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Highlights:

The sensitivity limit of GCSPR sensors was theoretically analyzed.

Gratings with the largest possible period should be used to maximize sensitivity.

Sensitivity limit increases as the detecting wavelength increases.

An extremely high sensitivity of 2077 nm/RIU was experimentally achieved.
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Abstract

Grating coupled surface plasmon resonance (GCSPR) sensors with wavelength modulation are
widely used in many fields, but the low sensitivity holds their practical applications. Here we
theoretically analyze the sensitivity limit of GCSPR sensors, provide design methods to reach the
maximum sensitivity and the way to increase the sensitivity limit. The theoretical analysis shows that
metal gratings with periods as large as possible should be used and the incident angle should be set
close to 90° in order to maximize the sensitivity for a certain detecting wavelength, moreover the
sensitivity limit increases as the detecting wavelength increases. Experimentally, we prepare three
gratings with periods of 314 nm, 1470 nm and 6733 nm by stripping commercial optical discs or
photolithography. The measured sensitivities of the sensors based on these gratings are 319.96 nm/RIU,
1477.74 nm/RIU and 2077.26 nm/RIU, respectively. The sensitivity achieved in this article is much
higher than existing ones due to the use of design method following the theoretical analysis. This work
paves the way for the optimal design of GCSPR sensors.

Keywords: Surface plasmon resonance; Optical sensor; Metal grating; Sensitivity limit;
Photolithography;

1. Introduction

Surface plasmon resonance (SPR) can be utilized for ultrasensitive refractive index sensing thanks
to its label-free, rapid and real-time monitoring capabilities. Sensors based on SPR technique have been
applied as powerful tools in biological protein testing [1-4], medical diagnosis [5-7], environmental
monitoring [8-10] and others [11-13]. Currently, among the four major SPR sensors including prism
coupling, waveguide coupling, fiber coupling and grating coupling [14-20], grating coupled SPR
(GCSPR) sensors receive much attention along with the rapid development of nanofabrication. For
example, metal gratings can be easily fabricated by laser interference lithography [21], thermal
nanoimprinting [22, 23], wet etching [24] and optical disc based methods [25, 26]. GCSPR sensor is an
excellent candidate for developing miniaturized device that meets the requirement of point-of-care
applications [27, 28]. When SPR is excited, a sharp absorption peak appears in the reflection spectrum,
where the peak wavelength is closely related to the refractive index of the surrounding dielectric

medium. For a GCSPR sensor, although the linewidth of the absorption peak is narrow, the sensitivity,
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which is defined as the shift of the resonance due to the change of the surrounding refractive index, is
typically lower than other types of sensors. The low sensitivity largely harms the performance of
GCSPR sensor. Therefore, increasing the sensitivity is an urgent need for this type of sensors [29].

Moreover, currently existing GCSPR sensors haven’t reached the sensitivity limit. For example,
Hasan Guner et al. designed a SPR imaging platform that has a sensitivity of 356 nm/RIU using Ag/Au
bilayer grating of 320 nm period [28]; Srijit Nair et al. processed a crossed surface relief grating with
period of 550 nm and the sensitivity was 647.8 nm/RIU [30]; Using an Al grating with period of 740
nm, we previously reported a sensor with sensitivity of 637 nm/RIU [31]; Using gratings with the same
period, X. Dou et al. increased the sensitivity to 858 nm/RIU [32]. Previously, we have derived the
analytical expression for the sensitivity (S) of GCSPR sensor with wavelength modulation and find that
the sensitivity is approximately proportional to the grating period (P) and inversely proportional to the
diffraction order (m), S =~ P/|m| [33]. According to this expression, fixing the diffraction order to 1%
and increasing the period will result in increasing sensitivity. However, the period cannot increase
infinitely, there is a maximum grating period that is applicable, which indicates that the sensitivity is
limited.

In this paper, we theoretically analyze the limit of sensitivity for GCSPR sensors at a fixed
working wavelength, provide design methods to reach the maximum sensitivity and the way to increase
the sensitivity limit. According to the optimal design method, we experimentally fabricate metal
gratings with three different periods and build sensors based on them. The highest sensitivity we
obtained is 2077 nm/RIU, which is much higher than other GCSPR sensors ever reported.

2. Theoretical analysis

For GCSPR sensors with wavelength modulation, a broadband light source shines on a metal
grating at incident angle of 8, the metal grating is covered by a dielectric medium, whose refractive
index is n,. Light at a certain wavelength of A will couple to surface plasmon polaritons (SPPs) when
the following condition is satisfied [14]:

Zfsin9+m2?n=17 - (1)
where m = 0,%1,+2,+£3, ... is the diffraction order, P is the grating period and &, is the dielectric
constant of the metal. This equation implies that the resonant wavelength A changes as the dielectric’s
refractiveiindex n, changes. This is exactly the working principle of GCSPR sensors.
Sensitivity describes how sensitive the wavelength changes with the refractive index. Homola et
al. have derived the expression of sensitivity under the situation where the light source is inside the
solution [14]. In our experiments, the light source is outside the sample solution, therefore sensitivity
can be analytically expressed as [33]:
3
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This equation can be simplified to S = P/|m| for wavelengths longer than 700 nm. Thus, higher
sensitivity is possible by using gratings with larger period and lower diffraction order. However, for a
certain diffraction order, the period cannot increase infinitely, there is a maximum grating period that is
applicable. The constraint comes from the SPR excitation condition, Eq. (1). The right side of Eq. (1)
represents the wave vector of SPPs, which is a constant when A and n, are fixed. The first term on
the left side of Eq. (1) represents the in-plane wave vector of the incident light, and the second term
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represents the wave vector of the grating. When the second term (P/m) changes, the first term needs to
be changed accordingly to make sure the equation holds. The constraint is that the incident angle
should be in the range of —90° < 8 < 90°, which limits the possible values of P/m.

Consider a GCSPR sensor with resonant wavelength of 800 nm and dielectric’s refractive index of
1.3641. We calculate P/m and sensitivity as a function of the incident angle according to Eq. (1) and Eqg.
(2), respectively. The results are depicted in Fig. 1a. Three most commonly used metals for sensing are
considered, they are aluminum (Al), silver (Ag) and gold (Au). As can be seen from Fig. 1a, P/m and
sensitivity both present a nonlinear upward trend with the increase of the incident angle. At large angles,
Al grating has the highest sensitivity, while Au grating has the lowest. The maximum sensitivity can be
found at = 90° for Al grating, which is 2145 nm/RIU and the corresponding value of P/m is 2117
nm.

Next, we calculate P/m limit and sensitivity limit for resonant wavelengths from 600 nm to 1500
nm by setting the incident angle to 90°. The results are shown as the solid and dashed lines in Fig. 1b.
Obviously, the P/m limit as well as the sensitivity limit increase as the resonant wavelength increases.
This is because as the wavelength increases, the mismatch between the wave vector of the SPP and the
incident light decreases, and as a result, the wave vector of the grating required to compensate for the
mismatch also decreases. The decrease of the grating’s wave vector corresponds to an increase in P/m
and sensitivity.

From the above theoretical analysis, we can conclude that to approach the sensitivity limit for a
certain detecting wavelength, a metal grating with a period as large as possible should be used and the
angle of incidence should be set close to 90°. In addition, the way to increase the sensitivity limit is to
increase the detecting wavelength. In previous reports, it has been found that the sensitivity will
increase as the grating period increases [34, 35], but most of them configure their sensors with
normally incident light, which causes the resonance wavelength to increase as the grating period
increases. Light at longer wavelength rises the difficulty of detection. Instead, in this paper we adopt
oblique incidence at large angle to bend the resonance wavelength to shorter wavelengths.
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Fig. 1. (@) P/m (solid lines) and sensitivity (dashed lines) as a function of the incident angle. (b) P/m
limit (solid lines) and sensitivity limit (dashed lines) as a function of the resonant wavelength.

3. Material and methods

Currently existing GCSPR sensors haven’t used gratings with the largest possible period and set
the angle of incidence close to 90° according to our theory, so they have not reached the maximum
sensitivity. In this paper, we experimentally prepared metal gratings with three different periods to
build sensors approaching the sensitivity limit.

3.1 BD-R processing
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Spiral tracks in optical discs are good basis for preparing metal gratings. Single layer recordable
Blu-ray disc (BD-R) has a relatively thin transparent protecting layer covering the grating layer. We
firstly cut the disc into small pieces by scissors, then separated the grating layer from the protecting
layer with tweezers. After depositing 50 nm-thick silver, a silver grating with period of about 320 nm
was ready to be used.

3.2 CD-R processing

CD-R consists of label or additional protective layer, lacquer, metal reflective layer, organic dye,
and polycarbonate substrate. The metal reflective layer is essentially a metal grating, so we just need
to tear it off carefully. The metal layer is easy to wrinkle because it is very thin and there is no hard
substrate support. To make it flat, we used tape to separate the metal layer and stuck it on a glass slide.

3.3 Photolithography

The available grating periods of optical discs are rare, so we also prepared a grating with large
period by photolithography, the process of which is illustrated in Fig. 2. Firstly, positive photoresist
was spin coated onto a silica substrate at 3000 rpm for about 30 seconds. It was then exposed by
ultraviolet light using a mask having grating structure. Secondly, the exposed area of the photoresist is
washed off with 5%0 NaOH, leaving a grating structure. Thirdly, a SiO, layer was evaporated onto the
grating. Fourthly, photoresist was removed with acetone solution. Finally, a 130 nm thick aluminum
film was evaporated on the SiO; layer to obtain a metal grating.
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Fig. 2. Phatolithography process for preparing Al grating.
3.4 The setup of GCSPR sensors

The three fabricated metal gratings were used as sensor chips in GCSPR sensors. The setup was
shown in Fig. 3. A deuterium-halogen lamp emitted white light, which was collimated by a double
glued achromatic lens. A Glan-Taylor polarizer turned the collimating light into TM polarized light
(electrical vector parallel to the incident plane), and an aperture diaphragm (AD) controlled the passage
of the beam. Then, TM polarized light was incident on the sample solution and reflected by the grating
behind the sample. The angle of incidence can be adjusted by the rotary table. Finally, the reflected
light was focused by a lens onto the optical fiber probe of the spectrometer. It should be noted here that
this setup is not suitable to measure absorbing samples. Solutions absorbing light at the plasmon
wavelength will disturb the response of a GCSPR sensor.

According to the theoretical analysis, to approach the sensitivity limit, the incident angle needs to
be set close to 90°. However, we find that an excessively large incident angle will make the absorption
peak weak in experiments. Therefore, we set the incident angle to 55°. The reflection spectra of
gratings prepared by BD and CD were detected by a visible-NIR spectrometer (PG2000-Pro, idea
optics, China) and the reflection spectra of the grating prepared by photolithography was detected by
an infrared spectrometer (flame NIR, Ocean Optics, America). Deionized water (DI, n = 1.3330), and
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glucose solutions with concentrations of 5%, 10%, 15%, 20% (n=1.3401, 1.3476, 1.3556, 1.3641) were
used as sample solutions. The refractive indices were measured by an Abbe refractometer.
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Fig. 3. Schematic of the GCSPR sensor.

4. Results and discussion

4.1 Grating morphology analysis

An atomic force microscope (AFM) was used to characterize the surface topography of the
prepared metal gratings. Figs. 4a and 4d are AFM image and 2D profile of the grating prepared by
BD-R. The profile is close to sinusoidal. The grating period is 314 nm and the peak to valley
modulation depth is 20 nm. Figs. 4b and 4e are images of the grating prepared by CD-R. It has a period
of 1470 nm and a depth of 119 nm. Each cycle contains a gaussian shaped peak and a flat base. The full
width at half maximum (FWHM) of the peak is 452 nm. The grating prepared by photolithography has
a rectangular profile with 1:1 duty cycle as shown in Figs. 4c and 4f. It has a large period of 6733 nm
and a modulation depth of 202 nm.
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Fig. 4. (a-c) AFM images of gratings prepared by BD-R, CD-R and photolithography, respectively. (d-f)
are corresponding 2D profiles of (a-c).

4.2 Sensitivity of the GCSPR sensors

Figure 5a is the reflection spectra detected by GCSPR sensor using the grating prepared by BD-R.
The absorption dip that corresponds to SPR excitation for diffraction order of m=1 is well pronounced.
The reflectivity modulation depth from the absorption peak to bottom is as large as 70% and the
FWHM is 10 nm. As the refractive index of the analyzed solution increases, the resonance wavelength
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shows a red shift. Extracting data from Fig. 5a, we obtain the resonance wavelength as a function of
refractive index shown as Fig. 5d, where the black squares are experimental data and the red line is a
linear fitting. The slope of the fitting line is exactly the sensitivity, which is 319.96 nm/RIU for this
sensor. In addition to sensitivity, figure of merit (FOM) and refractive index (RI) resolution are also
studied [36, 37]. FOM is defined as the ratio of sensitivity to FWHM, and the FOM for BD is 32.00.
The wavelength resolution is obtained by calculating the standard deviation of 100 measurements of
the peak wavelengths, which is 0.2264 nm. RI resolution is defined as the wavelength resolution
divided by the sensitivity of the sensor, which is 0.00071 RIU for BD.

Figure 5b is the reflection spectra for the sensor using grating prepared by CD-R. The SPR
absorption is excited by diffraction order of m=1. The reflectivity modulation depth of the absorption
dip is only 6%, which is much smaller than that for BD-R. This is because the metal layer separated
from CD-R is not very flat and the depth of grating, which is 119 nm, is a bit large for exciting SPR.
The FWHM of the absorption dip is 42 nm. The sensitivity of this sensor is 1477.74 nm/RIU as shown
in Fig. 5e. Xuan Dou et al. has numerically predicted that sensitivity of 1610 nm/RIU was achievable
when a grating with period of 1600 nm was used [26]. In their model, light was incident normally on
the grating. Thus, the resonant wavelength for water is around 2137 nm, which was beyond the
detection wavelength range of a silicon-based spectrometer, so they haven’t experimentally
demonstrated this high sensitivity. Here, we use oblique inciderice at large angle that bends the
resonance wavelength to 854 nm and successfully measured a high sensitivity of 1477.74 nm/RIU. The
FOM for CD is 35.18, which is higher than that for BD. The wavelength resolution and RI resolution
for CD are 0.5760 nm and 0.00039 RIU, respectively. Compared to BD, the wavelength resolution for
CD is worse due to the imperfect surface profile of the grating. However, the increase in sensitivity still
results in a better RI resolution for CD. We also compare our sensor with that reported by Y. Liang et al.
[38], where gold nanoring resonator array was used as the sensor chip. The sensitivity, FOM and RI
resolution in [38] are 513 nm/RIU, 35 and 1.3219 x 10~* RIU, respectively. We can see that our
sensor has a higher sensitivity and comparable FOM. The lower RI resolution is caused by imperfect
surface profile of the grating. If the surface profile of the grating is optimized, the RI resolution can be
greatrly improved.

The results for the sensor using grating prepared by photolithography are depicted in Figs. 5¢ and
5f. The SPR dips are excited by diffraction order of m=3. The reflectivity modulation depth of the
absorption dip is 4% and the FWHM is 61 nm. This sensor has an extremely high sensitivity up to
2077.26 nm/RIU. Since the third order diffraction is used, the SPR signal is weaker than that for BD
and CD. FOM for the grating prepared by photolithography is 34.05 and the wavelength resolution is
2.7220 nm due to the weak signal and the relative low resolution of the infrared spectrometer. The RI
resolution is only 0.00131 RIU. In order to improve the RI resolution for gratings with large period, the
first diffraction order should be used and the structure parameter of the grating should be optimized. In
the next section, we will prove through simulation that extremely high FOM is possible by using a
grating with optimized structure parameters.

The sensitivities of the sensors reported in this paper are compared with previously reported ones,
as shown in Table 1. Most work used normally incident light source. In this condition, the resonance
wavelength can be estimated by A = nP, where n is the refractive index and P is the period. For a
silicon-based spectrometer, the maximum detection wavelength is 1200 nm. So, the maximum
applicable period is about 1200/n nm. In this paper, we use oblique incidence at large angle, which blue
shifts the resonance wavelength. So, the applicable period as well as the sensitivity are increased.
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Using an infrared spectrometer, the sensitivity can be further increased.
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Fig. 5. (a-c) are the reflection spectra detected by the GCSPR sensors using metal gratings with periods
of (a) 314 nm, (b) 1470 nm and (c) 6733 nm. (d-f) are resonant wavelengths as a function of the

refractive index. The data are extracted from (a-c) respectively.

Table 1. Sensitivity comparison of GCSPR sensors.

. . Resonant Grating .
. Coating | Incident . Maximum
Reference Experiment/Theory Wavelength Period
Metal | Angle (°) S (nm/RIV)
(nm) (nm)
Hasan Guner .
Experiment Ag; Au 0 - 320 356
et al. [28]
Gerardo A et <
Experiment Au 70 525-750 320 425
al. [39]
Yoon et al.
Theory Au 0 625-775 500 440
[40]
Srijit Nair et .
Experiment Au 0 768-786 550 647.8
al. [30]
Sudha Kumari .
Experiment Au 0 990-1055 730 800 + 27
et al. [41]
Dou, Xuan et .
Experiment Al 0 1020-1050 740 858
al. [32]
Yuan Sun et .
Experiment Al 30 660-705 740 637
al. [31]
Anuj K.
Sharma et al. Theory Au 0 1510-1570 1140 1140
[42]
This Work Experiment Ag 55 700-715 314 319.96
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Experiment Al 55 850-910 1470 1477.74
. 6733
Experiment Al 55 1150-1250 (m=3) 2077.26
m=

4.3 Simulation of GCSPR sensors

The performance of the above mentioned GCSPR sensors is limited by our nanofabrication
technology. Therefore, we use “COMSOL Multiphysics” software to simulate sensors with desired
structures. The simulated grating has sinusoidal surface profile, which is covered by an Al film with a
thickness of 130 nm. The light source is incident at 55° onto the grating and the reflected light is
collected and analyzed. In order to obtain high sensitivity, a large grating period of 2244 nm is used.
The reflection spectra for gratings with various depths are calculated and the results are shown in Fig. 6.
We can see that the SPR peak becomes narrower as the grating depth decreases from 220 nm to 20 nm,
while the sensitivity is nearly unchanged with an average value of 2253 nm/RIU which is proportional
to the field overlap integral [43, 44]. The highest FOM of 375.35 is reached for grating depth of 20 nm.
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Fig. 6. Reflection spectra of the GCSPR sensors for grating depths of (a) 20 nm, (b) 60 nm, (c) 100 nm,
(d) 140 nm, (e) 180 nm and (f) 220nm.

5. Conclusion

In conclusion, we have theoretically analyzed the sensitivity limit of GCSPR sensors with
wavelength modulation. Setting the angle of incidence close to 90° can bring the sensitivity approach
to the limit for a certain detecting wavelength with grating period as large as possible. In addition, the
sensitivity limit can be increased by increasing the detecting wavelengths because the limit of P/m has
been increased. To demonstrate our theory, we prepared gratings by stripping commercial optical discs
and photolithography, and built sensors based on them. The measured sensitivities of sensors using
gratings with periods of 314 nm, 1470 nm and 6733 nm (m=3) are 319.96 nm/RIU, 1477.74 nm/RIU
and 2077.26 nm/RIU, respectively. We also simulate GCSPR sensors with optimized structure and the
FOM reaches as high as 375.35. Nanostructured metals including 1D gratings and 2D structures share
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the same principle to excite SPRs. The nanostructures provide additional wavevectors to compensate
for the gap between the wavevectors of the light and the surface plasmon polariton. Therefore, the
results in paper are applicable to SPR sensors with all kinds of nanostructured metals. In addition, with
the constantly development of GCSPR sensors, many new configurations have emerged. For example,
the use of self-referenced configuration can improve measurement stability of the sensor [45, 46], and
our method of improving the sensitivity is also applicable to this configuration.
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Graphical abstract

Grating coupled surface plasmon resonance (GCSPR) sensors with wavelength modulation are widely
used in many fields, but the low sensitivity holds their practical applications. Here we theoretically
analyze the sensitivity limit of GCSPR sensors, provide design methods to reach the maximum
sensitivity and the way to increase the sensitivity limit. The theoretical analysis shows that metal
gratings with periods as large as possible should be used and the incident angle should be set close to
90° in order to maximize the sensitivity for a certain detecting wavelength, moreover the sensitivity
limit increases as the detecting wavelength increases. Experimentally, we prepare three gratings with
periods of 314 nm, 1470 nm and 6733 nm by stripping commercial optical discs or photolithography.
The measured sensitivities of the sensors based on these gratings are 319.96 nm/RIU, 1477.74 nm/RIU
and 2077.26 nm/RIU, respectively. The sensitivity achieved in this article is much higher than existing
ones due to the use of design method following the theoretical analysis. This work paves the way for
the optimal design of GCSPR sensors.
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Fig. (a-c)are the reflection spectra detected by the GCSPR sensors using metal gratings with periods of
(a) 314 nm, (b) 1470 nm and (c) 6733 nm. (d-f) are resonant wavelengths as a function of the refractive
index. The data are extracted from (a-c) respectively.
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