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Abstract

Objectives: Nanocomposite films based on Ag-Si compounds have application in many areas of science and technology.
However, their manufacturing process can be accompanied by the formation of silicides and metastable phases. In this
connection, the task of developing methods for their identification arises. In this work, we attempted to solve this task
using X-ray diffraction, ultra-soft X-ray emission spectroscopy, and theoretical calculations of the electron density of states
for an Ag,.Si,, film obtained by ion-beam sputtering of a composite target.

Experimental: As a result of comprehensive studies, a nanogranular structure of the film was revealed, with an average silver
particle size of ~15 nm, separated by a matrix based on phases of amorphous silicon a-Si, SiO,, and suboxide SiO, ,, as well
as a silver silicide phase. A comparison of the experimental Si L, X-ray emission spectrum of the Ag,.Si,. film with
theoretically calculated spectra of the AgSi,, Ag,Si, and Ag,Si phases shows the best agreement with the spectrum of the
Ag,Si phase. Moreover, the Ag Si phase was detected in the works of other authors.

Conclusions: Thus, based on X-ray diffraction, X-ray emission spectroscopy, and theoretical calculations of the electronic
density of states, it has been established that a metastable Ag,Si phase is formed in the Ag_Si,. film produced by ion-beam
sputtering.
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spectroscopy (USXES), Electronic density of states (DOS)
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Introduction

Ag-Sinanocomposite films are currently used
in the fabrication of SERS substrates (Surface-
enhanced Raman spectroscopy) [1-6], plasmonic
reflectors [7, 8], anodes for lithium-ion batteries
[9, 10], memristor structures [11-21], as well as
electrical synapses for neuromorphic systems
[22-24]. At the same time, the phase diagram of
the Ag-Si system is of the eutectic type, which
should lead to the formation of silver and silicon
particles [25]. However, during the formation
of nanostructured Me-Si films by methods
characterized by the high energy of sputtered
particles, the formation of metastable compounds
[26, 27] and solid solutions, such as Ag,Si [28-30],
is possible. Furthermore, databases also contain
information about theoretically calculated phases
of silver silicide AgSi, and Ag,Si [31, 32], as well
as data on the formation of compounds with
an unknown crystal structure in works [33, 34].
Based on this, it becomes necessary to investigate
the possibility of forming metastable phases
of silver silicides in Ag-Si films. Therefore, this
work employs the method of ultra-soft X-ray
emission spectroscopy to identify the phases of
silver silicide in an Ag,.Si,. film obtained by ion-
beam sputtering.

2. Methods

2.1. Method of obtaining Ag-Si film by ion-
beam sputtering

An Ag, Si,. film with a thickness of about 1 ym
was deposited on a Si (100) substrate of KDB-
12 grade by ion-beam sputtering of a composite
target made of pure Ag (99.99 %) and silicon pieces
of Si (KDB-12). To form a film with the required
atomic composition - Ag.Si,,, silicon pieces 10
mm wide were placed on the surface of a silver
plate with an 18 mm gap. Deposition was carried
out in a vacuum chamber (residual pressure 10
Torr). The methodology for obtaining Ag-Si films
by ion-beam sputtering is described in more
detail in our previous work [35].
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2.2. Research methods for structure and
phase composition

The elemental composition of the film was
determined by energy-dispersive spectroscopy
(EDS) on a JEOL JSM-6380LV scanning electron
microscope (SEM) equipped with an INCA Energy
250 microanalysis system at a primary electron
energy of 5 keV. This energy value was chosen to
perform elemental analysis exclusively within the
film volume. SEM imaging was performed at an
accelerating voltage of 20 kV.

An analysis of the formation of crystalline
phases in the Ag,.Si,. sample was carried out by
X-ray diffraction on a PANalytical Empyrean B.V.
diffractometer with CuKo, ,radiation =1.542 A.

The phase composition of the Ag,Si,. film
was determined using a unique technique of
ultra-soft X-ray emission spectroscopy (USXES),
implemented on an RSM-500 spectrometer. The
USXES method provides information on the
distribution of Si 3s states in the valence band
based on the Si L, X-ray emission spectrum
[36, 37]. As a result of the simulation of the
experimental spectra, the USXES method allows
for the identification of the presence of crystalline
and amorphous silicon phases, as well as silicides
and silicon oxides in the surface layers from 10
to 120 nm [38].

2.3. The method for calculating the electron
density of states in the valence band

The calculations of the electron density of
states and the Si L, X-ray emission spectra
for the AgSi,, Ag,Si, and Ag.Si phases were
carried out within the framework of density
functional theory using the linearized augmented
plane wave (LAPW) method. In this work, the
calculations were performed using the PBE-
GGA generalized gradient approximation for
the exchange-correlation energy in the Wien2k
software package [39]. The crystal potential was
constructed as a full potential, accounting for
anisotropy, which allows the LAPW method to
calculate compounds with directional covalent
bonds, such as silicon-based compounds.
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3. Results and discussion

3.1. Analysis of the elemental and phase
composition of the Ag-Si film

Analysis of the elemental composition of the
Ag Si,. film by energy-dispersive spectroscopy
confirms the Ag:Si= 55:45 ratio. As a result of ion-
beam sputtering of a composite target based on Ag
and Si under the specified conditions, the formed
surface of the Ag,.Si,. film has a continuous and
homogeneous structure with uniform graininess
and a characteristic grain size of 50-200 nm,
as seen on the SEM image of the surface in Fig.
la. The film thickness is ~0.8 um (Fig. 1b). The
nanogranular structure of the pure silver film
is explained by the specifics of the ion-beam
sputtering technology, during which nanoclusters
of the target material several nanometers in size
are predominantly sputtered from the target;
these nanoclusters possess sufficiently high
energy upon reaching the substrate and can form
metastable phases. Therefore, X-ray structural
and X-ray spectral studies were conducted to
analyze the presence of metastable compounds
in the formed Ag,.Si, film.

Fig. 2a shows the X-ray diffraction patterns of
the ion-beam Ag_Si . film, pure Ag, polycrystalline
silicon (poly-Si), and the silver silicide phases
AgSi,, Ag,Si, and Ag,Si. The diffraction patterns
of the AgSi,, Ag,Si, and Ag.Si phases were
theoretically calculated using the Vesta program
[40], based on the unit cells published in the
Springer Materials [41] and Materials Explorer
[31, 32] databases. The X-ray diffraction pattern

SEl - 20kV

WDSmm 5821

SEl  20kV

2026;28(1): 15-27

On the formation of the Ag2Si metastable phase in an Ag-Si film obtained by ion-beam...

of the Ag,Si,, film shows diffraction peaks at
20 = 37.98° and 64.35°, corresponding to the
interplanar spacings d = 2.367 and 1.448 A.
These reflections are associated with the Ag
(111) and Ag (220) crystallographic planes,
respectively [ICDD (International Centre for
Diffraction Data), PDF-2 Database, Card No.
00-004-0783]. The Ag diffraction peaks in
the Ag.Si . film are significantly broadened
(FWHM Ag (111) =0.66 26 deg.) compared to the
corresponding peaks in the pure silver reference
(FWHM Ag (111) = 0.12 26 deg.), indicating a
small silver crystallite size, which, according
to the Debye-Scherrer method [42], is ~15 nm.
However, in the angular region of 39-40°, the
Ag (111) reflection has a shoulder. Moreover, the
decomposition of the Ag (111) reflection into
the CuKa,,a, doublet lines by Lorentz functions
indeed reveals an additional reflection with an
interplanar spacing of 2.314 A (top inset in Fig. 2).
The most intense reflections from the AgSi,,
Ag,Si,and Ag,Si phase diffractograms are located
in this angular region (Fig. 2). Furthermore, the Ag
(200) reflection in the Ag,.Si,. film is broadened
more strongly compared to the Ag (111) and
Ag (220) reflections, which is clearly seen from
the B x cos 0 vs. sin 6 dependence (bottom inset
in Fig. 2) constructed using the Williamson-
Hall method [43]. (The diffractogram of the
Ag.Si,. sample, recorded over a larger angular
range, is shown in Fig. S1 in the supplementary
materials file). The large half-width of the Ag
(200) reflection in the Ag.Si,. film may be due
to the contribution of reflections from the AgSi,

WD11mm SS821

x25,000

Fig. 1. SEM micrographs of the surface (a) and fracture (b) of the Ag_.Si,, ion-beam deposited film
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Fig. 2. X-ray diffractograms of the Ag,.Si,. film, reference standards of pure silver (Ag) and
polycrystalline silicon (poly-Si), as well as silver silicides AgSi., Ag,Si, and Ag,Si [31, 41, 32]. The top
inset shows the X-ray diffractogram in the region of the Ag (111) reflection. The bottom inset presents
the calculation of crystallite size and lattice microstrain using the Williamson—Hall method

and Ag,Si phases located in the angular region
of 43-44°. Moreover, for the Ag..Si,. sample, the
Williamson-Hall method, based on the universal
deformation model (UDM) [43], reveals the
presence of a microstrain of the crystal lattice
of ~ 1.2 %, while the size of the Ag nanocrystals
is ~ 11 nm, which is in good agreement with the
Debye—-Scherrer method.

The combination of such factors as the
overestimated value of the full width at half
maximum for the Ag (200) reflex, as well as the
asymmetry of the Ag (111) diffraction reflex,
with the detection of an additional reflex with an
interplanar spacing value of 2.314 A, may indicate
the formation of AgSi,, Ag,Si, and Ag,Si phases in
the Ag.Si,; film, whose most intense reflexes are
located in the region of the considered Ag (111)
and Ag (200) reflexes (Fig. 2). However, according
to X-ray diffraction data, it is almost impossible to
attribute the noted features to any specific silver
silicide phase (AgSi,, Ag,Si, or Ag,Si). Therefore,
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for the unambiguous identification of the silver
silicide phase formed in the Ag Si . film, X-ray
emission Si L, .-spectra will be obtained. However,
due to the lack of published X-ray emission Si
L, .-spectra for the AgSi,, Ag,Si, and Ag.Si phases,
theoretical calculations of the electronic density
of states and X-ray spectra will be performed.

3.2. Calculation of the electron density
of states in the valence band of metastable
compounds AgSi,, Ag,Si, and Ag.Si

To calculate the electronic density of states
(DOS) for the AgSi, phase, a tetragonal unit cell
(Fig. 3a) with the space group symmetry (/4/
mmm, 139) and lattice parameters a=b =4.16 A,
c=17.38A, o=p=v=90° was used. The structural
data and atomic coordinates (Table TS1) for
the AgSi, phase (I4/mmm, 139) were taken from
the Materials Explorer database [31]. In AgSi,,
silver atoms are located at the vertices of the
tetragonal unit cell, and silicon atoms occupy
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two nonequivalent positions, Si® and Si®, with
different distances to the nearest silver atom of
2.78 and 2.94 A, respectively. The DOS of the
AgSi, phase is mainly determined by the density
of silver d-states, which are highly localized and
have a maximum at ~ 5.5 eV below E,, as well
as by the silicon s- and p-states (Fig. 3b). The
DOS of the silicon atoms Si®V and Si® in AgSi,
is almost identical (Fig. 3c, e), with the highest
density of s-states concentrated in the region of
6-13 eV below E,, and p-states in the region of
0-6 eV below E_ with a maximum at -6 eV. Such
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a DOS is characteristic of higher transition metal
silicides [44-46]. The difference in the partial
DOS of the s- and p-states of the Si®¥ and Si®
atoms (Fig. 3d) is due to the difference in the
local atomic environment. Fig. 3f shows the X-ray
emission spectrum of the AgSi, phase calculated
by us, which was compared with the obtained
experimental spectrum of the AgSi . film.

The orthorhombic unit cell (Fig. 4a) with the
space group (Cmcm, 63) and lattice parameters
a=5.56A,0=9.16A,c=8.49A, a.=p=y=90°was
used for the calculation of the DOS for the Ag,Si
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Fig. 3. Unit cell (a), partial and total densities of states for Si®” atoms (c, d, e). Total DOS for Ag and AgSi,, as
well as s-states for Si®” atoms (b). Calculated X-ray emission Si L, .-spectrum of the AgSi, phase (I4/mmm,

139) (f)
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phase. The structural data and atomic coordinates
(Table TS2) for the Ag,Si phase (Cmcm, 63) were
taken from the Springer Materials database [41].
In this unit cell, Ag atoms occupy three non-
equivalent positions: Ag®V and Ag® atoms are
located the farthest from the silicon atoms (3.09
and 3.06 A, respectively); Ag® atoms are located
the closest to the Si atoms at a distance of 3.01
A. The total and partial DOS were calculated
for each Ag™ atom in the Ag Si compound (Fig.
4b, d, f). The DOS of each Ag®™ atom is mainly
formed by d-states and contains four maxima: A
(E~-2.8¢eV),B(E~-3.5eV),C(E~-4.5eV)and D
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(E ~-5.7 eV). At the same time, for all Ag™ atoms,
a deviation in the intensity ratio and a shift of
~ 1 eV towards low E values of the DOS maxima
are observed compared to bulk FCC Ag (Fig. S2).
These changes in the DOS of the Ag™ atoms result
from hybridization with each other (for example,
in the case of Ag® atoms, mainly with Ag® atoms),
as well as with silicon atoms, as can be seen
from the DOS of the Ag® atoms, where peak B
becomes the main one due to the hybridization
of Ag d and Si s-states (Fig. 4d). The result of this
hybridization is noticeably reflected in the partial
DOS of Si s-states, where an intense peak appears
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at-3 eV (Fig.4c). The presence of this peak is also
observed in the calculated X-ray Si L, , emission
spectrum of the Ag,Si phase (Fig. 4f).

For the calculation of the DOS for the Ag,Si
phase, a hexagonal unit cell (Fig. 5a) with the
space group symmetry (P-6m2, 187) and lattice
parametersa=b=2.94A,c=9.22 A, a=p=90°,
v=120° was used. The structural data and atomic
coordinates (Table TS3) for the Ag.Si phase
(P-6m2, 187) were taken from the Materials
Explorer database [32]. In the unit cell of the Ag,Si
phase, silver atoms occupy two non-equivalent
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positions, Ag® and Ag® (Fig. 5a). The DOS of both
Ag® and Ag® atoms is localized in the region of
2-8 eV below E, (Fig. 5¢, e) and defines the total
density of states of the Ag,Si phase. However,
due to the close proximity of Ag) atoms to
silicon atoms (2.77 A), their partial DOS differs
most significantly from that of bulk silver with
an FCC structure (Fig. 5c and Fig. S2) and has a
main maximum at -3 eV. At the same time, the
Ag® atoms in the Ag Si phase are located in the
same layer and are surrounded by silver atoms,
which results in a DOS character close to that of
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bulk Ag (Fig. 5e). The Si 3p DOS is concentrated
in the region from 0 to -8 eV and has a maximum
at -6 eV (Fig. 5d). The density of s-states of Si
atoms in Ag,Si is mostly concentrated in the
range of 6-12 eV below E, with a maximum at
~-7.5eV (Fig. 5d). Furthermore, the s-states have
an additional maximum at ~ -3-3.5 eV, caused
by hybridization with d-states, which is clearly
manifested in the calculated X-ray Si L, , emission
spectrum (Fig. 5f).

Thus, using the linearized augmented plane
wave method, the Si L,, X-ray emission spectra
for the AgSi,, Ag,Si and Ag.Si phases were
theoretically calculated, reflecting the partial
density of electronic s-states. The spectra of
all silver silicides have two distinct intensity
maxima at ~ 7-8 eV (the main maximum) and at
~2-3eVbelow E,. The presence of the low-energy
maximum is due to the result of hybridization of
Sis and Ag d-states. To compare the calculated Si
L, . X-ray emission spectra with the experimental
ones obtained by the USXES method, their energy
scales were aligned taking into account the Si Zp
level binding energy of 99.9 eV [47].

2026;28(1): 15-27
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3.3. Identification of silver silicides in Ag-Si
film by USXES

Fig. 6a presents the ultrasoft X-ray emission
Si L, -spectra of the Ag,.Si,, film obtained at an
analysis depth of 60 nm (black dots). To identify
the formation of the silver silicide phase in the
Ag.Si, film, computer simulation of the X-ray
emission Si L, .-spectrum was performed based
on reference spectra. The theoretically calculated
spectra of silver silicides AgSi,, Ag,Si, and Ag,Si,
as well as the spectra of amorphous silicon a-Si,
dioxide SiO,, and suboxide SiO  , of silicon (Fig. 6b)
were used as reference spectra, the presence of
which in Ag-Si films is possible according to
previous studies [35]. The simulation of the X-ray
emission Si L, .-spectrum of the Ag,Si,. film was
performed three times, using only one spectrum
of silver silicide AgSi,, Ag,Si, or Ag.Si, as well as
the spectra of the a-Si, SiO, and SiO | , phases in
the ratio that best describes the experimental
spectrum according to the method [38]. Simulated
spectra obtained using the AgSi., Ag,Si, and Ag,Si
standards are presented in Fig. 6a as green, red,
and blue lines, respectively, and the simulation
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Fig. 6. X-ray emission Si L, -spectra of the Ag.Si . film obtained at an analysis depth of 60 nm, as well as

spectra obtained through computer modeling (a). Spectra of reference standards: silicon suboxide (SiO
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silicon dioxide (SiO,), amorphous silicon (a-Si), and theoretically calculated spectra of silver silicides (AgSi,,
Ag,Si, and Ag,Si). The experimental spectrum is represented by dots, the model - by solid lines of various col-

ors (b)
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results are given in Table 1. It can be seen from Fig.
6a that the simulation using the AgSi, spectrum
(green curve) fails to describe the experimental
spectrum of the Ag.Si . film in the region of the
main maximum (89-93 eV), as well as near the
top of the valence band (96-98 eV). At the same
time, this simulation variant reveals about 15 %
of the AgSi, phase in the Ag_Si . film (Table 1). At
the same time, the simulated spectrum using the
Ag,Si standard allows to describe all the features
of the experimental spectrum (Fig. 6a, red curve)
and reveals about 30 % of the Ag, Si phase in
the Ag..Si,; film (Table 1). Using the reference
spectrum of the Ag.Si phase for simulation also
reveals a fairly high content of this silver silicide
(35 %); however, the simulated spectrum has a
higher intensity in the region of 89-92 eV relative
to the experimental one, which does not allow
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On the formation of the Ag2Si metastable phase in an Ag-Si film obtained by ion-beam...

this model to be considered reliable (Fig. 6a, blue
curve). Thus, based on the modeling results of the
SiL,, X-ray emission spectrum of the Ag, Si,, film,
it was found that the best agreement between
the simulated spectrum and the experiment is
achieved when using the reference spectrum of
Ag,Si. However, due to the presence of statistical
intensity fluctuations characteristic of a limited
signal acquisition time, as well as the inclusion
of multiple components in the model, for clarity,
a comparison of the spectral feature positions
of the reference spectra AgSi,, Ag,Si, and Ag.Si
with the difference spectra of the Ag,Si . film
(Fig. 7) was performed. The difference spectra
of the Ag Si, film (Fig. 7, black dots) were
obtained by subtracting the SiO,, SiO, ., and a-Si
components from the experimental spectrum
in the proportion indicated in Table 1. It can be

Table 1. Phase composition of the Ag.Si . film based on the modeling of the X-ray emission Si
L, .-spectrum using three different silver silicide references: AgSi,, Ag,Si, and Ag,Si

The silver silicide Phase composition
Sfrfigeu%l(;:ld Si0,% | S0, % | aSi,% | AgSi,% | AgSi,% | AgSi,%
AgSi, 45 5 35 15 — —
Ag,Si 20 30 20 - 30 _
AgSi 40 5 20 - — 35
*— Agg5Siy5 residual spectrum

© 15— 05AgSi

S 0.5 Ag,Si

> — 0.5 Ag,Si

© 1,04

e

b=

o)

[

©

>0,5

=

)

C

Q

I=

—= 0,0

I I | I ' I ' I

| I
88 92 96 100 104

E, eV

Fig. 7. Residual spectra of the Ag, Si,. film after subtraction of the a-Si, SiO, ,, and SiO, components, as well as
the spectra of silver silicides AgSi, (green line), Ag Si (red line), and Ag,Si (blue line). The experimental spectrum

is represented by dots
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seen from Fig. 7 that the difference spectra of
the Ag.Si,. film have two intensity maxima at
~ 92 and 97 eV. The spectra of all silicides also
reveal the presence of two intensity maxima in
the given energy regions. However, the high-
energy maximum of the AgSi, phase is strongly
broadened compared to the difference spectrum
and has a high density of states near the top
of the valence band, which is characteristic of
higher silicides [48]. In turn, the spectrum of
the Ag,Si phase demonstrates similarity in the
position and width of the intensity maxima to
the difference spectrum (Fig. 7). The spectrum
of the Ag,Si phase also shows agreement in the
position with the main and additional maxima of
the difference spectrum of the Ag_.Si, film, and
the main difference lies in the high intensity near
the top of the VB. Differences in the intensity of
the Si L, , spectra near VB indicate the absence of
the Ag.Si phase in the studied sample.

Thus, due to the best agreement between the
experimental Si L,, X-ray emission spectrum of
the Ag.Si, film and the reference spectrum of
the Ag,Si phase, the formation of this metastable
phase in the Ag-Si film duringion-beam sputtering
of a composite target has been established. It
should be noted, however, that the possibility of
forming other silicides in Ag-Si films cannot be
completely ruled out, although their detection is
a challenging task.

4. Conclusions

As a result of X-ray diffraction studies of the
Ag.Si,. film, obtained by ion-beam sputtering
of a composite Ag-Si target, it was found that
the film consists of silver nanoparticles with an
average size of ~ 15 nm, as well as a solid solution
based on Ag-Si, as evidenced by an additional
reflex on the diffractogram in the angular range
where the main maxima of the AgSi,, Ag,Si, and
Ag_Si phases are located. However, according to
X-ray diffraction data, it is almost impossible
to unambiguously identify the phase of silver
silicide formed in the film.

At the same time, the analysis of X-ray
emission Si L, -spectra shows that the Ag,.Si,
film is a complex composite material and contains
phases of amorphous silicon a-Si, SiO,, suboxide
SiO, ,, as well as a significant presence (~ 30 % of
the total number of silicon atoms) of the silver

24

2026;28(1): 15-27

On the formation of the Ag2Si metastable phase in an Ag-Si film obtained by ion-beam...

silicide phase. Comparison of the experimental
X-ray emission Si L, -spectrum of the Ag,.Si,.
film with the theoretically calculated spectra of
the AgSi,, Ag,Si, and Ag,Si phases shows the best
agreement with the spectrum of the Ag Si phase.
Moreover, the Ag,Si phase was identified by the
authors of studies [26, 28—-30].

Thus, based on X-ray diffraction data,
X-ray emission spectroscopy, and theoretical
calculations of the electronic density of states,
it has been established that a metastable Ag,Si
phase is formed in the Ag_Si . film produced by
ion-beam sputtering.
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