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Abstract 
Nanostructured composite films based on Ag-Si containing silver nanoparticles are used as a material for SERS (Surface-
enhanced Raman spectroscopy) substrates, plasmonic back reflector, nanoplasmonic sensors, nonlinear optics devices, 
memristor structures, etc. Due to the widespread use of nanocomposite films based on Ag-Si, there is a need to develop 
simple and affordable methods for their production compatible with semiconductor technology. Therefore, this work is 
devoted to the production of an Ag80Si20 nanocomposite film with a high silver content (80 at.%) by ion-beam sputtering 
with simultaneous control of the morphology, structure, phase composition and electrical properties of the manufactured 
sample. As a result of complex studies using X-ray diffraction, ultra-soft X-ray emission spectroscopy, SEM and AFM 
microscopy, it was found that the film is a nanocomposite material based on silver nanoparticles with an average size of 
~15÷30 nm. At the same time, some silver nanoparticles are in direct contact, while some Ag nanoparticles are isolated 
from each other by a shell of silicon dioxide SiO2 and amorphous silicon a-Si. Such a nanogranulated structure of the Ag80Si20 
film causes the presence in the test sample of the effect of switching from a high-resistance state (880 Ohm) to a low-
resistance state (~1 Ohm) under the action of a voltage of ~ 0.2 V. As a result of the formation of conductive filaments (CF) 
of Ag atoms in the dielectric layer between the silver granules.
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1. Introduction
Nanostructured composite materials 

containing silver nanoparticles, due to their ability 
to amplify the electromagnetic field near the 
surface of metal nanoparticles when interacting 
with light (surface plasmon resonance), are 
a promising material for the manufacturing 
technology of SERS substrates used for high-
precision diagnostics and detection of very low 
concentrations of material by Raman spectroscopy 
[1–3]. In addition, silver nanoparticles are used 
to create structures with a plasmonic back 
reflectors in order to increase the efficiency of 
solar cells [4,5], nanoplasmic sensors [6] and 
nonlinear optics devices [7,8]. In addition, silicon 
decorated with silver nanoparticles is considered 
one of the candidates as an anode material for 
next-generation lithium-ion batteries with 
high energy density [9–11]. Despite the high 
theoretical capacity of 4200 mA·h/g of silicon, 
a strong volume change (> 300%) of the silicon 
anode occurs during the lithiation−delithiation 
process, which leads to its destruction and 
deterioration of electrochemical characteristics. 
Surface nanostructuring of a silicon anode 
using silver nanoparticles makes it possible 
to improve the conductivity of a silicon anode 
and reduce internal stresses when the volume 
of silicon changes, which leads to a significant 
increase in electrochemical characteristics [9–
11]. It was shown in [9] that when using an Ag-
Si nanocomposite film with a silver content of 
about 20% as an anode, the Coulomb efficiency 
reaches 95%, due to a decrease in the polarization 
of the anode due to the presence of silver 
nanoparticles. Currently, nanostructured Ag-
Si and Ag-SiOx films are of interest for creating 
random access memory (RAM), since they have 
the effect of switching from a high-resistance to 
a low-resistance state (memristor effect) [12–15]. 
Moreover, such structures are used as artificial 
electrical synapses for building neuromorphic 
computing systems. [16–18].

The widespread use of nanocomposite films 
based on Ag-Si leads to the need to develop simple 
and affordable methods for their production 
compatible with semiconductor technology. 
At the same time, additional difficulties are in 
the formation of metal nanoparticles in films 
with a high metal content as a result of their 

coalescence into larger particles [19]. Therefore, 
this work is devoted to the production of an 
Ag80Si20 nanocomposite film with a high silver 
content (80  at.%) by ion-beam sputtering 
with simultaneous control of the morphology, 
structure, phase composition and electrical 
properties of the resulting sample.

2. Experimental

2.1 Preparation of the Ag80Si20 film  
by ion-beam sputtering

The Ag80Si20 film with a thickness of about 
1.5 μm was obtained on a Si (100) substrate of 
the KDB-12 brand by ion-beam sputtering of a 
composite target (size 100x200 mm) made of pure 
silver Ag (99.99%) and Si (KDB-12) silicon strips 
with a size of 100x10 mm. To obtain the Ag80Si20 
film of the desired atomic composition, silicon 
strips with a width of 10 mm were placed at a 
distance of 20 mm on the surface of the silver plate. 
The deposition was realized in a vacuum chamber 
(10–6 Торр) filled with Ar (purity99.992%) up to 
the total gas pressure 8·10–4  Торр. A magnetic 
system consisting of permanent magnets, a 
magnetic circuit and an anode was used as a 
source of ion-beam sputtering. Argon ionization 
is carried out in the gap of the magnetic circuit 
located in the immediate vicinity of the anode, to 
which a positive displacement of 4 kV is applied. 
The optimal plasma current is ~170 μA. The 
sputtering coefficients of Ag and Si were 11.8 [20] 
and 1.5 [21], respectively. This mode ensures the 
deposition rate of the Ag80Si20 film ~1.5 μ/h. The 
ion beam sputtering technique is described in 
more detail in the works [20,21].

2.2 Methods of characterization  
of the Ag80Si20 ion-beam film 

The atomic composition of the film was 
determined using a JEOL JSM-6380LV scanning 
electron microscope (SEM) with an INCA Energy 
250 microanalysis attachment at a primary 
electron energy of 5 keV.

The structure of the sample was analyzed using 
a PANalytical Empyrean B.V. X-ray diffractometer 
with Cu Ka1,2-radiation l = 1.542 Å.

The surface morphology of the Ag80Si20 ion-
beam film was analyzed using the Solver P47 
NT-MDT scanning atomic force microscope 
(AFM) in the 1x1 μm scanning area.
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The phase composition of the Ag80Si20 film 
was determined using a unique technique of 
ultra-soft X-ray emission spectroscopy (USXES) 
implemented on the RSM-500 spectrometer. This 
method allows recording the characteristic X-ray 
Si L2.3 radiation resulting from electron transitions 
from the valence band to the Si 2p core level. As 
a result, the USXES method provides information 
about the density of electronic states in the 
valence band, which makes it possible to detect 
the presence of Si-Si or Si-O bonds, regardless 
of the degree of ordering of the atomic structure 
of the film [22,23]. Modeling using reference 
spectra makes it possible to determine the 
contribution of amorphous, crystalline and oxide/
suboxide phases of silicon in experimental Si 
L2.3-spectra [24]. The excitation of X-ray emission 
Si L2.3-spectra was carried out by an electron beam 
with an energy E from 1 to 3 keV, which provided 
an analysis depth of 10 to 60 nm [25].

The electrophysical properties of the film were 
studied using the current-voltage characteristics 
(I-V) obtained using a probe installation and a 
digital oscilloscope Aktakom ASK-4106 in the 
range from -0.6 to +0.6 V.

3. Results and discussion

3.1 Surface morphology of the Ag80Si20
  

ion-beam film
As a result of ion-beam sputtering of a 

composite target based on Ag and Si, a sufficiently 
thick film ~ 1.6 microns thick is formed under 
these conditions, as can be seen in the cross 

section SEM image (Fig. 1a). The analysis of the 
elemental composition by energy dispersive 
spectroscopy (EDS) shows that the resulting 
ion-beam file has an atomic composition of Ag 
79 at.% and Si 21 at.% (Ag79Si21) close to the 
technologically specified Ag80Si20. The elemental 
composition was analyzed at a primary electron 
energy of 5 keV in order to limit the depth of the 
analyzed layer to the thickness of the film. The 
surface of the Ag80Si20 film has a continuous and 
homogeneous structure (Fig. 1b). At the same 
time, according to AFM data, the surface of the 
Ag80Si20 film is granular with an average granule 
size of ~30 nm, which is clearly visible in the three-
dimensional AFM image obtained by scanning a 
1×1 μm surface area (Fig. 2a). On the surface of 
the Ag80Si20 film, both individual granules and 
conglomerates formed by these granules reaching 
sizes of ~100–200 nm are clearly distinguishable 
(Fig. 2a). The average surface roughness of the 
Ag80Si20 film is in the range of 2.5÷3 nm, while 
some local relief inhomogeneities reach a height 
of 40÷70 nm. 

The formation of granular nanoparticles in 
the Ag80Si20 film is clearly visible in the AFM 
image obtained in phase contrast mode with a 
scanning area of 1×1 μm (Fig. 2b). At the same 
time, it is clearly visible from Fig. 2b that some 
nanoparticles are in direct contact, while some 
of the nanoparticles are surrounded by a shell 
with a different kind of contrast (light areas 
in Fig. 2b). Based on the atomic composition 
and AFM images of the Ag80Si20 film, it can be 
assumed that the nanogranules are formed on 

Fig. 1. SEM images of the cross section (a) and the surface (b) of the Ag80Si20 ion-beam film
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the basis of silver, and the shell separating them 
is formed by silicon. Therefore, X-ray diffraction 
and X-ray spectroscopic studies were carried out 
to unambiguously answer the question about the 
phase composition of granules and shells in the 
Ag80Si20 film. 

3.2. Structure and phase composition  
of the Ag80Si20 ion-beam film

Fig. 3 shows XRD patterns of the Ag80Si20 
ion-beam film, as well as pure silver (99.99%) 
and polycrystalline silicon (poly-Si). The X-ray 
diffraction pattern of the Ag80Si20 ion-beam film 
shows XRD lines at values 2q = 38.20°, 44.10°, 
64.30°, 77.15°, corresponding to the values of 
d-spacings 2.356 Å, 2,054 Å, 1.448 Å, 1.236 Å, 
respectively. All of these XRD lines are associated 
with reflections from the crystallographic planes 
Ag (111), Ag (200), Ag (220), Ag (222) and Ag 
(400) (ICDD PDF-2, Card No. 00-004-0783). At 
the same time, all XRD reflexes in the Ag80Si20 
film are greatly expanded compared to similar 
reflexes in the pure Ag standard, which indicates 
a small size of the crystallites. To estimate the 
average size of the crystallites by broadening 
the diffraction line, a section of the XRD pattern 
in the area of the Ag (111) line was recorded 
separately in a step-by-step mode with a long 
accumulation time in pure silver (Fig. 4a) and an 
Ag80Si20 ion-beam film (Fig. 4b). The Ag (111) XRD 
lines obtained in this way were decomposed on 

the double line CuKa1, Ka2 by Lorentz functions 
according to the standard procedure described in 
the [26–28]. Fig. 4 shows that the half-width Ka1 
of the Ag (111) reflex (0.35 2q deg.) is significantly 
larger compared to the same reflex in pure silver 
(0.12 2q deg.). Using the values of the half-width 
and position of the Ka1 component, the average 
sizes of silver crystallites in the Ag80Si20 film were 
determined using the Debye-Scherrer formula, 
which amounted to ~15 nm, which is consistent 
with AFM data. Thus, according to the results 
of X-ray diffraction analysis, silver in the ion-
beam film Ag80Si20 is in a nanocrystalline state. 
At the same time, no crystalline phases based 
on silicon were detected in this film according to 
XRD data. Therefore, further studies of the phase 
composition of this sample will be carried out 
using the USXES method.

X-ray emission Si L2.3-spectra of the Ag80Si20 
film obtained at analysis depths of 10, 35 and 
60 nm are shown in Fig. 5. Two intensity peaks 
are observed in all X-ray spectra at E = 89 and 
94.5 eV. The presence of these intensity maxima 
is due to the presence of Si 3s and O 2p states 
and is characteristic of the SiO2 silicon dioxide 
spectrum [29,30], the spectrum of which is 
shown in the same figure for clarity. In addition, 
the formation of the silicon oxide phase in the 
Ag80Si20 film is additionally evidenced by the 
presence of a long-wavelength satellite in the 
X-ray spectrum at 77 eV. However, in all X-ray 

Fig. 2. Three-dimensional AFM image of the surface of the Ag80Si20 film (a) and phase contrast (b) obtained 
with a scanning area of 1×1 μm
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spectra of the Ag80Si20 film, the intensity in the 
region of 92 eV is noticeably higher compared 
to the SiO2 spectrum. Such an increase in the 
intensity of the spectrum at 92 eV is due to the 
presence of a non-oxidized silicon phase in the 
Ag80Si20 film, the maximum of which is in this 

energy region. To identify the phase of non-
oxidized silicon in the Ag80Si20 film, experimental 
X-ray spectra based on standards were simulated 
[24]. The simulated spectra are shown in Fig. 5 
as solid red lines. The simulation results show 
that in the surface layer of the Ag80Si20 film 

Fig. 3. XRD patterns of the Ag80Si20 ion-beam film, as well as polysilicon and pure silver standards

Fig. 4. XRD patterns of the Ag80Si20 ion-beam film and pure silver, recorded with a long accumulation time in 
the area of the Ag (111) line, as well as the result of their decomposition into components CuKa1 and CuKa2 by 
Lorentz functions
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with a depth of 10 nm, silicon is indeed mainly 
contained in the form of the SiO2 phase, however, 
part of the silicon atoms (about 10%) is in the 
amorphous silicon a-Si phase. At the same time, 
with an increase in the depth of analysis to 35 
nm, it leads to an increase in the a-Si content 
to 35%, which may be due to a decrease in 
the influence of the surface oxide. A further 
increase in the depth of analysis to 60 nm does 
not lead to a change in the shape of the X-ray 
spectrum, which indicates the uniformity of the 
phase composition of the Ag80Si20 film in depth. 
Thus, according to X-ray diffraction and ultra-
soft X-ray emission spectroscopy, the Ag80Si20 
ion-beam film is a nanocomposite material 
containing silver nanogranules with an average 
size of about 15 nm, separated by a layer based 
on silicon dioxide and amorphous silicon.

3.3. Electrical properties of Ag80Si20 ion beam 
film

To study the electrical properties of the 
Ag80Si20 ion beam film, the current-voltage 
characteristics in the plane geometry of the 
sample were measured (Fig. 6). It can be seen from 
Figure 6 that with an increase in voltage from 0 to 
0.6 V on the I-V characteristic in the 0.2 V region, 
there is an abrupt change in the recorded current 
values from 1.5·10–4 to 0.1 A (by almost three 
orders of magnitude), the value of which increases 
smoothly with a further increase in the applied 
voltage, which is clearly visible on a logarithmic 
scale, shown in the box to Fig. 6. The evaluation 
of the resistance values R of the Ag80Si20 film in 
two linear sections reveals the effect of switching 
at 0.2 V from the high-resistance state of the film 
(~880 Ohm) to the low-resistance (~1 Ohm). At 

Fig. 5. X-ray emission Si L2.3-spectra of the Ag80Si20 film obtained at analysis depths of 10, 35 and 60 nm, as well 
as spectra of standards of crystalline silicon (c-Si), amorphous silicon (a-Si) and silicon dioxide (SiO2). The 
experimental spectrum is represented by dots, the model is represented by a solid red line
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the same time, in the case of a decrease in the 
voltage applied to the film from 0.6 to 0.05 V, the 
film remains in a low-resistance state until the 
current polarity changes, and hysteresis can be 
seen on the I-V characteristic. A similar character 
of the I-V curves was observed in the case of 
nanogranulated silver films obtained by thermal 
evaporation followed by oxidation at 100 °С [31], 
in Ag-SiO2, nanocomposite films obtained by the 
sol-gel method with an Ag content of ~50% [14], 
in Ag-SiOx nanocomposite structures [12, 13]. In 
such films, silver nanoparticles are mostly isolated 
either by an oxide layer or by a dielectric matrix, 
and only individual particles of the system come 
into contact with each other. The state of the film 
in which individual particles are on the verge of 
forming a bound system is called the percolation 
threshold. In such a system, switching can be 
associated with various mechanisms of current 
flow: thermally induced tunneling at low fields, 
and field-induced tunneling at high fields [14, 
32]. On the other hand, the switching effect may 
be associated with the formation of conductive 
filaments (CF) in the dielectric layer (in our case 
SiO2 + a-Si) between the silver granules under 
the action of voltage [12, 13, 32]. The formation 

of conductive filaments in the dielectric is due 
to the interaction of Ag atoms on the surface of 
nanogranules with broken Si bonds, followed by 
diffusion and gradual accumulation of Ag atoms 
in the dielectric [13]. The second mechanism 
describing the switching effect in this case seems 
to be predominant, since the studied ion-beam 
film Ag80Si20 after switching to a low-resistance 
state does not return to a high-resistance state 
when the electric voltage is removed, which 
indicates structural changes in the film.

4. Conclusions
As a result of comprehensive studies of the 

morphology, structure and phase composition 
of the Ag80Si20 film with a high silver content 
(80 at.%) obtained by ion beam sputtering, it was 
found that the film is a nanocomposite material. 
According to XRD and AFM microscopy, the 
Ag80Si20 film is nanogranulated with an average 
size of silver granules ~15÷30 nm. Some silver 
nanoparticles are in direct contact, while some 
Ag nanoparticles are isolated from each other 
by a shell, which, according to ultra-soft X-ray 
emission spectroscopy, consists of silicon dioxide 
SiO2 and amorphous silicon a-Si. At the same 

Fig. 6. Current-voltage curve of the ion beam film Ag80Si20. The insert shows a straight branch of the I-V curve 
on a logarithmic scale
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time, in the surface layer of the Ag80Si20 film with 
a depth of 10 nm, silicon is mainly contained in 
the form of the SiO2 phase, and only about 10% 
of silicon atoms are in the amorphous silicon 
a-Si phase. At the same time, with an increase 
in the depth of analysis to 35 and 60 nm leads 
to an increase in the content of a-Si up to 35%. 
According to USXES data, the phase composition 
of the Ag80Si20 ion-beam film is uniform in depth. 
The nanogranulated structure of the Ag80Si20 
film causes the presence in the test sample of 
the switching effect from a high-resistance state 
(880 Ohm) to a low-resistance state (~1 Ohm) 
under the influence of a voltage of ~0.2 V. The 
switching effect in this case may be associated 
with the formation of conductive filaments of Ag 
atoms in the dielectric layer (in our case SiO2 + 
a-Si) between the silver granules.
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