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Abstract: The interest in ultrathin silver (Ag) films has increased due to their high surface plasmon
resonance for coatings of only a few nm. Low roughness ultrathin films of 1 to 9 nm have been
deposited on different substrates, such as polyethylene terephthalate (PET) and optical glass, using
radio frequency (RF) magnetron sputtering. Films show good surface plasmon resonance up to
7 nm thickness, as revealed by the ultraviolet-visible (UV-Vis) spectra. The roughness of the films,
investigated by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM), is small,
and one can conclude that depositions are smooth and homogeneous. The bandgap values decrease
with film thickness. The refractive index of the films, calculated from ellipsometry measurements,
leads to values of under 1 visible domain, with minima in the wavelength range of 400-600 nm.
The results are useful for obtaining lower roughness ultrathin Ag films with good surface plasmon
resonance for photonic applications.

Keywords: ultrathin films; silver; magnetron sputtering; plasmonic surface resonance; refractive
index; UV-Vis

1. Introduction

Thin metal films, especially of Au, Ag, and Cu, have recently attracted scientific
and technological interest due to their interesting applications for perfect lenses, optical
cloaking devices [1], surface-enhanced Raman scattering (SERS) [2], transparent conductive
coatings, transparent electrodes for “smart windows” and solar cells, catalytic coatings,
surface plasmon resonance (SPR) based biosensors [3], antibacterial coatings [4], etc.

Silver, as a thin film under 20 nm thickness, possesses high optical properties with
excellent performance in optical applications and presents a significant difference compared
to bulk material [3]. A thin film of silver is partially transparent and conductive at the
same time [5] and is the most common plasmonic material [3]. Silver (Ag) is known as
potentially the best plasmonic material, with the naturally lowest ohmic losses at optical
frequencies [6]. Silver has the best optical and electrical properties and better performances
compared to other metal films in optical devices [7]. Silver nanoparticle deposition is very
reproducible because the silver nanoparticle size distribution under identical deposition
conditions is similar, which recommends it for industrial applications [8]. However, the
development of silver-based materials for plasmonic and metamaterials is limited due to
some technological challenges in thin film synthesis, nanoscale fabrication techniques [6],
and metal layer growth morphology [9].

Several techniques are used for Ag thin film deposition, such as glancing angle deposi-
tion (GLAD) [1], plasma enhanced atomic layer deposition (PEALD) [2], alternating current
(AC) magnetron sputtering [3], thermal evaporation and low-pressure direct current (DC)
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plasma sputtering [5], DC magnetron sputtering [4,7], pulsed laser deposition (PLD) [7],
RF magnetron sputtering [10], or electron beam evaporation [5]. Thermal evaporation
methods have major disadvantages, such as poor adherence and stability of films. GLAD
and PEALD can be used for special patterns. The magnetron sputtering method is one of
the best choices for obtaining homogeneous and controlled ultrathin films of Ag.

Plasmonics and nano-plasmonics refer to the generation, detection, and driving of
signals at optical frequencies along metal-dielectric interfaces at the nanometer scale. Like
photonics, plasmonics is applied to miniaturizing enhanced optical devices: optical sensing,
metal-dielectric-metal versatile nanostructures, or energy harvesting cells. Surface Plasmon
Resonance (SPR) measurements can be used to detect molecular adsorption in biopolymers;
a shift in this resonance due to a change in the local index of refraction upon adsorption on
nanoparticles can be useful to identify biopolymers [11].

The complete understanding of the optical characteristics of ultrathin silver films
(under 10 nm thickness) integrated into photonic structures is rather approximate and
difficult to be practically understood, despite the obvious simplicity of a single ultrathin film
deposition by the magnetron sputtering method. In order to prepare ultra-thin layers for
different applications, it is important to understand how to deposit Ag on various substrates
without a seed layer. Commercial substrates like optical glass and oxide films, plastics
like PET, or other polymers are studied worldwide, and recent papers have attempted to
understand the problems linked to ultra-thin Au or Ag films deposition and properties [11,12].
Colin et al. [13] reviewed the monitoring of ultra-thin metal film growth by comparing
several deposition methods and optical and electrical properties but did not indicate a
low-power method of deposition. Grachev et al. [14] also presented a real-time monitoring
of film growth, but they used relatively high power, around 50 W, for the magnetron
sputtering deposition.

The reason for this work is to use low power of 1 W in selected working conditions,
for low roughness deposition, by magnetron sputtering, of ultrathin films of Ag of 1-9 nm
thickness on various substrates, namely, optical glass (OG), and thin and thick PET and
to study the structure and properties of the obtained new nanostructures. Decreasing
the thickness of the continuous Ag layer as much as possible is important for all optical
and electronic devices and especially for flexible components. The author’s intention was
to find for the low-power magnetron sputtering deposition method, the proper working
conditions without a special cooling stage in order to find a simple and cheap method for
such Ag ultrathin depositions. During the growth process, the Ag metal clusters connect
with each other to form a continuous structure in long range, which was investigated using
SEM. Therefore, to reach the continuous structure at minimum Ag thickness, considering
the roughness of commercial substrate materials we used, was a target for us. According
to the Ag atomic dimension, we concluded that the best roughness is in the range of 4 to
6 atomic layers, which is about A/50 in the UV domain and A/100 in the visible domain. We
concluded that the Ag ultra-thin film could be processed using a very low rate of deposition,
preferably under 0.02 nm/sec, in vacuum conditions assisted with a pure Argon (99.99%)
gas flow of 2 x 1072-3 x 1072 L/min. We established the vacuum parameters according
to the specificity of the chosen vacuum system. This work tries to find answers to the
above-mentioned problems and to make an original study on the influence of substrate and
the substrate-film system (considered as a Vis transparent material) properties, highlighting
the bandgap variation for these systems.

2. Materials and Methods

The magnetron sputtering depositions were made using a Radio Frequency Magnetron
Sputtering VARIAN ER3119 apparatus. The deposition conditions are presented in Table 1.
The Ag layer thickness was monitored during the deposition process with the help of
a quartz sensor whose sensitivity is 0.1 nm, a sensor that is integrated as a part of the
magnetron sputtering equipment. Therefore, the standard deviation for the measurement
of the deposition thickness must be 0.05 nm.
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Table 1. Deposition conditions.

No. Working Condition Value
1 Quartz constant 8.25
2 Target density 10,490 kg /m?
3 Vacuum 5.6 x 1072 pascal
4 Ar pressure 33.86 pascal
5 Active power 1w
6 Reactive power (%Y
7 Intensity 01A
8 Substrate Thick PET/thin PET/optical BK7 glass
9 Deposition speed 0.1 x1071%m/s
10 Deposition time 2-15 min
11 Thickness of deposited films 1,3,5,7,and 9 nm
12 Deposition temperature Room temperature (RT)

The Magnetron Sputtering apparatus used usually works in the RF domain. In our
case, by using very low powers of about 1 W, the RF was not reached and there was no
problem with heating. The low-power plasma of 1 W was very stable, with no plasma
quenching. Under the above deposition conditions, ultrathin films of 1, 3, 5, 7, and 9
nm thickness were deposited on optical glass (BK7 type), thick PET, and thin PET, with
the sample codes presented in Table 2. The optical glass substrate roughness was under
1 nm but the substrates of PET, both thin and thick, had some major defects which could
not be removed and appeared in some of the AFM and SEM images. The roughness of
PET substrates apparently decreases from around 10 nm (PET) and 1.8 nm (PETs), before
deposition, to the values indicated in Table 3 (which are lower for both substrates in the
case of 1 nm film thickness and lower for all deposition thicknesses in the case of thick PET)
after the Ag deposition in Ar plasma. Each substrate was carefully cleaned with ethanol,
visually checked, and dried in air before the Ag film deposition. Three different samples
were performed for the representative thickness (1, 5, and 9 nm) and only two for the other
thicknesses (3 and 7 nm), and the resulting films have identical properties.

Table 2. Sample codes.

Substrate Ag Film Deposition
Sample Code Substrate Thickness [mm] gThickness [nm]
PET-Agl Thick PET 0.5 1
PET-Ag3 Thick PET 0.5 3
PET-Agb5 Thick PET 0.5 5
PET-Ag7 Thick PET 0.5 7
PET-Ag9 Thick PET 0.5 9
PETs-Agl Thin PET 0.15 1
PETs-Ag3 Thin PET 0.15 3
PETs-Ag5 Thin PET 0.15 5
PETs-Ag7 Thin PET 0.15 7
PETs-Ag9 Thin PET 0.15 9
SO-Agl Optical glass 1.8 1
SO-Ag3 Optical glass 1.8 3
SO-Agb Optical glass 1.8 5
SO-Ag7 Optical glass 1.8 7
SO-Ag9 Optical glass 1.8 9
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Table 3. Roughness of ultrathin films deposited on PET, thin PET, and optical glass (SO).

/[Sample Roughness Sample Roughness Sample Roughness
Code Rq [nm] Code Rq [nm] Code Rq [nm]
PET-Agl 2.6 PETs-Agl 1.2 SO-Agl 1.9
PET-Agb 4.8 PETs-Ag5 41 SO-Agb 4.6
PET-Ag9 22 PETs-Ag9 1.4 SO-Ag9 1.9

The atomic force microscopy (AFM) system used for investigating the morphology and
the state of the surface, together with the quality of depositions in terms of low roughness,
was an XE100 model from Park System (Suwon, Republic of Korea). The images were
recorded in non-contact mode using commercial silicon tips.

A scanning electron microscope, SEM (FEI QUANTA INSPECT S), FEI Company, Hills-
boro, OR, USA, equipped with EDAX was used to observe the structures and morphology
of the samples. The FEI Inspect F50 Microscope has an optional beam deceleration mode
to get surface and compositional information from conductive samples. The microscope
uses a stable high current FEG (field emission gun) up to 30 kV. The images have a 5 pm
resolution and x20,000 magnification.

The transmittance, reflectance, and absorbance were measured with a UV-Vis Lambda
35 (PerkinElmer, Waltham, MA, USA) Spectrophotometer, with the following characteristics:
Range 190-1100 nm, Bandwidth 0.5-4 nm (our samples were analyzed with a 1 nm slit),
Absorbance range (linearity 0.99 r?) 3.2 A, Working temperature 15 °C, 35 °C, Relative
humidity 20%, 80%, Precision 0.1 nm, and Scanning rate 60—2880 nm/min (for our samples—
240 nm/min). Since the transmittance and reflectance spectra were performed with the
PerkinElmer Lambda 35 spectrophotometer, which is a device with a high degree of
reliability, and the calculation of the forbidden band was performed according to the
calculation algorithm from the literature with the help of the Origin software, we consider
that all measurements are perfectly reproducible, because the transmission spectra are
correctly recorded by the PerkinElmer Lambda 35 spectrophotometer. The band gap
calculations usually have an error of under 1%.

The refraction index, n, and the extinction coefficient, k, related to the absorption
loss were calculated using data collected by ellipsometry using a Spectro-ellipsometer
VVASE—Variable Angle Spectroscopic Ellipsometry (Woollam, Lincoln, NE, USA), at 60°,
65°, and 70° incidence angles in the spectral range 250-1700 nm. From the measurement
of amplitude ratio ¥ (Y) and phase difference A (D) at each wavelength and at different
incident angles, optical models were generated by WVASE32 software, and the n and k
parameters were measured. WVASE32 is a spectroscopic ellipsometry software from J. A.
Woollam Co. that allows building a model based on the sample structure and describing
the properties of target materials using different oscillators.

3. Results and Discussion

The samples with 1, 5, and 9 nm thickness of deposited Ag film were chosen as the
most representative for the structural and property investigations.

3.1. Atomic Force Microscopy (AFM)

The surface morphology of the films was examined by the AFM method. The scan
area for all films was 2 x 2 um?. Figure la-i show AFM images of the as-deposited Ag
films on PET, thin PET (PETs), and optical glass (50) substrate.

For the as-deposited films, the surface was crack-free, smooth, and homogeneous,
composed of very small aggregates with a maximum height of ca. 9 nm. AFM 2D images of
the Ag films show different morphologies of surface, depending on the Ag films’ thickness
and substrates, which can be related to the agglomeration of crystallites and defects of
PET surface. The most homogeneous films are those deposited on optical glass. The films
deposited on thick PET show some wave-like deposition tendency, while films deposited
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on thin PET present isolated grains. According to the AFM 3D images, the aggregates are
pyramidal in all samples. The roughness of the as-deposited films is presented in Table 3.
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Figure 1. AFM images of as-deposited ultrathin films (a) PET-Agl, (b) PET-Ag5, (c) PET-Ag9,
(d) PETs—gl, (e) PETs-Ag5, (f) PETs-Ag9, (g) SO-Agl, (h) SO-Ag5, (i) SO-Ag9.

The surface roughness values shown in Table 3 show that the lowest roughness values
are registered in the case of films of 1 and 9 nm thickness deposited on thin PET and optical
glass. It is likely that the 9 nm thick Ag film covers the irregularities of the substrates
surface compared to 5 nm thick films and this explains the roughness decrease.

Zhang et al. reported that it is very difficult to obtain very thin and smooth Ag films
at the same time due to 3D island formation during the film growth [15]. A rough surface
morphology will lower the film conductivity and cause more optical loss, even getting
nonconductive layers when the islands cannot form percolation paths [15]. The films with
a deposition thickness lower than 5 nm present lower roughness than 5 nm in all cases and
under 3 or 2 nm in the case of 1 nm deposition thickness, as indicated by the quartz monitor.
Unfortunately, because of 3D island formation, a continuous film is not formed and the
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conductivity threshold is not reached. As shown in Table 3 and Figure 1, the ultrathin films
over 5 nm and under 9 nm deposition thickness together present conductivity properties
because they are continuous films together with SPR properties. All samples obtained
by this low-power deposition method present much lower roughness than the samples
reviewed by Colin et al. [13], with a roughness of about 10 nm.

According to the Ag atomic diameter, we concluded that the best roughness is between
4 atomic layers and 6 atomic layers, which is about A/50 in UV and A /100 in visible. As
presented by Colin et al. [13], the electrical percolation threshold appears at about 7 nm
Ag film thickness, which indicates that films of 7 nm and 9 nm present the best electrical
conduction properties in a condition of lower roughness than the film of 5 nm. The films of
3 and 1 nm have low roughness, but even if they have SPR properties, as presented in the
next chapters, they are not electrically conductive.

3.2. Scanning Electron Microscopy (SEM)

Figure 2a—i show SEM images of Ag films deposited on different substrates with 1, 5,
and 9 nm thickness. The images confirm the fact that the depositions are homogeneous and
smooth. Some cracks appeared in the film of 1 nm deposited on PET, both thin and thick.

@ - ®

() @

Figure 2. SEM images of as-deposited ultrathin films:(a) PET-Ag1, (b) PET-Ag5, (c) PET-Ag9,
(d) PETs-Agl, (e) PETs-Ag5, (f) PETs-Ag9, (g) SO-Agl, (h) So-Ag5, (i) SO-Ag9.

SEM confirms the AFM results, showing that the films 5 nm thick present the largest
islands of Ag and that the minimum dimensions are registered for the films with 1 nm
deposition thickness. The films had some cracks, especially films of 1 nm deposited on PETs.

The thickness of the deposited films was measured in the magnetron sputtering work-
ing space using quartz control samples, which are considered very precise. Unfortunately
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for the roughness of the silver films, as indicated by other authors, like Zeng et al. and
Liang et al. [11,12], silver tends to cluster after deposition in the so-called “3D islands”
with sometimes higher dimensions than the original film thickness. These clusters were
observed by AFM and SEM and led to a higher roughness than the original thickness of the
deposited film. All discussions in our manuscript refer to the deposition thickness, which
is not the real thickness when keeping in mind the grouped islands of Ag.

The most homogeneous and smooth depositions are those deposited on PET and SO,
especially the ones having thicknesses higher than 5 nm, which is an aspect of continuous
films. These results indicate one more time that for SPR purposes, the ultrathin films with
thicknesses over 5 nm will have better performance because they are seen in SEM images
as continuous films which must present electrical conductivity. However, as will be seen in
the next chapters, it seems that for films of 9 nm, the SPR properties decrease and disappear,
which signifies that films of 7—-8 nm are the ones that combine low roughness, electrical
conductivity [13], and SPR properties.

3.3. Optical Properties

The transmittance, absorbance, and reflectance of the selected samples are presented
in Figure 3a—i. The wavelengths of the maxima specific to the SPR are summarized in
Table 4.

The transmittance of the selected samples is over 80% for the sample of 1 nm Ag film
thickness and decreases with the thickness of Ag film to about 40% in the case of 9 nm Ag
film thickness. The absorbance edge at 300-310 nm for all materials is due to the absorption
of the glass or PET substrate [16]. The transmittance maximum is located at about 350 nm
for all substrate materials, similar to other authors’ results [5]. As expected, a transmittance
minimum appears at increasing wavelengths with increasing thickness for the first two
samples, 1 and 5 nm Ag film deposition thickness, respectively, and it is no longer visible
in the case of the sample with 9 nm deposition thickness. This confirms the blue-shifted
plasmon absorbance when thickness decreases, as observed by other authors [17], but in
our case, the displacement is more pronounced. The nature of these minima shown in
Figure 3a—c can be explained by the appearance of localized plasmons with the intensity
and frequency related to the size of the islands of the film [5]. This minimum, specific
for surface plasmon resonance, SPR [5], is located at 467 nm in the case of thick PET
substrate, decreasing with substrate thickness to 442 nm, and it is situated at an even
lower wavelength, at 439 nm, in the case of the optical glass substrate. This proves the
influence of the substrate on the SPR. In the case of samples of 5 nm film thickness, the
minimum is displaced toward higher wavelengths, up to 675 nm for thick PET substrate,
showing the same decreasing trend with substrate thickness to 634 nm and shifts to a lower
wavelength of 620 nm, in the case of the optical glass substrate. The SPR minimum moves
toward higher wavelengths (lower energies), with substrate thickness decreasing and film
thickness increasing. Other authors, in their reported works, found the minimum attributed
to SPR located at about 550 nm for 2 nm Ag film on glass [5], in between our results for SPR
in the case of 1 and 5 nm Ag films, respectively. The width and peak position of the SPR
were found to depend on the particle size and environment [5,17], similar to our findings
related to film thickness and type of substrate.
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Figure 3. Optical properties of as-deposited ultrathin films, transmittance, (a) on thick PET, (b) on
thin PETs, (c) on optical glass, absorbance, (d) on thick PET, (e) on thin PETs, (f) on optical glass, and
reflectance, (g) on thick PET, (h) on thin PETs, (i) on optical glass.

Table 4. Position of the SPR-specific maxima obtained from the transmittance, absorbance, and
reflectance spectra.

Transmittance SPR Absorbance SPR Reflectance SPR
Sample Code Minimum Maximum Maximum
[nm] [nm] [nm]

PET-Agl 467 £0.5 442 +£0.5 470 + 0.5

PET-Agb5 675 + 0.5 645 + 0.5 644 + 0.5
PET-Ag9 - - -

PETs-Agl 442 +£ 0.5 440 £ 0.5 452 + 0.5

PETs-Agb 634 + 0.5 640 + 0.5 630 + 0.5
PETs-Ag9 - - -

SO-Agl 439 £ 0.5 442 +£0.5 446 + 0.5

SO-Agb 620 + 0.5 550 + 0.5 568 + 0.5

SO-Ag9 - - -
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Each absorbance spectrum from Figure 3d—f presents a broad peak known as the
localized SPR band at the wavelength indicated in Table 4 [18]. The maximum of the
band corresponds to the SPR wavelength, Agpr [18]. This absorbance maximum specific
for SPR appears for the samples of 1 and 5 nm thickness on all substrates, blue shifted
with film thickness decreasing for all three substrates and blue shifted with substrate
thickness decreasing for PET substrates. The reason for this maximum is that the electro-
magnetic field of the light wave excites the surface plasmons, leading to absorption [19].
The absorbance maximum for the sample of 1 nm thickness is practically similar to all
three substrates, with a tiny blueshift from 442 to 440 nm when PET thickness decreases.
For 5 nm thickness samples, the blueshift with substrate thickness decreasing, in the
case of PET substrates, is more important, from 645 to 640 nm, but, more than this, for
the SO substrate, the blueshift is significant, down to 550 nm, indicating, in this case,
a strong effect of the optical glass substrate. The blueshift of ASPR is then more pro-
nounced when the refractive index n of the substrate decreases, knowing that PET has
n = 1.57 [20] and SO (BK7 type) has n = 1.516 (Romanian optical glass catalog). Besides
the wavelength shift, it can be observed that the resonance band becomes broader as a
substrate with a higher refractive index (PET) is used. Two reasons can be responsible for
this broadening. One reason is the increasingly enhanced free-electron damping in the
dielectric constant of silver when the wavelength increases [13]. The other is due to the
particle shape dispersion [18].

The reflectance spectra for PET substrates show two maxima at around 205 and 260 nm,
due to the presence of m-electrons of the aromatic part in the molecular chain of PET [16].
The reflectance peak owing to the SPR [16] is observed only for the samples of 1 and 5 nm
film thickness, blue shifted on decreasing thickness. The displacement is dependent on
substrate type and thickness. The peak is located at 470 nm for thick PET and shifted to
452 nm in the case of thin PET for the samples with 1 nm Ag film, and redshifted as the
thickness of film increases to 5 nm, up to 644 nm for thick PET and 630 nm for thin PET.
For the SO substrate, compared to PET substrates, a blueshift of the SPR peak appears less
pronounced for 1 nm Ag film, shifted only to 446 nm, and more pronounced for 5 nm Ag
film, shifted with over 60 nm until 568 nm. In all cases, a blueshift appears as the film
thickness decreases. A reflectance minimum is visible in all cases around 320 nm, a few nm
higher for thick PET and SO. A roughness influence is perhaps visible in the widening of
these maxima in our case, compared to other authors” works.

Figure 4 presents the graphic determination of Eg [21] for the chosen samples. The
Mott and Davis/Tauc equation was applied to obtain the optical band gap, E, (Figure 4).
The equation [21,22]:

ahv = (hv — Eg)n 1)

allows to determine the band gap, Eo, where « is the absorption coefficient, /1 is the Planck
constant, v is the light frequency, and n is % for the allowed direct electron transitions and
2 for the allowed indirect electron transitions from the valence to the conduction band [23].
For transparent metallic films or for substrate-transparent metallic films (our case), as well
as for semiconductors, n takes the value of % [23].

The optical band gap, E¢ value, was obtained by extrapolating the linear region of
the curve to the zero absorption at which ahv = 0, and the results are presented in Table 5,
which summarizes the bandgap (E;) values for the samples with 1, 5, and 9 nm Ag ultrathin
films and the PET, PETs, and SO substrates, and the bandgap displacement (AEy) of the
substrate-film system from substrate values.
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Figure 4. The bandgap graphical determination for (a) PET-Ag samples; (b) PETs-Ag samples;

(c) SO-Ag samples; (d) substrates.

Table 5. The E; values for the chosen samples and substrates.

E AE
8 8
Sample Code [eV] [eV]
PET-Agl 3.396 £ 0.034 0.110 £ 0.001
PET-Ag5 3.262 £ 0.033 0.242 + 0.002
PET-Ag9 3.158 + 0.032 0.348 £ 0.003
PET 3.506 & 0.035 -
PETs-Agl 3.775 £ 0.038 —0.025 + 0.001
PETs-Ag5 3.721 £ 0.037 0.029 £ 0.001
PETs-Ag9 3.693 £ 0.037 0.057 £ 0.001
PETs 3.750 £ 0.037 -
SO-Agl 3.402 £ 0.034 0.043 £ 0.001
SO-Ag5 3.291 4 0.033 0.154 + 0.002
SO-Ag9 3.334 £ 0.033 0.111 £ 0.001
SO 3.445 £ 0.034 -

As seen in Figure 4 and from data in Table 5, the bandgap value for the substrate-film
system decreases with ultrathin Ag film deposition on every substrate investigated, with
one exception, the PETs substrate, but only for 1 nm Ag film. The bandgap value also
decreases with the thickness of Ag film increasing for all samples, with an exception, in
the case of SO substrate, while for samples with Ag ultrathin film thicknesses of 5 and
9 nm a small increase appears. The most pronounced decrease is visible in the case of
PET substrate. These tendencies are normal considering the metallic properties of silver,
which decrease the substrate-film system’s bandgap values compared to the substrate

bandgap value.
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3.4. Ellipsometric Measurements

In the analysis of spectro-ellipsometry data, it is necessary to know the dielectric
function of the sample; when this is not known, it becomes necessary to implement a
modeling technique.

The dielectric function in the visible region can be calculated from the response of
bound and unbound charges to the electric and magnetic fields of light. The Lorentzian
equation for the resonant behavior of bound electrons in an electric field is simplified by the
Drude model of metals, which is a Lorentzian where the resonance frequency is zero [24].

The Drude-Sommerfeld model assumes that the conduction band electrons react in
phase with an applied electric field. In this case, the Drude-Lorentz model becomes [24]:

@=1-— ;T @
(w)=1-—5—"—=1— i ,
w? +ilw (W2 +T?) w(w?+TI?)

where ¢ is the permittivity, w is the angular frequency, wp is the Drude plasma frequency

defined by [24,25]:
N,
“p =\ eome’ 3)

where the electron mass is m, and charge, —¢, in an external electric field.
The damping constant, I', is related to the electron mean free path, /, by [24]:

, (4)

where vf is the Fermi velocity and 7 is the collision frequency. Thus the DC conductivity oy
of a metal, Ag in our case, may be determined from the Drude model via the relation [24,25]:

2 2
e“N, wWy€o
op = meT: ? &)
e

The real and imaginary parts of the dielectric constant described by the Drude free-
electron theory are [25]:

(@) =1 wit(w)? .

o) =1 T ©
2

P 11C) @)

- w(l+ w?t(w)?)

Here 7(w) is the relaxation time and wp is the plasma frequency.
A version of the Drude model [26] with resistivity and mean scattering time as free
parameters is described by:

_h2

~ eop(TEZ + ihE)’ @®

‘SDrude(E = hw)
m* 1

°= Nebt ~ quN ©

In Equations (8) and (9), adjustable Drude fit parameters are resistivity, p ((2-cm) and
scattering time, T (sec). m* (the carrier effective mass), N (the carrier concentration in cm~3),
and y (the carrier mobility in cm?V~!s~!) are the other parameters. The physical constants
are h(Plank’s constant/m), gy (the vacuum dielectric constant), and the electron charge g
(1.6 x 107 C).

The ellipsometric ratio p = tan x exp(iA) is determined from the quantities Is and
Ic, which are related to the ellipsometric angles 1 and A as follows: Is = sin2xsinA and
Ic = sin2ipxcosA. The validity of the model is determined by the calculation of a common



Inorganics 2022, 10, 235

12 of 14

mean square error function, which accounts for the discrepancies between the measured
(IC meas and IS peas) and simulated data (IC . and IS 0) [27]-

Using the Drude model for thin metallic films, the ellipsometric measurements pre-
sented as experimental ellipsometric angles 1 (Y in ellipsometer figures) and A (D in
ellipsometric figures) variation toward the wavelength, experimental and fitted, as shown
in Figure 5 for the SO-Ag9 sample, permitted us to calculate [28,29] the variation of the
refractive index n with the wavelength, as presented for two of the samples in Figure 6.

Generated and Experimental

—— Model Fit
40 ' I ' I ' I T T ExpY-E60° T | 160
35 O Y-E 708 -140
—— Mouel H J120
3 A / oD
1% D) ——-Exp D-E 65° 1 o
® - E 70° 4100 ¥
% 250, | Exp D-E 70 ] 5
@ ‘ 480 &
© «Q
c 20 7 -
£ 160 2
> 150 | §
40
10 120
5 I . | . | . | . | . | . | 0
250 500 750 1000 1250 1500 1750

Wavelength (nm)

Figure 5. Ellipsometric angles Y and D, experimental and fitted for the sample SO-Ag9.

2 -
—— PET-Ag3
—— PET-Ag?
1.5+ ——O0GAg7
—— 0GAg9

2.0

0.5+

T T T T T T T T T 0.0 T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600

Anm] Alnm]
(a) (b)

Figure 6. The variation of refractive index n with the wavelength for Ag deposited on thick PET (a)
and optical glass SO (b).

As expected for samples with Ag ultrathin films of several nm, the calculated refractive
index in the Vis-NIR domain has values under 0.5 regardless of the substrate of PET or
optical glass. Since SPR appeared in ellipsometric measurements, it was difficult to make
an accurate fitting of the obtained results in order to obtain the refractive index n and
the extinction coefficient k, which was the reason for presenting only the more accurate n
values obtained in Figure 6.

The obtained values are close to those indicated by other authors [3,19,25,30]. The ten-
dency observed for our samples is that the refractive index value increases with increasing
Ag film thickness for all types of substrates and is not in agreement with data presented
in [19], indicating only a small increasing tendency on the Vis-NIR domain. The lowest
values for n were observed for the thick PET substrate. The values for the films deposited
on a thin PET substrate and SO substrate are close to each other. This proves the influence
of the ultrathin films of Ag on the refractive index of the substrate-Ag film system, as the
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substrate has refractive index values around 1.516 and 1.57 for SO and PET, respectively,
resulting in metamaterials systems for the entire domain of Vis and NIR.

4. Conclusions

Ultrathin Ag films of 1 to 9 nm thickness were deposited by RF Magnetron Sputtering
onto glass and PET substrates. The samples were morphologically analyzed by atomic
force microscopy (AFM), showing roughness of up to 5 nm. SEM investigation confirmed
the smoothness and homogeneity of the deposited ultrathin films and showed that the
films of 9 nm are continuous. According to the Ag atomic dimension, we concluded that
the best possible roughness in conditions of the simple and relatively cheap technique of
magnetron sputtering deposition is in the range of 4 atomic layers and 6 atomic layers,
which corresponds to A/50 in the UV domain and A/100 in the visible domain.

The transmittance and reflectance of the samples, investigated using UV-Vis-NIR
spectroscopy, show a transmittance maximum specific to Ag and a minimum transmittance
at about 500 nm, which depends on the thickness of the deposited film, clearly showing the
surface plasmon resonance at a low thickness of films, meaning up to 9 nm The bandgap
value decreases as Ag film thickness increases for all substrate-Ag film systems.

One of the main conclusions of this study is that the films between 5 and 9 nm combine
low roughness with potential electrical conductivity because they are continuous films with
SPR properties, which make them valuable candidates for future photonic application.

The systems’ refractive index was obtained through spectroscopic ellipsometry data
using the Drude model-based technique by minimizing the difference between the mea-
sured spectrum of the ellipsometric parameters and the values calculated from the model.
The calculated refractive index n presents values of 0.1-0.6 in the 345-1200 nm region.

These results are helpful for using a low-power Magnetron Sputtering technique to
deposit ultrathin Ag films as 3D islands or continuous films of low roughness and good
surface plasmon resonance, suitable for various applications in photonics.
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