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Abstract. The localized surface plasmon resonance phenomenon of gold (Au) nanostructured in thin film form has many 
attractiveness for optical based sensing applications. Plasmon resonance robustly influences optical properties the Au thin 
film. Therefore, the optical response of Au thin film determined by nanostructure of Au nanoparticles on the surface of 
substrate. However, the thermal annealing strongly affects to the nanostructure Au thin film. In this study, low-cost Au 
thin film has been developed by vacuum thermal evaporation technique and thermal annealing process. The thermal 
annealing was applied in certain temperature 400 ⁰C with various annealing durations were applied to generate Au thin- 
films. The effect of thermal annealing on nanostructure and optical properties of Au thin films were measured. The 
statistical quantities of the average height value of grain particles was between 13 to 21 nm and the density was between 
100 to 200 particles per square micrometer after annealing. The optical properties of gold thin-film in terms to be applied 
as sensor in optical-based biosensor reported. The best of RIS sensitivity obtained above 90 nm RIU-1. The results 
appearance a great promising for sensor applications. 

INTRODUCTION 

Over the past few decades, research in the localized surface plasmon resonance (LSPR) phenomenon on metal 
nanomaterials has been contributing the evolution of optical sensing platforms that less-expensive, rapid detection, 
significant sensitivity, and provide for miniaturization in order to point-of-care needs. Gold (Au) nanomaterials have 
been considerably used in various electrochemical and optical sensor applications for signal enhancement (1). In 
addition, Au is the most non-reactive of all metals and is favorable in all natural and industrial environments. 
Moreover, Au as a noble metal is very attractive and superior than other metals due to its withstanding to corrosion 
in moist air, which means it will not rust or tarnish, resistance to oxidation, and catalytic characteristics, which are 
strongly linked with its electronic structure (2). 

Au nanomaterials due to their sensitivity to structure, size, and shape are applied widely in sensor systems for 
spectroscopy of LSPR which is highly determined by changing the film nanostructure and morphology of the 
material (3) and surrounding medium refractive index (4). In other hand, optical-based sensor such as optofluidic 
can be coupling with LSPR sensors supported gold nanoparticles (AuNPs). Theoretically, LSPR is a phenomenon of 
the collective oscillation of electrons at the interface of metallic structures which the size of the interface much 
smaller than the incident wavelength in specialized condition (5). It can open the way for the opportunities for 
integrated optical-based biosensor with LSPR sensor for many analytical and biological applications. 

There have been several experimental reports for fabrication of metal nanoparticles for thin film, which contain 
small amounts of material, which means it is low-cost in material source. Several techniques to fabricate 
nanometallic thin film such as vacuum thermal evaporation, colloidal synthesis, electron beam lithography (EBL), 
nanosphere lithography (NSL), NSL with reactive ion etching (RIE) and focused ion beam lithography (FIBL). One 
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of the simplest and economics to fabricate Au thin films correlated to other techniques is a vacuum thermal 
evaporation technique (6). In addition to growth the formation of the AuNPs on glass substrates to conduct thin film, 
thermal annealing process is often used to achieve a structure thermodynamically more stable (7). Furthermore, we 
propose Au thin film as LSPR sensors were fabricated by the vacuum thermal evaporation method and thermal 
annealing process with various annealing duration. 

In this work, the topography of the Au thin films obtained by vacuum thermal evaporation method and thermal 
annealing process with various annealing duration was investigated. This work has been performed in order to 
demonstrate the potential of obtained thin-film for optical-based biosensor applications, the refractive index 
sensitivity (RIS) determined experimentally measurement absorbance spectra by surrounding medium with different 
refractive index. 

METHODS AND EXPERIMENTS 

Fabrication of Au thin films 

Fig. 1 gives an overview of the fabrication process of the Au thin films of our experiments. The Au thin films 
were fabricated using the vacuum thermal evaporation method. Firstly, the glass substrate with thickness 0.17~0.25 
mm (Micro cover glass No. 2, 18 mm x 18 mm size, Matsunami Glass Ind., Japan) were cleansed thoroughly with 
acetone ((CH3)2CO) and 2-propanol (CH3CHOHCH3) solution (Wako Pure Chemical Industries Ltd., Japan). 
Details of the cleansing and deposition method are described as in previous our report (8). Au thin-film A, B and C 
were made using pure Au materials 5.4 mg. The distance between an evaporation material source and a glass 
substrate was 140 ± 1 mm. 

 
FIGURE 1. Schematic illustration of workflow for fabrication Au thin films with vacuum thermal evaporation followed by 

thermal annealing at 400 ºC 

The thermal annealing was applied with a furnace oven (Model ROP 001, AS One, Japan) to create AuNPs on 
the glass surface. The Au thin-films were thermally annealed at temperature 400 °C in uncontrolled atmospheric 
conditions. The duration of annealing for each thin-film A, B and C were 8 hours, 24 hours and 36 hours, 
respectively. Post annealing process, all Au thin-films naturally cooled down. 

Characterization of Au thin-films 

The topography of Au thin-films measured by atomic force microscopy (AFM) SPA-400 (SII Hitachi, Japan) at 
Center for Instrumental Analysis in Hamamatsu Campus, Shizuoka University. All AFM images were acquired in 
non-contact scanning mode for 2.2 µm x 2.2 µm. For AFM images data evaluation, the Gwyddion 2.49 software was 
used. The optical properties of AuNPs films were determined spectrally at wavelengths of 350 - 1000 nm using an 
USB4000 UV-Vis spectrophotometer (Ocean Optics, Inc USA) with halogen light source device (Model: 5-2300, 
Soma Optics, Ltd Japan) in room temperature. The sensitivity of Au thin-film was obtained with a various of liquid 
(water, ethanol and oil) as medium with different refractive indices. Schematic experimental setup in this work was 
shown in Fig. 2. 

 
FIGURE 2. Schematic experimental setup for optical properties measurement 
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RESULTS AND DISCUSSION 

Topography of Films and Grain Particles 

Au thin-films were deposited on glass substrate using a vacuum thermal evaporation equipment. The nominal 
average thickness of the thin-films is estimated as 1.13 nm by the distance between the glass substrate from the 
evaporation metal source. The topography of Au thin- films fabricated were investigated by AFM with non-contact 
scanning mode (dynamic force microscope-DFM). The DFM mode prevent scraping or degradation effects by 
cantilever on occasional Au thin films observed after doing multiple scans compare with contact scanning mode. 
Accordingly, in this work, it decided to measure the surface of the Au thin films layer. In particular, an AFM scan 
was achieved and surface topography images were provided together with a rough surface of the thin-film. The 
obtained AFM images data were evaluated using freeware Gwyddion 2.49. In view of this work, the grain statistics 
were used to estimate the AuNPs size distribution on glass substrate (9). The initial Au thin films before annealing 
were fabricated in same batch fabricating by vacuum thermal evaporation, so that it can be compared with the Au 
thin films after annealing. Fig. 3 represents 2D surface morphology AFM images of Au thin films A, B and C before 
annealing. As can be seen in Figure 3, the Au thin films surface structure was unclearly. Fig. 4 represents 2D and 3D 
surface topography AFM images of Au thin films after thermal annealing at 400 °C in various duration annealing for 
thin-film A, B and C were 8 hours, 24 hours, respectively. Comparing to Fig. 4, the Au thin films surface structure 
was changed after thermal annealing process. 
 

 
(a) (b) (c) 

FIGURE 3 2D AFM images of Au thin films before annealing by freeware Gwyddion 2.49. The scale bars are 500 nm long. 
(a) Au thin film A, (b) Au thin film B, and (c) Au thin film C. For (a) and (b), there are dust (red arrows) on the surface of Au 
thin film A and Au thin film B, respectively, and the dust size is the length of about 500nm and the width of about 200nm. For 

(c), the maximum height of the roughness is 6.16 nm. In this case, (a), (b) and (c) show no clear base structure of AuNPs 
deposited on the Au thin films 

 
Although, in this study, the annealing temperature is lower than the relatively melting point of bulk Au (1064 

°C), but it was acceptably significant to cause initial Au thin films layer deposited on glass substrate were melting 
and change the structure of Au thin films on glass substrate. It should be recognized that, for nanosize materials, 
their melting point was decrease to be lower than their melting point of bulk material. In addition, these images also 
demonstrate the resulting size and shape of the nanoparticle on the glass substrate after annealing at 400 °C was 
homogenous almost rounded, although significant deviation occurred in nanoscale. Moreover, this results also 
demonstrate that the nanostructure formation of the surface of Au thin-film could be affected by the annealing 
treatment. 

Accordingly, the time duration and temperature of the annealing treatment caused surface diffusion mechanism 
which due to a devaluation of the surface energy of the Au thin-film and the interface energy between the glass 
substrate and the Au thin-film (10). The Au atoms obtain higher kinetic energy and mobility to aggregate with each 
other to generate AuNPs (2). The small nanoparticles size will concatenate to form bigger nanoparticles size (11). 
Indeed, the initial thickness of AuNP layer could lead affect the results of nanoparticles size on surface glass 
substrate. 

The statistical analysis measurement of average equivalent disc diameter of grain particles, number of grain 
particle distributions, average height value, and average roughness (Ra) of the surface thin films by Gwyddion 2.49 
software were summarized in Table 1. Table 1 presents that the nanoparticle size before and after annealing is 
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smaller than the incident wavelength used in this work (350–1000 nm). Thus, it will meet the physically 
requirements for the occurrence of LSPR spectra on the Au thin-film. This result also explains experimentally that 
the annealing process made the structure of the before annealing film changes. Hence, temperature and time duration 
of annealing affect on the average height value and the average roughness of the thin-film increases, see in Fig. 5. 
 
 
 
 
 
 
 
 
 

(a) (b) (c) 

 
 
 
 
(d) 

 
 
 
 

(e) 

 
 
 
 

(f) 
 

FIGURE 4 (a), (b) and (c) are 2D AFM images of Au thin films A, B and C after annealing at 400 ºC, respectively. The scale 
bars are 500 nm long. The maximum height of the roughness for Au thin films A, B and C after annealing at 400 ºC are 47.8 nm, 
69.8 nm and 33.2 nm, respectively. (d), (e) and (f) are 3D AFM images of Au thin films A, B and C after annealing, respectively. 

Scan area 2.2 µm x 2.2 µm 
 

A histogram of the equivalent disc diameter size distributions of AuNP grain particles on the surface of thin- 
films can be seen in Fig. 6. The histogram shows a change in the distribution of equivalent disc diameter grain 
particles. As we can see more than 94% of the equivalent disc diameter of Au grains particles after annealing is less 
than or equal to 50 nm. Moreover, it can be understood that the agglomeration between particles occurs while the 
annealing was done. In addition, the glass substrate is a common substrate for Au thin-film based LSPR sensors, 
providing less expensive and transparent, which is favorable for transmission-based spectroscopy in the visible to 
near-IR range spectrum. Nonetheless, the insufficient adhesion of AuNP on glass substrate could be solved with 
annealing process and the process can improve the stability of Au thin-film (12). 
 

TABLE 1. Statistical analysis measurement of au thin films (scan area 2 μm x 2 μm) 
 Au thin-film A Au thin-film B Au thin-film C 
Time duration of annealing (hours) 8 24 36 
Number of grain particles (per μm2)    
Before-annealing 154 140 355 
After annealing 194 156 107 
Average equivalent disc diameter of grain (nm)    
Before-annealing 22.98 17.39 13.87 
After annealing 17.14 15.35 18.43 
Average roughness (Ra)    
Before-annealing 2.450 5.042 0.432 
After annealing 4.942 6.251 3.259 
Average height value (nm)    
Before-annealing 11.60 14.50 2.837 

 
After-annealing 21.74 24.33 13.36 
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Optical response and sensitivity measurement 

Optical response and sensitivity were measured in wavelengths between 350 to 1000 nm. The dependence 
absorbance and sensitivity of all thin-films were investigated as shown in Fig. 7 and Fig. 8. Measuring the 
absorbance was done by measuring the intensity of light pass through the Au thin film by comparison the initial light 
intensity reaching the Au thin films on glass substrate using the spectrophotometer. Fig. 7 shows the LSPR spectra 
of Au thin-film before and after annealing on dry measurement and as we can see the interference occurred. In 
optics, if light is incident on a metal thin-film of refractive index (nf), assembled onto a glass substrate of refractive 
index (ngs), then at the air-thin- film, the thin-film-glass substrate and the glass substrate-air interfaces, part of the 
incident intensity is reflected and part of it is transmitted. Thus, since the reflected and transmitted beams originate 
from a single light source, the beams will exhibit interference effects (13). 
 
 
 

(a) (b) 
 
FIGURE 5 (a) Average roughness surface and (b) Average height value of Au thin-film A, B and C after annealing 

in various annealing duration: 8h, 24h and 36h, respectively 
 

As shown in Fig. 7, the optimal wavelength for all thin-films after annealing process was about 560 nm. Indeed, 
this also explains why the natural color of the Au material was yellowish. The results should be noted that the 
temperature of annealing affects to absorbance spectra of all Au thin films after annealing compare to before 
annealing. In addition, another reason is LSPR spectral influenced by the optical constants of the thick thin-film  
(14). 

Moreover, distribution of AuNPs or the interparticle gap might be affect significant changes in extinction spectra 
(15). By the decreasing nanogap distance, the electromagnetic enhancement rapidly increases because of an 
interparticle coupling and thus influences their optical response (16). Equation 1 following the Drude model, the 
bulk plasmon frequency ωp influenced by the free electron density N and on the effective mass me of the electron or 
optical mass which includes the coupling of the free electrons to the ion core (17). Following the Mie theory, the 
plasmon frequency depends on the dielectric functions of the surrounding medium and of theparticle material. 
 

ω = 
p 

(1) 
 

Absorbance spectra as shown in Fig. 7, it considered that the spectral peaks of Au thin-films before annealing 
were relatively broadened by multipolar excitations and radiative damping (18). It has been reported that the 
resonance peak wavelength influenced by the longitudinal-transverse mode (17). The annealing treatment on the 
fabrication of the Au thin-film was done in order to achieve the small width of the peak of LSPR spectra and it was 
desirable for sensing purpose (19) and also for Au thin-film stabilization (12). 

To characterize the sensitivity of thin-films optically, we have used various mediums with disparate refractive 
indices, i.e.; air (nair=1.00), water (nwater=1.33), ethanol (nethanol=1.36) and oil (noil=1.47). Experimentally, the RIS of 
obtained Au thin-film were summarized in Table 2. The shift of LSPR peak wavelength (∆λp) is relatively linear 
with variation refractive index of the surrounding medium (∆n). Accordingly, particularly the RIS is usually 
reported in number of wavelengths per refractive index unit (nm RIU-1) (18). Mathematically, it has been described 

Ne2
 

ε0me 
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by the following Equation 2: 

RIS = ∆λP ∆n      (2) 

Figs. 8(a), 8(b), and 8(c) show the LSPR spectra of Au thin-film A, B, C with various mediums, respectively. In 
sequence, as shown in Fig. 8(d) and Fig. 8(e), the LSPR peak wavelength and the peak absorbance value increases 
with increasing value of the medium refractive index. In Figure 8(f) shows that RIS of Au thin films increases as the 
refractive index medium increases from n=1.33 to n=1.47 RIU. 
 

FIGURE 6 Histogram of equivalent disc diameter of Au grain particles evaluated statistically on obtained Au thin-films A, B and C 
before and after thermal annealing process at 400 ºC with annealing duration 8h, 24h and 36h, respectively 
 

FIGURE 7 The LSPR spectra absorbance of Au thin-film A, B, and C before and after thermal annealing on dry measurement. 
In this case, measured LSPR spectra for Au thin films A, B and C after annealing exhibit peaks located in wavelength at 562.8 

nm, 562.8 nm and 560.2 nm, respectively 
 

020008-6



The obtained RIS value experimentally was not linear with increasing refractive index medium value (n), 
especially for thin-film A and B for water and ethanol medium. However, RIS value generally was a significant 
difference with the difference in the medium refractive index value. We consider three possible reasons for this case. 
One, this occurred because of the formation in nanostructure of thin-films. In this case, including size, shape, and 
surface roughness on thin-film (5,20). Au nanospheres exhibit the smallest index sensitivity, and Au nano-branches 
exhibit the highest index sensitivity (21). Second, this happened because of the area sensing slightly shifted. Third, 
considered with Beer-Lambert’s law, the thickness of the thin-film determines the LSPR spectra. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 8 (a), (b) and (c) are LSPR absorbance spectra of Au thin film A, B, and C measured in different liquid, 
respectively; (d) LSPR peak wavelength versus the refractive index; (e) Peak absorbance versus the refractive index; (f) The 
obtained RIS of Au thin-films versus the refractive index 
 

Therefore, it is very important to regard with the structure of the thin film as sensor and to set the sensor on a 
fixed place. However, the results of RIS sensitivity, which obtained with Au thin–film B (above 90 nm RIU-1), is 
better than some of the published results with analogous technique (19). These results indicate that the transmission 
LSPR-based on Au thin- films in terms of the potential for optical-based biosensor applications. 

CONCLUSION 

In this work, we developed and experimentally fabricated of Au thin-films by vacuum thermal evaporation 
followed by annealing process and investigated their properties. We have successfully demonstrated that the Au thin 
films could contribute a rationally sensitive in terms to be applied as optical based sensor. The size, shape and grain 
distribution influenced by annealing process are discussed. The numerical of refractive index sensitivity can be 
obtain up 90 nm RIU-1. As one of the most significant challenges, our Au thin film as sensor open available a high 
potential for optical based biosensor. 
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