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Abstract. Ultra-thin metal films will form the basis of next-generation optoelectronics. 

However, characterization of their performance requires consideration of nanocrystalline 

structure and analysis of local optical and electrical properties. In present study, we use 

scanning near-field optical microscopy (SNOM) for nanoscale probing of optical conductivity 

of ultrathin metal films. We obtained surface maps of scattered near-field signal for gold films 

grown on monolayer graphene and MoS2 films as well as on a pure Si/SiO2 substrate. These 

results clearly demonstrate the difference in generated optical responses and can be used in the 

development of various devices utilizing ultrathin metal films. 

1.  Introduction 

Ultra-thin films are important for the performance of optoelectronic devices, flexible conductive and 

transparent electrodes etc., which depends on conductivity and optical response of metal layer. 

However, fabrication of ultra-thin metal films of gold and silver (<10 nm) on standard substrates 

(silicon and SiO2) is complicated and accompanied by a metal growth governed by Volmer-Weber 

3D-islands growth mode. Thus, the utilization of various metallic and dielectric adhesion layers on the 

substrate was proposed to prevent 3D clusterization in the process of ultra-thin films growth [1-5]. The 

use of various underlayers of Ti, Cr, Ge, polymers and self-assembled layers allows to provide lower 

thicknesses of metal film percolation. Recently, it was demonstrated that adding graphene monolayer 

onto the substrate could significantly change the growth kinetics of thin gold and copper films [6-8]. 

Also, the growth features and properties of ultra-thin gold films on monolayer MoS2 were studied in 

detail [9]. Formation of smooth and continuous ultra-thin metal films on the surface of 2D materials is 

essential for future devices performance and, thus, deserve a further investigation.  

In present work, we studied optical and structural properties of ultra-thin gold films of 

thickness 10 nm deposited onto SiO2, graphene and MoS2 monolayers. To analyze metallic optical 

response and quality of thin films we utilized ellipsometry and near-field microscopy mapping. As a 

highly sensitive method, SNOM in our approach used to characterize structural and optical 

homogeneity of the films at the nanoscale. 
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2.  Methods 

Thin gold films were deposited by e-beam deposition under high vacuum conditions ~10-6 Torr in 

Nano-Master NEE-4000 setup. Deposition of 10 nm gold was performed simultaneously onto SiO2/Si 

substrate, transferred CVD graphene monolayer on SiO2/Si and CVD fabricated MoS2 monolayer on 

SiO2/Si. The nominal thickness of the deposited metal and deposition rate ~1 A/s was measured by the 

quartz-crystal mass-thickness sensor in the vacuum chamber. The surface morphology of the films was 

visualized by the scanning electron microscopy (SEM). A thickness of deposited films was precisely 

measured by atomic-force microscopy scan of gold step done by scratch. To characterize the optical 

response of the films their effective dielectric functions were studied by spectroscopic ellipsometry 

(Woollam VASE). Parameters of ellipsometry Ψ and Δ were measured at two angles of incidence 65° 

and 70° and after that effective dielectric functions ε’ and ε’’ of the films in the wavelength range of 

300-3300 nm were calculated using the approach described in [10,11]. Scattering-type SNOM (s-

SNOM) (NeaSpec GmbH) was applied to characterize the local metallic optical response of the gold 

films on three different substrates with the nanoscale spatial resolution by AFM scan. The sample was 

scanned in a tapping mode, with the tip oscillating at the mechanical resonance frequency Ω ≈ 250 

kHz with an amplitude ∼ 50 nm.  The tip-sample interface was illuminated at an angle of 50° from the 

sample surface with a linearly polarized telecom laser (λ = 1550 nm). The scattered field was acquired 

using an interferometric detection scheme. Background contributions were suppressed by 

demodulating the detector signal at a high harmonic frequency nΩ (in our case n = 3, 4), providing 

background-free near-field amplitude images. 

3.  Results and discussion 

First, after deposition, we analyzed the morphology of gold films on three different substrates by 

SEM. Results of SEM are presented in figure 1. It shows that films have different metal coverage on 

SiO2, graphene, and MoS2. Gold films on SiO2 and graphene consist of percolated clusters, which 

average size is smaller on graphene than on SiO2, and demonstrate inhomogeneous morphology, while 

gold film on MoS2 has a continuous polycrystalline structure. Variation in surface morphology of 10 

nm-thick films can be explained as a result of different growth processes on these substrates. 

 

 

Figure 1. SEM images of surface morphology of gold 10 nm films deposited onto SiO2, graphene and 

MoS2 surfaces. Scale bar is 200 nm. 

 
Optical properties of the films were analyzed with ellipsometry in the range of 300-3300 nm and 

results of effective dielectric functions are presented in figure 2. It is known, that optical constants of 

thin polycrystalline metal films are strongly dependent on their thickness and structure [10-12]. Here, 

we observed that gold film on MoS2 has significantly higher metallic Drude response, then gold of the 

same thickness deposited on SiO2 and graphene, due to its continuous morphology and smoothness, 

even at 10 nm thickness. This observation is demonstrated by a high difference in plasmonic figure of 
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merit (FOM) -ε’/ε’ for these films, which characterize the optical quality of metal. It is also observed 

that gold on graphene has higher FOM than on SiO2. 

 

 

Figure 2. Determined effective real ε’ and imaginary ε’’ dielectric permittivity and plasmonic FOM = 

-ε’/ε’ of 10 nm gold films on SiO2, graphene and MoS2. 

 

While ellipsometry gives the surface-averaged information about optical properties, local investigation 

of film surface requires the use of scanning microscopy methods. Next, to analyze the metallic optical 

response of ultra-thin films at the nanoscale we carried out near-field mapping across the area of 2x2 

μm2 by s-SNOM together with topography scanning. The intensity of the tip-scattered near-field is 

very sensitive to changes in the complex dielectric function and is proportional to the surface charge 

density and the real permittivity. Near-field imaging and AFM of the films in figure 3(a,b) showed 

gold film on MoS2 the most metallic and homogenous comparing with other films, that is qualitatively 

correlated with the effective dielectric functions and FOM in figure 2 and with SEM. We attribute this 

behavior to better morphological homogeneity of gold on MoS2. 

 

 

Figure 3. (a) Surface topography of the films recorded by AFM. (b) Results of the near-field intensity 

imaging (signal of the fourth harmonic demodulation is used). Scale bar is equal to 500 nm, the scan 

area is 2x2 μm2. 
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4.  Conclusions 

We deposited ultra-thin gold films on SiO2 and monolayers of graphene and MoS2 and found 

noticeable differences in structural morphology and optical properties of films on different substrates. 

The results of ellipsometry, s-SNOM and SEM demonstrate strong dependence of optical response on 

structural morphology. Especially, we observed that gold film of 10 nm on MoS2 demonstrates 

structure and Drude dispersion of continuous metal. By s-SNOM mapping we analyzed the difference 

in the local optical response of the films on SiO2, graphene and MoS2 at the nanoscale and found 

correlation with the results of ellipsometry. This showed that the near-field microscopy is a useful 

technique for the characterization of the quality of ultra-thin metal films. 
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