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Abstract. In the present study, a new method for analyzing the dielectric functions in 
dependence with the thickness of ultra-thin gold films is proposed. The reliability of the 
method is carefully verified through the correlation of optical properties and structural 
morphology of gold films at thicknesses around the percolation threshold (from 2 to 20 nm). 
The optical characterization of deposited films is performed in visible and NIR regions (300-
1500 nm) by a spectroscopic ellipsometry along with transmission spectra measurements at 
normal incidence. Fitting of the ellipsometric data allows one to calculate the effective 
complex dielectric function of cluster-like and continuous films of different mass-equivalent 
thickness. Surface morphology of the films is analysed by scanning electron microscopy. 

1.  Introduction 
Gold is one of the most frequently used plasmonic metals due to its low optical absorption, high 
conductivity and chemical stability. Thin films of gold are commonly used in various applications 
such as surface plasmon resonance (SPR) sensing [1,2], nanoantennas [3], surface enhanced Raman 
spectroscopy (SERS) [4], plasmonic waveguides [5] and many others. Efficiency of these devices is 
strongly dependent on dielectric function, thickness and structural features of films. Thus, knowledge 
of the refractive index and absorption coefficient is important for design and fabrication of plasmonic 
and nanophotonic devices. It is known that gold film prepared by conventional physical deposition 
methods onto glass and silicon substrate exhibits a weak surface adhesion, which results to different 
stages of film growth: nucleus formation, increase and merging of isolated islands and subsequent 
percolation up to a continuous film [6]. This indicates that ultrathin (1-10 nm) film has island-type 
structure (causing difficulties in depositing smooth and uniform ultrathin layers). However, 
manipulation of the growth process by changing deposition parameters, surface adhesion layers and 
activation of a substrate can help one achieve a favorable morphology of the film at low thicknesses 
[7]. Nevertheless, island films consisting of isolated particles found their wide application in SERS 
analysis due to the effect of the local electromagnetic field enhancement near the metal particle. The 
efficiency of this sensing method is also governed by the optical response of the film and its 
nanoparticle-network structure. 

http://creativecommons.org/licenses/by/3.0
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Recently, the comprehensive study examined the effect of the variation of film thickness (20-180 nm) 
on the optical, electrical and structural properties of thin gold films (and their relationship) [8,9]. 
However, for the lower thicknesses (near the percolation stage, i.e. <20 nm) the dependence between 
optical properties and structural morphology is worth to be considered as well in more detail. In order 
to find effective optical properties of discontinuous film an ellipsometry model fitting can be used 
with oscillator approach [10] or point by point fitting n and k which we have applied in this study. 

2.  Methods 
Gold films were fabricated by conventional e-beam deposition procedure under vacuum conditions. 
The nominal thicknesses of the deposited films were monitored by the quartz-crystal mass-thickness 
sensor mounted in the vacuum chamber. The dielectric function spectra of the studied Au thin films 
were evaluated from data measured using variable angle spectroscopic ellipsometer in photon 
wavelengths range from 300 to 1500 nm. Ψ and Δ ellipsometry parameters were measured at two 
angles of incidence (70° and 75°) and the corresponding experimental dielectric function values were 
extracted by the numerical iteration fitting procedure. Optical transmission spectra were taken at 
normal incidence using the same spectroscopic ellipsometer setup. Finally, the surface morphology of 
the deposited films was analyzed using the scanning electron microscopy (SEM). 

3.  Results and discussion 
Several series of measurements were conducted using the SEM equipment. These measurements were 
designed to study and illustrate the features of the films growth dynamics and thickness-dependent 
structural morphology changes. SEM images of some of these films are shown in figure 1. Thus, it is 
clearly seen that gold of mass thicknesses of 2 and 5 nm exhibit structures of isolated clusters, which 
lateral size is between the values of 10-20 nm and 25-50 nm, for corresponding island films. From 
thickness of 5 nm to 10 nm there is a beginning of the percolation stage which occurs up to the 
formation of a continuous film at 20 nm. Statistical image analysis in table 1 also indicates an increase 
of the metal filling fraction from 43% in 2 nm to 99% in 20 nm thick film. 
 

 
Figure 1. SEM images of deposited gold films (2-20 nm). Scale bar is 100 nm. 

 
Table 1. Gold films surface coverage estimated by statistical analysis of SEM images using ImageJ 

software [11]. 
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Thickness (nm) 2 5 10 15 20 
Filling factor (%) 43.2 60.8 79.8 94.5 99.0 

 
To investigate this phenomenon more thoroughly we used spectroscopic ellipsometry measurements 
so that optical constants, refractive index n and extinction coefficient k could be extracted accurately 
for all deposited Au films. Our results (shown in figure 2) demonstrate substantially different 
dependencies of measured ellipsometry parameters Ψ and Δ (a, b) and calculated dielectric curves (c, 
d) which should be related to the influence of film morphology. In particular, discontinuous films of 
low thickness (2-10 nm) demonstrate highly reduced metallic optical response which should be 
attributed to a high volume fraction of voids in films. Furthermore, samples with the thickness of 2 
and 5 nm don’t even indicate metallic dispersion in NIR range, as their real permittivity component is 
positive. For the thinnest film of 2 nm the imaginary component exhibits strong absorption peak at the 
wavelength around 650 nm, which is the result of the contribution of localized surface plasmon 
resonance (LSPR) excitation in gold nanoparticles. While the film thickness increases the isolated 
particles grow and coalesce, that leads to broadening and disappearing of the absorption peak shown in 
figure 2(d). In contrast to this, for 15- and 20-nm-thick gold films the obtained real and imaginary 
dielectric components demonstrate the typical Drude-Lorentz dielectric behavior, which can be seen 
by comparison with the data from Johnson and Christy for a guaranteed continuous gold film [12] 
(plotted in figure 2(c,d)). But due to discontinuous morphology, the presence of voids and isolated 
metal particles, optical properties of 2-10 nm films highly deviate from Johnson and Christy 
dependences.  
 

 
Figure 2. Results of measured ellipsometry parameters Ψ and Δ (a, b) and extracted effective 

dielectric functions (c, d) for all deposited films (2-20 nm). 
 
In addition, the transmission spectra measurements were performed with films on transparent glass 
substrates (see figure 3). Minima in transmission spectra are observed only for island films of 2 and 5 
nm. It shifts from 600 nm to 700 nm as the mass thickness increases from 2 nm to 5 nm, which is 
related to the particle size increase. The latter is also confirmed with the film surface morphology 
visualization by SEM presented in figure 1 and correlates well with the absorption maximum of 
measured ε'' curve in figure 2(d).  
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Figure 3. Transmission spectra of ultra thin gold films 2-15 nm. 

4.  Conclusions 
To summarise, we have measured and analyzed the correlation between optical properties and 
morphology of ultra-thin gold films. Our study demonstrates that the results of ellipsometry 
measurements are significantly different for island, percolated and continuous films. The results 
obtained for ultra-thin (2-5 nm) films show that their optical response strongly deviates from 
percolated films with higher thicknesses, which is adequately explained by the excitation of LSPR. 
Gold polycrystalline films on SiO2 substrates exhibit Drude-Lorentz dielectric response for thicknesses 
ranging from 15 to 20 nm. Thus, the influence of changes from island-like morphology to a continuous 
film on effective permittivity was studied. 
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