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Abstract: The best surface plasmon resonance (SPR) signal can be generated based on several factors
that include the excitation wavelength, the type of metal used, and the thickness of the metal layer.
In this study, the aforementioned factors have been investigated to obtain the best SPR signal. The
excitation wavelength of 633 nm and gold metal with thickness of 50 nm were required to generate
the SPR signal before the SPR was used for optical constant characterization by fitting of experimental
results to the theoretical data. The employed strategy has good agreement with the theoretical value
where the real part refractive index, n value, of the gold thin film was 0.1245 while the value for the
imaginary part, k, was 3.6812 with 47.7 nm thickness. Besides that, the optical characterization of
nanocrystalline cellulose (NCC)-based thin film has also been demonstrated. The n and k values
found for this thin film were 1.4240 and 0.2520, respectively, with optimal thickness of 9.5 nm.
Interestingly when the NCC-based thin film was exposed to copper ion solution with n value of
1.3333 and k value of 0.0060 to 0.0070 with various concentrations (0.01–10 ppm), a clear change of
the refractive index value was observed. This result suggests that the NCC-based thin film has high
potential for copper ion sensing using SPR with a sensitivity of 8.0052◦/RIU.

Keywords: surface plasmon resonance; nanocrystalline cellulose; optical characterization; copper ion

1. Introduction

Surface plasmon resonance (SPR) is a collective oscillation of electrons that can be
generated by light [1,2]. This oscillation occurs at the interface between metal and dielectric
material and can be observed using various configurations and the most common config-
uration is the Kretschmann configuration as shown in Figure 1. This configuration has
been used in most practical applications such as clinical diagnostic, gas sensor, biological
sensing, and chemical sensing [3–14]. Theoretically in the Kretschmann configuration, the
SPR can be generated using the basic principles of physics. The light beam that passes
through two different media with a higher to lower refractive index will be totally reflected
if the incident angle is higher than the critical angle. The electromagnetic field component
of the incident light will penetrate through the prism and reach the interface between the
metal and dielectric medium to excite the free electron on the metal surface if the metal
layer is thin enough [15–22]. As a result, the electron is excited and plasmon wave is formed
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that propagates along the metal surface. The plasmon wave is the sensing component that
interacts optically with the metal surfaces. At specific angle, when the momentum of the
plasmon wave is equivalent to the incident light, resonance occurs and the intensity of the
reflected light decreases [23–27]. The plasmon wave is the sensing component of SPR and
very sensitive towards the changes of the thin film surrounding properties that includes
the excitation wavelength, type of metal used, and the thickness of the metal layer [28–30].
Changes of these properties will change the reflectance curve and will affect the sensitivity,
full width half maximum (FWHM), and the accuracy of the SPR, curve which are important
parameters to define the performance of the SPR. In this study, the surrounding properties
to generate SPR have been investigated using a simulation and automatic fitting program
that has been developed using the Matlab program to achieve the best SPR signal.
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Figure 1. Kretschmann configuration to generate the surface plasmon resonance (SPR) signal.

SPR is an optical technique that has many advantages that include being cost-effective,
and having linear properties, low mass, and fast measurement [31–39]. One of the most
important findings in SPR is the introduction of the active layer on the surface of the
metal thin film. Since the past decades, a wide range of materials have been exploited to
be used as an active layer to improve the sensitivity of the SPR and most of the studies
only focused on the target analyte’s adsorption uptake performance for potential sensing
applications [40–55]. Other important information that can be investigated using SPR is
the refractive index value of the active layer. The refractive index value of the active layer
is very crucial as it can provide information regarding the intermolecular interactions in
liquid mixtures [56–60]. To the best of our knowledge, SPR has not yet been used to study
the refractive index value of nanocrystalline cellulose (NCC) and graphene oxide (GO)
composite. The NCC-based active layer has high potential to improve the SPR sensitivity
owing to the excellent properties for metal ion adsorption [61,62]. The optical properties of
the NCC-based thin film can provide information on the intermolecular interactions with
metal ions for sensing applications. Hence in this present work, SPR has been used to study
the optical properties of NCC-based thin film and the changes of the optical properties
after interaction with copper ion also was investigated.

2. Theory

To generate an SPR signal, the incident light must first be in a transverse magnetic
mode as the electric field is perpendicular to the metal thin film. The electric field of the
light source can be described by [63]:

⇀
E = Eo(

_
x + i

_
z )ei(kx−ωt)e−k|z| (1)
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where Eo is the amplitude,
_
x and

_
z are the unit vectors, k is the wave vector, and ω are

the angular optical frequency of the electrical field. When total internal reflection occurs,
the evanescent wave will excite the free electrons that exist on the surface of the thin film
forming a surface plasmon that propagates along the surface of the thin film. The wave
vector for the surface plasmon, Ksp can be described by the following equation [64]:

Ksp =
ω

c

√(
ε1ε2

ε1 + ε2

)
(2)

whereω is the frequency, c is the velocity of light, ε1 is the complex dielectric constant for
the surface active, and ε2 is the complex dielectric constant for the dielectric media. The
dielectric constant can also be described by:

ε = n2 (3)

Using Equation (3), Equation (2) then can be rewritten as:

Ksp =
ω

c

√√√√( n2
1n2

2
n2

1 + n2
2

)
(4)

where n1 and n2, is the refractive index of gold layer and sample layer respectively. On the
other hand, the component of the incident light vector that is parallel to the prism/metal
interface, Kx can be described as [65]:

Kx =
(ω

c

)
np sin θSPR (5)

where np is the refractive index of the prism. SPR then can be generated when the wave
vector for the surface plasmon is equal to the incident light vector and can be described
by [66]:

Ksp = Kx (6)

with √√√√( n2
1n2

2
n2

1 + n2
2

)
= np sin θSPR (7)

The coupling of these two wave vectors, Ksp and Kx result in a sharp dip of the
reflectance at a resonance angle, θSPR. The SPR optical sensor works by detecting the
changes of the thin film surface refractive index. Thus, the refractive index of the sample
layer is [67]:

n2 =

√√√√ n2
1n2

p sin2 θSPR

n2
1 − n2

p sin2 θSPR
(8)

In accordance with the boundary conditions for the electrical and magnetic fields at
the interfaces between multilayers, the reflection coefficient, r, can be expressed as [68]:

r =
m21 + m22γ2 −m11γ0 −m12γ2γ0

m21 + m22γ2 + m11γ0 + m12γ2γ0
(9)

mij are the matrix transfer element with thickness, d given by [69]:

m =

(
cos δ −i sin δ

γ1
−iγ1 sin δ cos δ

)
(10)
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where,

γ1 =
n1

cos θ1

√
ε0µ0 and δ =

2π

λ
dn1 cos θ1 (11)

The reflectivity of the multilayer system, R, is defined as the ratio of the energy
reflected at the surface to the energy of the incident and can be expressed as [70]:

R = rr∗ (12)

where it is the function of the thickness and refractive index of both metal and sample layer.

3. Materials and Methods
3.1. Surface Plasmon Resonance (SPR) Optimization

Based on theoretical equations in Section 2, a simulation and automatic fitting program
has been developed using the Matlab program. The simulation was used to investigate the
optimal condition to generate an SPR signal. As the SPR signal is very sensitive towards the
surrounding properties, the simulation was used to determine the optimum surrounding
condition to generate an SPR signal that includes the type of light source, type of metal,
and thickness of the metal used.

3.2. Preparation of Thin Film

After the SPR simulation, thin films were prepared to be studied using SPR. In this
study, two thin films were prepared, i.e., gold thin film and NCC based thin film. The
gold thin film was prepared using a glass substrate of 0.13–0.16 mm thickness and area of
24 mm × 24. Gold layer was deposited on top of the glass substrate using SC7640 sputter
coater (Quorum Technologies, West Sussex, UK).

To prepare the NCC-based thin film, the NCC-based composite solution was initially
prepared by mixing 1 mL of NCC that was modified using hexadecyltrimethylammonium
bromide, with 1 mL of graphene oxide [71]. All chemicals were analytical grade and
deionized water was used during the preparation of the NCC-based composite solution.
The NCC-based composite solution was deposited on top of the gold thin film using the
spin coating technique. About 1 mL of the solution was dropped at the center of the gold
thin film using a micropipette and spun for 30 s at 6000 rpm by a P-6708D spin coater
machine (Inc. Medical Devices, Indianapolis, IN, USA) to a homogenous NCC based
thin film.

3.3. Surface Plasmon Resonance

After the evaluation of the SPR signal, the SPR setup was designed and prepared in
the laboratory as shown in Figure 2. The SPR setup then was used to obtain the SPR curve
of the gold thin film and the NCC-based thin film. The thin film was placed between the
prism and the dielectric medium. Then, deionized water and copper ion solution with
different concentrations was injected before the SPR signal was recorded [72].

3.4. Fitting Experimental to Theoretical

After the SPR experiment, the reflectance curve was analyzed to investigate the optical
properties of the gold thin film, copper ion solution, and NCC-based thin film. The
reflectance curve for the gold thin film in contact with deionized water was first fitted
to the theoretical data. Using Equation (7), the refractive index of gold thin film was
determined by taking the refractive index of deionized water as 1.3333 [31]. To investigate
the refractive index value of copper ion solution, the reflectance curve for the gold thin film
in contact with copper ion solution was fitted. The obtained refractive index value of the
gold thin film was used to further determine the optical properties of copper ion using the
same equation.
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Figure 2. Optical setup of surface plasmon resonance spectroscopy with nanocrystalline cellulose
(NCC)-based thin film.

Then, the reflectance curve for the NCC-based thin film in contact with deionized
water and copper ion solution was fitted to investigate the optical properties and the
changes after in contact with copper ion at different concentrations. The refractive index
value for the NCC-based thin film was calculated using Equation (8). The thickness of the
thin film was calculated using the reflection coefficient, r from Equation (9).

4. Results and Discussion
4.1. Simulation of SPR Signal

Prior to the SPR simulation, the refractive index of copper, gold, and silver were
obtained from previous study [73,74]. The refractive index of metal is one of the critical
parameters that will affect the SPR signal performance. The real part and imaginary part of
the refractive index as a function of wavelength for all three metals are shown in Figure 3a,b
respectively. All three metals have different characteristics of refractive index. From the
figures, the real part of the refractive index for copper and gold decrease exponentially with
the increase of wavelength from 400 nm to 650 nm while silver only decreases gradually.
For the imaginary part of the refractive index, all three metals show the same characteristics
where the value increases with increasing wavelength.

To obtain the best SPR signal, different light sources and metals were first evaluated
through the simulation program that was developed using Matlab based on the theory
from Section 2. Using different light sources and the value of refractive index for each
metals obtained previously, the SPR signal can be simulated to select the best light sources
and best metal to generate SPR signal. The thickness of all metals was kept fixed at 50 nm
before the investigation was carried out. Figure 4a,c shows the comparison of SPR signal
between copper, gold, and silver respectively using air as the dielectric media and light
sources of different wavelength, i.e., blue light (436 nm), violet light (441 nm), green light
(546 nm), yellow light (589 nm), and red light (650 nm). It can be observed that SPR signal
can be obtained using a green, yellow, and red light source for both copper and gold while
for silver, the SPR signal can be obtained using a blue, violet, green, yellow, and red light
source. On the other hand, the SPR signal changed when water was used as the dielectric
media. Only yellow and red light sources were able to generate an SPR signal for both
copper and gold while for silver, the SPR signal can be generated using green, yellow,
and red light source as shown in Figure 5a,c respectively. Besides that, blue and violet
light sources are not feasible in generating an SPR signal for all three metals. SPR refers
to the electromagnetic response that occurs when plasmons are oscillating with the same
frequency to the incident light. The existence of surface plasmon on a metal dielectric
interface is confined to the wavelengths longer than the critical wavelength, which depends
on the plasma frequency and is specific to the metal. The frequency of the incidence light
must be equal to the natural frequency of the material or resonance will not occur; thus, SPR
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signal can be seen was not generated at some wavelengths for each metal [75]. Moreover,
the SPR curve also can be observed to shift further to the right when water was used as
the dielectric media. SPR is very sensitive towards the changes of the refractive index near
the surface of the metal. Thus, changes of the dielectric media from air to water greatly
affect the SPR signal owing to the refractive index value, i.e., 1.0003 and 1.3333 for air and
water respectively [76]. Furthermore, the use of a higher wavelength is more favorable in
generating the SPR signal owing to the appreciable effect of the width of SPR signal [77].
From this simulation, the red-light source has been selected as it is the best light source to
generate an SPR signal for all three metal thin films.
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Figure 5. SPR signal using different excitation wavelength for (a) copper, (b) gold, and (c) silver
(thickness of 50 nm) in contact with water.

To obtain the best SPR signal, one of the parameters that needs to be optimized is
the wavelength of the light source. To determine a more accurate wavelength of the light
source to generate the best SPR signal, the wavelength in the red-light range (613–653 nm)
was used to simulate the SPR signal for all three metal thin films. The best SPR signal
was determined by the lowest reflectance minimum and a smaller value of full width half
maximum (FWHM). To obtain the FWHM value, the width of the SPR curve at half of the
maximum value was calculated as shown in Figure 6. Then, the accuracy of the SPR signal
was calculated using the inverse of the FWHM [78].
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From the simulation, the optimal SPR signal using copper thin film can be obtained
at 653 nm where the FWHM value was the lowest at approximately 2.2◦ thus, gives the
highest accuracy. At 613 nm to 643 nm, the FWHM increased from 3.2◦ to 2.5◦ while the
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lowest reflectance minimum also increased as shown in Figure 7a. Moving on to the gold
thin film, the generated SPR signal using a light source with a wavelength of 613 nm and
623 nm has the highest FWHM value at approximately 2.5◦ and 2.3◦, respectively. The
FWHM and accuracy of the reflectance curve do not change when a light source with a
wavelength of 633, 643, and 653 nm was used. The calculated FWHM value for these
wavelengths was 2.2◦. Besides that, at 633 nm the SPR signal has the lowest reflectance
compared to at 643 and 653 nm as shown in Figure 7b. For the silver thin film, the lowest
reflectance minimum for all wavelengths does not show any significant change as shown in
Figure 7c. Moreover, only a slight difference is identified in the calculated FWHM value of
the reflectance curve for all ranges of wavelength. From 613 nm until 633 nm, the calculated
FWHM value was 0.5◦ while at 643 until 653 nm, 0.4◦ was obtained. The calculated FWHM
value and accuracy for all three metal thin films are recorded in Table 1.
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(b) gold, and (c) silver.

Another parameter that needs to be optimized to obtain the best SPR signal for
maximum sensitivity is the thickness of the metal thin film. The optimization of the
reflectance minimum and FWHM value of the reflectance curve can be achieved by selecting
the appropriate thickness of the metals. Different thickness from 40 nm to 60 nm was used
to investigate the SPR signal for all three metal thin films at the 633 nm wavelength light
source. For the copper thin film, the lowest reflectance minimum of the reflectance curve
can be obtained at 44 nm thickness as shown in Figure 8a. It can also be observed that at
higher thickness, the reflectance minimum gradually decreases. The FWHM value of the
SPR signal for the copper thin film also was the lowest at 44 nm thickness at approximately
3.1◦. For the gold thin film, the best SPR signal can be obtained around 50 nm where the
reflectance minimum was the lowest as shown in Figure 8b. The FWHM value calculated
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at 50 nm was also the lowest approximately 2.1◦ that gives higher accuracy compared to
other thicknesses. On the other hand, the best SPR signal using silver thin film can be
obtained around 52 nm where the reflectance minimum and the FWHM were the lowest
around 0.4◦ as shown in Figure 8c.

Table 1. The FWHM and accuracy of copper, gold, and silver thin film at different wavelengths.

Metal Wavelength (nm) FWHM (Degree) Accuracy (Degree−1)

Copper

613 3.2 0.31
623 3.0 0.33
633 2.8 0.36
643 2.5 0.40
653 2.2 0.45

Gold

613 2.5 0.40
623 2.3 0.43
633 2.2 0.45
643 2.2 0.45
653 2.2 0.45

Silver

613 0.5 2.0
623 0.5 2.0
633 0.5 2.0
643 0.4 2.5
653 0.4 2.5

Photonics 2021, 8, x FOR PEER REVIEW 11 of 20 
 

 

  

(a) (b) 

 

(c) 

Figure 8. Optimization of the SPR signal based on different thickness of (a) copper, (b) gold, and (c) silver in contact with 

water and excitation wavelength of 633 nm. 

From the simulation results, the red light of 633 nm wavelength has been proven to 

be the most appropriate light source to generate SPR. For metal selection, copper is not 

favorable to generate SPR owing to its optical properties that give a higher reflectance 

minimum and high FWHM value of the reflectance curve, hence decreasing the accuracy 

of the SPR in sensing application. The SPR signal is the best for both gold and silver thin 

films. However, silver has poor chemical stability and less inert compared to the gold that 

limits its application. Therefore, the most favorable metal to generate SPR is gold that 

gives a low reflectance minimum and smaller width of the reflectance curve [77]. Besides 

that, gold is also inert and has higher chemical stability that gives advantages for wider 

application. 

4.2. Analysis of Thin Films Properties 

Gold thin film has been used to generate SPR using water as the dielectric medium 

at room temperature. The experimental SPR signal then was fitted to obtain the infor-

mation on the thin film properties as shown in Figure 9. According to the fitted SPR signal, 

the optical properties of the prepared gold thin film for the real part, n and imaginary 

Figure 8. Optimization of the SPR signal based on different thickness of (a) copper, (b) gold, and
(c) silver in contact with water and excitation wavelength of 633 nm.

From the simulation results, the red light of 633 nm wavelength has been proven to
be the most appropriate light source to generate SPR. For metal selection, copper is not
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favorable to generate SPR owing to its optical properties that give a higher reflectance
minimum and high FWHM value of the reflectance curve, hence decreasing the accuracy of
the SPR in sensing application. The SPR signal is the best for both gold and silver thin films.
However, silver has poor chemical stability and less inert compared to the gold that limits
its application. Therefore, the most favorable metal to generate SPR is gold that gives a low
reflectance minimum and smaller width of the reflectance curve [77]. Besides that, gold is
also inert and has higher chemical stability that gives advantages for wider application.

4.2. Analysis of Thin Films Properties

Gold thin film has been used to generate SPR using water as the dielectric medium at
room temperature. The experimental SPR signal then was fitted to obtain the information
on the thin film properties as shown in Figure 9. According to the fitted SPR signal, the
optical properties of the prepared gold thin film for the real part, n and imaginary part, k
refractive index was 0.1245 and 3.6812, respectively. The thickness of the gold layer was
also determined from the fitting where 47.7 nm thickness was revealed.
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The SPR signal of the gold thin film in contact with copper ion at low concentration
has also been investigated. This result was also fitted to analyze the optical properties of
the copper ion solution. From the fitting result, the k value for the copper ion at 0.1 ppm
found was 0.0060. At 0.5 ppm, the k value increases to 0.0070 and the value remains the
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same until 10 ppm. This result has a good agreement with the previous study where the n
value of copper ion at low concentration is almost equal to the deionized water refractive
index at room temperature, i.e., 1.3333 [76].

The SPR experiment then continued using the NCC-based thin film. The SPR experi-
ment using NCC-based thin film with deionized water was first carried out to investigate
the optical properties. The obtained reflectance curve then was fitted as shown in Figure 10.
The fitting of the SPR curve reveals that the refractive index of the NCC based thin film was
1.4240 and 0.2520 for n and k respectively. This refractive index value has a good agreement
with the refractive index of NCC from the previous study, i.e., 1.499 [79].
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Figure 10. Fitted data and experimental data of SPR signal for NCC-based sensing layer on gold thin
film in contact with deionized water.

In further analysis of the SPR results, the thickness of the NCC-based layer was also
investigated. The fitting of the SPR curve reveals that the NCC-based layer has a thickness
of 9.5 nm. The effect of the NCC-based layer thickness towards the SPR signal can be
demonstrated as shown in Figure 11. A thinner NCC-based layer will give a lower FWHM
value and sharper SPR curve that has higher accuracy in the determination of resonance
angle but the binding interaction with copper ion might be minimal thus reducing the
sensitivity of the SPR sensor. For a thicker sensing layer, although more interaction with
copper ion can be achieved, a higher FWHM value and broader SPR curve have lower
accuracy that can reduce the SPR sensor’s effectiveness [80]. Hence, by considering both
factors, i.e., the binding interaction of copper ion with the NCC based layer, and to obtain
the best SPR result for resonance angle determination and better detection accuracy, the
optimal thickness of the sensing layer was fixed around 9 to 10 nm. The FWHM value and
the accuracy of the SPR curve for each thickness were recorded in Table 2.
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Table 2. The FWHM and accuracy of NCC-based thin film at different thickness.

Thickness (nm) FWHM (Degree) Accuracy (Degree−1)

6 3.0 0.333
7 3.2 0.313
8 3.4 0.294
9 3.5 0.286
10 3.6 0.277
11 3.7 0.270
12 3.8 0.263
13 3.9 0.256

Then, the SPR experiment for the NCC-based thin film was carried out using copper
ion solution. The obtained refractive index value for the gold thin film and copper ion
was used to investigate the optical properties of NCC-based thin film through the fitting
procedure. The curves presented in Figure 12 show the fitting of the SPR curve for NCC-
based thin film in contact with copper ion solution. The refractive index of the NCC-based
thin film increased from 1.424 to 1.457 for the n while the value of k decreased from 0.252
to 0.192 after in contact with copper ion at 0.01 ppm. Interestingly, the refractive index of
the NCC-based thin film changes gradually for both n and k when a higher concentration
of copper ion was used, as shown in Figure 13a,b respectively. Changes in the refractive
index might be due to the chemical interaction of the NCC-based thin film with copper
ion thus. The refractive index of the NCC-based thin film remains the same when in
contact with copper ion above 0.5 ppm due to the saturation of copper ion on the surface
of the NCC-based thin film [81]. The refractive index value and the thickness of the NCC-
based thin film is recorded in Table 3. The thickness of the NCC-based thin film after
interaction with copper ion was also investigated. The thickness of the NCC-based thin
film gradually increased after being in contact with the copper ion that was believed due
to the interaction that causes changes of the thin film surface. The thickness remains the
same at around 11 nm when in contact with copper ion from 0.5 ppm to 10 ppm after the
thin film reaches saturation.

Table 3. Refractive index of the NCC-based layer in contact with deionized water and copper ion.

Concentration (ppm)
Refractive Index of Sensing Layer After

in Contact with Copper Ions Thickness of NCC
Based Layer (nm)

Real Part, n Imaginary Part, k

0 1.424 0.252 9.5
0.01 1.457 0.192 9.7
0.05 1.467 0.173 9.9
0.08 1.482 0.155 10.3
0.1 1.487 0.136 10.5
0.5 1.504 0.123 11.0
1 1.504 0.123 11.0
5 1.504 0.123 11.0
10 1.504 0.123 11.0
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After the analysis of the refractive index, determination of the resonance angle for the
SPR result was also carried out. The resonance angle was obtained by measuring the angle
of the minimum reflectance curve. The changes of the resonance angle, ∆θ was calculated
using the resonance angle of the NCC-based thin film in contact with deionized water as
the reference. The result obtained then can be used to examine the sensitivity of the SPR.
The sensitivity, S is a key performance parameter for a sensor and can be defined as [82–85]:

S =
∆θ

∆n
(13)

Figure 14 shows the ∆θ against ∆n for the NCC based thin film in contact with copper
ion from 0.01 until 0.5 ppm. The calculated slope for the plotted graph was 8.0052◦/RIU
which represents the S with a correlation coefficient, R2 of 0.99. From this result, the
NCC-based thin film has good sensitivity for potential copper ion detection.
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5. Conclusions

In this research, the excitation wavelength of 633 nm and gold metal with thickness of
50 nm has been demonstrated to be the optimal condition to generate the best SPR signal.
The SPR has also successfully been applied for optical characterization and has good
agreement with the theoretical value where the real part refractive index, n and imaginary
part, k for the gold thin film were 0.1245 and 3.6812, respectively, with 47.7 nm thickness.
Moreover, the optical constant for NCC-based thin film has also been investigated. The n
and k values found for the NCC-based thin film were 1.4240 and 0.2520, respectively, with
optimal thickness of 9.5 nm. When the NCC-based thin film was exposed to copper ion
solution with n value of 1.3333 and k value of 0.0060 to 0.0070 from 0.01–10 ppm, a clear
change of the refractive index value was observed. The studies of the NCC-based thin film
shows that it has a good sensitivity of 8.0052◦/RIU for copper ion sensing using SPR.
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