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Abstract 

Nanoplasmonic sensing, based on the plasmonic resonance absorption 
of thin, irregularly-shaped Au nanostructures film, with a starting 
thickness of about 15 nm (±3 nm) sputtered on a quartz substrate, is 
used to monitor the CeO2 NPs (with an average diameter of 50 nm) 
film refractive index variations using different film thicknesses (90 nm, 
146 nm, 172 nm, and 196 nm). Increasing the film thickness of 
solution-processed CeO2 NPs film, with layer-by-layer deposition on 
top of Au nanostructures, shows a significant redshift in the plasmonic 

resonance absorption of the plasmonic metal, from 580 nm to 611 nm. 
Such an increase is related to the change in the building microstructure 
of the semiconductor’s film which is reflected in changing its refractive 
index. Plasmonic surface refractive index sensitivity of 437.5 nm/RIU 
with FOM of 4.2 has been recorded. Such a sensing technique offers a 
large potential for developing cost-effective plasmonic nanosensing 
devices for clinical applications. This sensor structure is versatile and 

can be utilized to sense and monitor a large variety of materials and 
chemicals.      
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1. Introduction 
Plasmonic sensors and read-out devices have witnessed a significant increase in their use in various research 
sectors, especially in biosensing and catalysis applications [1][2]. The field of plasmonics is first introduced by 
the German physicist Gustav Mie in 1908 [3]. However, the important works in the field of localized surface 
plasmonic resonance (LSPR) are only being introduced a decade ago [4]. The significance of the plasmonic 

effect is due to its unique optical behavior resulting from the confined optical interaction of metal’s free charge 
carriers with the incident electromagnetic field. Such an interaction stimulates a strong plasmonic field in a very 
small area (beyond the diffraction limit) leading to strong absorption and scattering processes of the incident 
light at the resonance wavelength of the metal nanostructures [5][6][7]. The plasmonics effect is normally 
characterized by a couple of inherent factors like the metal's type, structure, and dimension. However, another 
important factor, which highly affects the plasmonic resonance absorption, is the refractive index of the media 
surrounding the metal nanostructures[8] [9]. The influence of this factor can normally be recognized by causing 

a shift in the plasmonic absorption peak with any slight variation in the refractive index of the surrounding 
medium [10]. Two different plasmonic sensing techniques were used to record this plasmonic resonance 
sensitivity namely; direct and indirect plasmonic sensing [11]. The earlier is based on a direct interaction of the 
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plasmonic metal with the material or medium of interest (analyte), where any change in this material (inside or at 
the surface) can be indicated by the change in the plasmonic resonance response of the metal. On the other hand, 
the indirect plasmonic sensing is based on isolating the metal nanostructures with a buffer layer where any 

change in its refractive index, as a result of the surface interaction with the analyte (the studied material), leads 
to a shift in the plasmonic resonance absorption [12][13][14].    

Optical sensing based on the plasmonic effect is a rapidly developing field and can be divided into two main 
techniques; surface plasmon resonance (SPR) and localized surface plasmonic resonance (LSPR). The earlier 
method is based on propagating the electric field at the metal-dielectric interface while the latter is based on the 

confined plasmonic field resulting from an isolated metal nanostructure. The sensing device configuration and 
their sensing capabilities in both techniques are different. SPR technique is beyond the scope of this work and 
therefore will not be discussed further. A good overview of the physics of plasmonics can be found in this 
review [15]. LSPR is first being used in biosensing applications, specifically for DNA and proteins by Mirkin 
[16] and Englebienne [17] respectively. Silver nanostructures (Ag) show a significant plasmonic resonance 
cross-section and are therefore considered as an excellent choice in plasmonic nanosensing applications [18]. 
However, its plasmonic efficiency is found to be rapidly damped by the fast formation of the oxide layer which 

affects its long-term stability in ambient conditions. Therefore, as a reliable alternative, gold nanostructures (Au) 
are found to be the Nobel metal of choice because of their corrosion resistance and can be used with many other 
materials and solvents [19]. The plasmonic resonance of Au nanostructures can easily be tuned from the visible 
to the near-IR based on the preparation technique. One simple and cost-effective method to prepare Au 
nanostructures is by thermal deposition or sputtering of a very thin film on low adhesion substrates such as glass 
and quartz. It has been found that Au nanostructures prepared by such methods show high sensitivity to the 
surrounding medium [20]. This study provides crucial insight and proves of concept towards utilizing the 
plasmonic effect to determine surface interactions as well as monitoring the change in film thickness through a 

wavelength shift of the plasmonic resonance of anisotropically-shaped Au nanostructures. A simple yet efficient 
nanoplasmonic sensing chip is utilized based on a planar device configuration to maximize the sensitivity 
capabilities of our measurement. This work aims to provide a proof of concept of plasmonic sensitivity based on 
changing the optical properties of the surrounding medium and use it to monitor the change in CeO2 refractive 
index as a result of changing its film thickness. It also provides a thorough analysis of the sensor performance 
utilizing a simple yet efficient sensor configuration.                

2. Experimental Procedure 
A gold nanostructured film having a thickness of 15 nm (±3 nm), is deposited on top of the 1×1-cm quartz 
substrate by the sputtering process. A quartz substrate is cleaned thoroughly, by the ultrasonic bath, using three 
consecutive solutions; acetone, ethanol, and distilled water, and then dried by a stream of hot air before Au film 
deposition. The clean substrates were then transferred to the sputtering chamber. Au foil (purity of 99.99%) was 

used as a sputtering target in a SPC-12 plasma sputtering coater system with a DC of 10 mA for the sputtering 
time of 20 sec and base pressure of 2×10-4 torr. The sputtering process is performed under inert Ar gas with a 
pressure of 3 mTorr. The deposited Au film is used as it is without any further heating treatment. A suspension 
of Cerium (IV) oxide (CeO2) NPs, with an average particle diameter of 50 nm (± 5 nm) purchased from Sigma-
Aldrich, in deionized water with a concentration of 3% by weight, was spin-cast on top of the Au nanofilm using 
a spin coater from HOLMARC (model: HO-TH-05) with spinning speed of 2500 rpm at maximum acceleration 
for 30 sec in air. 4 different CeO2 NPs films were deposited, layer-by-layer, on top of the Au film following the 

same deposition procedure, each of which was thermally treated at 100 °C for 10 min in the air using the hot 
plate to remove any residual water. The plasmonic resonance absorption of Au nanostructures, before and after 
the deposition of CeO2 NPs films of different thicknesses, were measured, in the spectral range from 350 – 900 
nm, using a UV-Vis (UV-1800, Shimadzu) spectrophotometer. The film thickness of different CuO2 films was 
measured by the DektakXT profilometer from Bruker with ± 5 nm error expectation. Surface morphology of Au 
nanostructured film is examined using the Atomic Force Microscope (AFM, NT-MDT Spectrum Instruments) 
and the AFM image was analyzed using Gwyddion (version 2.47), a free available commercial AFM image 

analysis software. While the topography of CeO2 NPs film was monitored using the Field Emission-Scanning 
Electron Microscope (FE-SEM, Mira 3- XMU).  
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3. Results and Discussion 
3.1 Physical Characterization   

The sensing mechanism utilized in this work is based on the direct nanoplasmonic sensing method where 
plasmonic nanostructures are in direct (physical) contact with the studied medium or film. Herein, the Au 
nanostructured film with a thickness of 15 nm (±3 nm) sputtered on a quartz substrate and then completely 
embedded in the layer-by-layer deposition of CeO2 NPs films. The quartz substrate, Au nanostructured film as 
well as the CeO2 NPs film are considered here as the nanoplasmonic sensing chip. The nanoplasmonic 
sensitivity is measured by recording the optical response (plasmonic absorption) of the Au nanostructured film 
with the film thickness of the deposited CeO2 NPs films.  

A schematic representation of the nanoplasmonic sensing chip investigated here is shown in Figure (1-A). The 
thickness of the Au nanostructured film was kept fixed while the thickness of the CeO2 films is varied by a 4 
layer-by-layer deposition process which increasing the film thickness from 90 nm, 146 nm, 172 nm to 196 nm.  
FE-SEM image (Figure 1-B) shows that the deposited CeO2 NPs are spherical with a diameter around 50 nm. 
The film is porous which is normal when using a spin coater deposition technique of a powder suspension.   

  
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

Figure 1: (A) A schematic illustration of the structural configuration of the nanoplasmonic sensing chip. (B) 

FE-SEM image of CeO2 NPs film. 

Figure 2-A shows an AFM image of the Au nanostructured film deposited on a quartz substrate without any 
further heating treatment. The inset in Figure 2-A shows an optical photo of the quartz substrate covered with Au 
nanofilm while Figure 2-B shows a size distribution histogram of Au nanostructures extracted using Gwyddion 
AFM image processing software. The average area of the deposited Au nanostructures (islands) was estimated to 
be around 33 nm (±2 nm) as indicated by fitting the size distribution data in Figure 2-B. These randomly 

distributed shapes and sizes of Au nanostructures gave the Au nanostructured film its unique dark greenish color 
which resulted from having different localized surface plasmonic resonance responses with different particle 
sizes and structures [21].   

 

 

 

 

 

(B) (A) 
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Figure 2: (A) AMF image of Au nanostructures film deposited on top of the quartz substrate. The inset shows an 
optical photograph of the Au nanostructured film. (B) size distribution histogram of Au nanostructures obtained 
from the AFM image.  

 3.2 Nanoplasmonic Sensing   
Optical sensing by LSPR is a phenomenon that is affected by combined factors such as the electronic density of 
the used metal nanostructures, size, and shape as well as the refractive index of the environment near the metal 
nanostructures [22]. Any change in one of these factors can efficiently be detected by simply measuring the 
plasmonic resonance either by transmission or absorption spectra. Plasmonic sensitivity measurement is 

performed by varying the refractive index of the surrounding medium by changing the CeO2 film thickness. 
Figure 3-A shows the optical absorption of CeO2 films of different thicknesses deposited on quartz substrates 
(surface treated with 100 °C for 10 min before recording the optical absorption) without Au nanostructures. The 
optical refractive index of CeO2 of different thicknesses have been calculated utilizing the following equation 
[23][24]: 

 

𝑛 = [
(1 + 𝑅)

(1 − 𝑅)
] + √

4 × 𝑅

(1 − 𝑅)2
−  𝐾2 

 
Where 𝑛 is the optical refractive index, which measures the light velocity when passing the testing medium, 𝑅 is 

the CeO2 film reflectance (computed from the transmission (𝑇) and absorption (𝐴) spectra: 𝑅 = 1 − (𝐴 +
𝑇))[25][26], and 𝐾 is the extinction coefficient which is a function of the film’s absorption coefficient (𝛼) and 

given by: 𝐾 = 𝛼𝜆/4𝜋𝑡 [25]. 

Figure 3-B shows the optical refractive index as a function of the wavelength of CeO2 films of different 
thicknesses. Results clearly show a big variation in refractive index values with increasing the film thickness 
from 90 nm to 196 nm. This variation in refractive index can efficiently be detected by the plasmonic effect of 
Au nanostructures.  Figure 3-C shows the plasmonic resonance absorption spectra of Au nanostructured film 
before and after depositing 4 layers of CeO2 NPs films (all CeO2 NPs layers are deposited following the same 
deposition procedure of CeO2 films mentioned earlier). The spectra show the characteristic plasmonic resonance 

absorption peak of Au nanostructures with values red-shifted with increasing the CeO2 film thickness. The 
plasmonic resonance absorption peak of the as-deposited Au nanostructured film (without CeO2 film), is located 
at 580 nm. The deposition of 1 layer of CeO2 NPs film with a thickness of 90 nm on top of Au nanostructured 
film causes the plasmonic resonance peak of Au nanostructures to shift 7 nm towards longer wavelengths at 587 

(A) (B) 

(1) 
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nm. Further increasing the film thickness of CeO2 to 146 nm, 172 nm, and 196 nm, with layer-by-layer 
deposition, forcing the plasmonic resonance absorption peaks to shift to 593, 600, and 611 nm respectively.  

These spectral shifts in the plasmonic resonance absorption of Au nanostructures are a direct consequence of 
refractive index variation where changing the CeO2 film thickness on top of Au nanostructured film changes the 
CeO2 film homogeneity (structures). The value of the refractive index of thin films is found to be significantly 
affected by the deposition technique and processing conditions which influence the structural characteristics of 
the film [27][28]. Figure 3-D shows the plasmonic sensitivity response with changing the surrounding medium 
the refractive index. The propagating surface plasmons show a non-linear increment with refractive index 

variation which is expected for a conventional flat gold film [29]. Results clearly show the direct dependence of 
plasmonic resonance peak position on the refractive index of the surrounding medium.  

 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
Figure 3: (A) Showing the absorption spectra of CeO2 films deposited, layer-by-layer, on top of quartz substrate 
with different thicknesses. (B) Refractive index of CeO2 films of different thicknesses derived from the 
absorption spectra. (C) Plasmonic resonance absorption of Au nanostructured film with multilayers of CeO2 NPs 
films. (D) The plasmonic resonance peak position of Au nanostructures corresponds to the different refractive 
indexes of CeO2 films. The peak position is extracted from (C) while refractive index values at 580 nm 
(resonance absorption of Au film) are extracted from (B). 

 

(A) (B) 

(C) (D) 
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To quantativly study the behaviour of our plasmonic sensor, surface refractive index sensitivity (𝑆𝑅𝐼) with a unit 

of (nm/Refractive Index Unite (RIU)), defined as the shifts in the plasmonic resonance peak position (∆𝜆𝑀𝑎𝑥) as 

a function to the variation in refractive index (∆𝑛) of the surrounding medium, is determined using the following 

equation [30][8]:  

   

𝑆𝑅𝐼 =
∆𝜆𝑀𝑎𝑥

∆𝑛
 

 

Surface refractive index sensitivity (𝑆𝑅𝐼) is thus determined from the slop of Figure 3-D. The sensitivity shows 

two sensitivity regions, low and high with different sensitivity values; 17.33 nm/RIU and 437.5 nm/RIU 

respectively. Our plasmonic refractive index sensor is also characterized, taking into account the variation in size 
and shapes of the deposited Au nanostructures, by determining the figure of Merit (𝐹𝑂𝑀) which accurately 

describe the performance of our sensor in respect to the resonance peak line-width, using the following equation 
[9][31]:  
 

𝐹𝑂𝑀 =
𝑆𝑅𝐼

𝐹𝑊𝐻𝑀
 

 
High values of the FOM mean that a smaller variation in the refractive index can be detected. Figure 4 shows the 
FOM of our plasmonic sensing device relative to variation in the surrounding refractive index of thin Au 
nanostructured film. Our sensor configuration shows a FOM of 4.2 when refractive index variation of 0.02 (n 
changed from 1.77 to 1.79) which is very high compared to others [32]. This is due to the variation of Au sizes 

and shapes which results in the high plasmonic wave penetration depth and hence high detection capabilities.   
Generally, the localized plasmonic resonance of Au nanostructures does not only depend on the physical shapes 

and sizes but also depend on the charge polarization capability of the interfaced medium [31]. When this 

medium or film has a high refractive index (high dielectric function), the electric charge of the exciting metal 
nanostructures, due to the excitation by the resonance wavelength, will be attenuated leading to reduce the 
restoring force of charges in the exciting metal. Such a reduction in the restoring force reduces the plasmonic 

resonance frequency leading to a redshift of plasmonic resonance towards longer wavelengths with the refractive 
index. Increasing the film thickness of CeO2 NPs film leads to having a non-uniform microstructure which alters 
the film optical constants leading to change in its refractive index.     
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Shows the surface sensitivity and FOM of our plasmonic sensor relative to the variation in the 
refractive index of CeO2 films. 

(2) 

(3) 
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4. Conclusions 
We efficiently demonstrated a practical technique utilizing a simple yet effective configuration structure to 

investigate the effect of film thickness on the refractive index of CeO2 NPs film and consequently on the 
plasmonic resonance absorption of Au nanostructured film. We showed that the plasmonic resonance of Au 
nanostructures is highly sensitive to any small changes in the refractive index of the surrounding medium. 
Increasing the thickness of CeO2 NPs film changes its refractive index which shifts the plasmonic absorption 
peak position of Au nanostructures towards longer wavelengths. Optical responses of collective plasmonic 
resonant Au nanostructures at different environments enable this technique to be used in different applications 
including but not limited to biosensing. 
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