × 10−5 

RIU. However, because our experimental system has an instrumental resolution of 0.001°, 
we believe it will be possible to greatly decrease the present angular uncertainty by 
increasing the statistical signal-to-noise ratio and using appropriate algorithms for data 

analysis. We expect that experimental uncertainties of n∆  on the order of ± 5 × 10−7 RIU is 

achievable. 
In order to better describe the detection improvement given by azimuthal rotation, we 

have also measured the typical figure of merit for angular and yield interrogation 
respectively defined as: 

 
( )

ang

FWHM FWHM

nS
FOM

θ

θ θ

∂ ∂
= =
∆ ∆

  (6) 

 
( )1 coat uncoated

Y

uncoated

Y Y
FOM

n Y

−
=
∆

  (7) 

where S is the sensitivity given by Eq. (4), FWHMθ∆  is the angular full width at half 

maximum of the reflectivity minima, whereas coatY and uncoatY are the minimum yield of the 

reflectivity spectra collected before and after C12 functionalization at SPR resonances. 
Figure 4(b) shows the angular and yield FOM at zero and after the azimuthal rotation for all 
the reflectivity spectra. It clearly appears an enhancement of both the figures of merit after 
the azimuthal rotation that amounts up to a factor 4 and 10 for the angular and yield FOM 
respectively. This means that the distance between two dips, before and after the 
functionalization, scales with a factor greater than the enlargment of the reflectivity dip 
width. Moreover, it must be noticed that the reflectivity yield is even more sensitive than the 
angular position. It clearly appears from the reflectivity spectra of Fig. 1 that whereas the 
minimum yield between coated and uncoated are almost the same for zero azimuth, it 
changes dramatically after azimuthal rotation. Finally, we note that both the angular and the 
yield FOM have similar functional behavior: they increase approaching the condition of two 

dips merging when 
�90== −+ ββ . This is due to the dynamical excitation of the 

plasmons with different directions. While in the case of the null azimuth the plasmon 
momentum is collinear with exciting light momentum before and after the C12 
functionalization, in the case of the azimuthally rotated grating the plasmons that are excited 

before and after functionalization have different orientations (in Fig. 2 compare the β angles 

of B points against A points). A complete analysis comprising both angular and reflectivity 
yield however involves a full dynamical analysis which exceeds the scope of this preliminary 
work. 

#110653 - $15.00 USD Received 4 May 2009; revised 15 Jun 2009; accepted 15 Jun 2009; published 2 Jul 2009

(C) 2009 OSA 6 July 2009 / Vol. 17,  No. 14 / OPTICS EXPRESS  12152



 

 

Fig. 4. (b) Figure of merit for angular (•,�) and yield (ο, ) interrogation of the SPR 

reflectivity minima. (a) Energy dispersion curve for the phk necessary for SPP excitation 

before (solid line) and after (dashed line) C12 SAM functionalization. The experimental data 
obtained by the reflectivity minima of Fig. 1 have been fitted using Eq. (1). 
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5. Conclusion 

In summary, we have shown that an enhancement in sensitivity can be obtained in GCSPR 
when double SPPs are excited after azimuthal rotation of the grating. The difference between 
uncoated and C12 SAMs coated metallic gratings is easily detectable in the vicinity of the 
double SPP condition. The shift in resonance angle detected is as large as 3° which is one 
order of magnitude higher than conventional prism-based SPR. In addition, the calculated 
sensitivity of this method is greater than 800 o/RIU, one order of magnitude higher than 
conventional mounted grating (φ = 0°). 
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