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The elemental composition of thin films obtained by electron beam heating of bulk SmS samples with a different
element ratio: 1Sm:1S, 1.05Sm:1S and 1.15Sm:1S. has been studied by energy dispersive spectroscopy. The
analysis of elemental composition before and after spraying on the substrate was carried out on a volume sample
of the composition 1.15Sm:1S. According to the microanalysis data, a change in the content of elements was
established and an assessment of the change in the phase composition in the sprayed material was made. It is
shown that the composition of the obtained thin films contains an excessive Sm content. A method for determining
the inhomogeneity of the composition in depth for SmS films is proposed, in which, using a two stream model of
charged particle transport, the dependence of the electron beam path on the primary electron energy in SmS for

energies up to 30keV is calculated.

Keywords: electron beam heating, samarium monosulfide, energy dispersive X-ray analysis (EDAX), transport

length of a monoenergetic electron beam in a sample.

DOI: 10.61011/TP.2023.11.57508.182-23

Introduction

Samarium monosulphide (SmS) is one of rare earth
chalcogen elements that have been of interest with
researchers for a long time [1,2] thanks to their
properties which are relevant for various applications.
In particular, SmS features low pressure of isostruc-
tural metal-semiconductor phase transition, ie. 0.65GPa
at 300K [3], high thermal stability with melting
temperature about 2475K [4], considerable thermo-
emf (@~ 170—-350uV/K [4-6]) and conductivity about
5002~ !'/cm (at T =300K) for near-stoichiometric sam-
ples [4] high piezo- and tensoresistive effects (gauge factor
K ~ 40-50 for polycrystalline films, K < 260 for single-
crystals whose piezoresistance coefficient in hydrostatic
compression iszg < 6-10">MPa~') [7,8]. In addition,
SmS, like some semiconductors [9,10], has a quite promising
property — thermovoltaic effect [11] that is defined at the
possibility to generate electric current in heating without in-
ducing a temperature gradient forcedly and is demonstrated
in some papers [12-14].

Particular attention to thermovoltaic effect in SmS
was caused by generated voltage. =~ While heating up
to 400—500K without inducing external temperature gra-
dients, the generated voltage achieved ~ 2.5 and ~ 4.5V
for single-crystal samples and thin films, respectively [15].
Besides high thermo-emfs, focus in made on thin film
capability of forming SmS -based multilayer structures [16]
to increase the generated voltage. The SmS film forma-
tion methods mainly include magnetron sputtering [12,17],
explosive sputtering [18], ion-beam evaporation [19] and

pulsed laser deposition [20]. The study [21] used the
electron-beam heating or evaporation method to produce
SmS films, where Sm metal served as the target material,
for which it was sputtered in H,S atmosphere (reactive
sputtering). However, the electron-beam heating method
allows to sputter refractory metals and compounds, its
potential application for SmS sputtering to produce SmS
thin films with pre-defined composition without H,S is of
interest.

The objective of the study was to investigate the capability
of producing thin SmS films the electron-beam heating from
bulk SmS samples and to define the composition of the
prepared SmS films by the energy-dispersive spectroscopy
method. Analysis of the prepared films was carried out
using electron microscopy that has been well proven at
the previous investigation stages of samarium monosulphide
thin-film coatings applied by the magnetron sputtering
method [22,23].

1. Materials and methods

The bulk SmS material used for sputtering by the
electron-beam heating method consisted of three spheri-
cal granules 5Smm in diameter with various composition:
1Sm: 1S, 1.05Sm: 1S and 1.15Sm: 1S, that had been pro-
duced by ampoule synthesis from Sm and S [24]. Sm and S
ratio in the granules was defined by different proportion of
source materials involved in SmS synthesis. Excessive Sm
concentration is provided in the source material to increase
the concentration of impurity interstitial ions Sm?** in the
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Figure 1. Electron-beam heating setup: / — graphite crucible,
2 — SmS granule, 3 — substrate, 4 — thermal cathode, 5 —
crucible attachment/contact.

deposited films that is required to improve their thermo-
emf [11]. Quantitative restrictions of Sm concentration in the
samples are caused by the typical SmS homogeneity region
that extends to 3.5at.% of excess Sm [3], that corresponds
to the source element ratio: 1.15Sm: 1S.

Bulk SmS samples were sputtered on polycrystalline
glass St50 substrates using a graphite crucible on VUP-5
vacuum sputtering unit with preliminary evacuation of the
vacuum chamber to ~2-10"*Pa. The electron-beam
heating setup used for the experiments is shown in Figure 1.

Sputtering process for each SmS sample with different
phase composition was carried out as follows: SmS
material 2 (Figure 1) was placed in graphite crucible 1.
Sputtering current up to 70 mA was set between thermal
cathode contacts 4. Between crucible contact 5 and cath-
ode 4, constant voltage about 4kV was set to accelerate the
electrons emitted by the thermal cathode. When the surface
of the bulk SmS samples was bombarded by electrons,
they were heated and SmS granules were further sputtered
on substrate 3 during 10min. The distance between the
substrate and sputtered SmS was about 80 mm.

Chemical micro analysis of the bulk SmS material before
and after sputtering and of the thin films was carried out
by energy-dispersive spectroscopy using Jeol JCM—6000
PLUS scanning-electron microscope (SEM) complete with
X-ray energy-dispersive spectrometer. Each of the deposited
SmS films was examined in three points in the region above
the center of the crucible during the sputtering process.
The chemical analysis data contain average atomic fractures
for each of the elements.

To define the monoenergetic electron beam path length
in the substance (Re) with normal particle setting onto the
sample surface in SmS, double-stream model of charged
particle transport in condensed substance with multiple
scattering was used [25]. The model considered elastic
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and inelastic electron scattering. In case of SmS, when
using moderate accelerating voltage of Ey < 30keV, the
expression for Re, [um] may be written as:

Re = E3 (4nq*nozIn(EZ/CY)) . (1)

where Ej is the electron beam energy, [keV]; q is the
electron charge, [C]; ng is the number of atoms per unit
volume of the substance; Z is the effective atomic number;
Cw is the universal constant equal to 790 eV.

2. Findings and discussion

Electron-beam heating is a process when kinetic energy
of the accelerated electron flow bombarding the substance
surface transforms into thermal energy resulting in sub-
stance heating up to the evaporation temperature [26,27],
however, the composition of the deposited films in this case
may differ from that of the source (sputtered) material [28].
When using the accelerating voltage of ~ 4kV, it was
assumed that intensive deposition of homogeneous SmS
film is possible in case of congruous evaporation [29]
with achievement of the SmS melting temperature equal to
2475 K. To check this assumption on the case of the initial
sample with 1.15Sm:1S, elemental analysis was carried
out before and after sputtering. The investigation was
carried out at the electron beam energy of 20keV. The
microanalysis data and estimated phase composition are
shown in the Table.

Elemental analysis of the source material before sputter-
ing (see the Table, Figure 2,a) has shown the presence
of oxygen in it, that was due to the features of the SmS
synthesis process [4] and surface oxidation in future [30].
However, oxygen in the SmS sample is usually within
the SmyO,S phase [30,31]. Assuming that full amount
of oxygen is contained in the Sm;0O,S phase, and the
remaining Sm and S are contained within the Sm; 15S phase,
the microanalysis data suggests that uncoupled Sm is present
in the initial sample. The excessive uncoupled Sm has been
also detected by SEM methods in the SmS samples prepared
by the ampoule synthesis method [32].

The microanalysis of the 1.15Sm: 1S sample after sputter-
ing (see the Table, Figure 2,b) demonstrates the decrease
in Sm and S concentration in the compound with much
more considerable decrease in the samarium fracture. The
microanalysis also shows the increase in the oxygen fracture
and carbon impurity. Similar to the chemical analysis
of 1.15Sm: 1S before sputtering, it is likely that, for this
sample after sputtering, the detected oxygen fracture is
contained in the Sm,O;S phase. This means that 1.15Sm: 1S
sputtering by the electron-beam heating results in full
evaporation of the uncoupled Sm, decrease in the Smj ;5S
phase concentration and formation of phases with excessive
concentration of S, i.e. Sm,S;, Sm3S4 phases [4].

Increase in the oxygen content in the sample after
sputtering is caused by oxidation of the 1.15Sm: 1S sample
during heating that is apparently due to the presence of
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Chemical analysis data for the sputtered 1.15Sm: 1S material and the estimated phase composition in the sample

C i Concentration in the material Concentration in the material
omposition before sputtering, at. % after sputtering, at. %
C - ~9
Microanalysis 14 28
S 34 27
Sm 52 36
Estimated phase composition Smy 15S, Sm;0,S, Sm Smy 15S, Smy0,S, Sm,S;, Sm3Sy

Figure 2. SEM images of the Sm; ;5S surface: @ — before sputtering, » — after sputtering.

oxygen in the residual atmosphere of the vacuum unit.
This highlights the need to improve the sputtering process
(improve vacuum in the chamber and provide additional
crucible degassing).

The presence of carbon in the sample after sputtering is
caused by partial evaporation of the crucible material (vac-
uum graphite sublimation) [33] where the initial 1.15Sm: 1S
sample was placed. This is one of disadvantages of the
electron-beam heating method when an uncooled crucible
is used [34].

Thus, as shown by the microanalysis data, SmS sputtering
results in the change in element concentrations in the
sputtered sample, in particular, more intensive Sm sputtering
from SmS takes place. This may suggest that excess Sm will
be detected in the thin SmS films deposited by the electron-
beam heating method, while concentration inhomogeneity
will be observed in the film thickness. Sm concentration gra-
dient in thin films may be used to improve the performance
of SmS-based thermoelectric converters with high thermo-
emf [16,35]. The change in the elemental composition in
the film thickness may be assessed by SEM microanalysis
of thin SmS films at various accelerating voltages, i.e. using
the dependence of the maximum generation depth of the

typical X-ray radiation in the sample on the accelerating
voltage.

Using expression (1), a curve of electron path length
in SmS vs. electron energy (Figure 3) was plotted.

/.
3+ %
’
- ” ’
o
g 21 2
=5 ’
S ~
1} e
| ,.,./
.o—".’.’.
0 2-0® " | . ! . ! . ! . ! . !
0 5 10 15 20 25 30
E(), keV

Figure 3. Dependence of the electron beam path length in SmS
on the primary electron density.
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The curve (Figure 3) shows that for electron beam
microanalysis at Ey 5 and 20keV, the typical X-ray radiation
for SmS will be generated from a depth up to 0.18 and up
to 1.6 um, respectively. The microanalysis carried out at
these energies will show the film material composition
up to the corresponding thickness. Comparison of the
film composition data at various energies suggests the
distribution of the sputtered elements over the thickness of
the deposited films.

Figure 4 shows the summarized microanalysis data
containing the Sm to S concentration ratios for thin-
film samples produced by sputtering 1Sm: 1S, 1.05Sm: 1S
and 1.15Sm:1S granules. In case of the film produced by
ISm: 1S sputtering, the microanalysis at 20keV did not
provided quantitative assessment of the Sm and S con-
centrations in the films, because peaks from the substrate
material prevailed in the spectrum. This suggests that the
film thickness was lower than the electron beam path length
at 20keV, which corresponds to 1.6 um. For microanalysis
of thin films applied by 1.05Sm: 1S and 1.15Sm: 1S sputter-
ing with the electron beam energy of 20keV, peaks from
the substrate material were observed in the spectrum, but
the assay content of the detected substrate elements was
lower than 1% suggesting that the thickness of these SmS
films is > 1.6 um.

According to the film microanalysis data (Figure 4),
the layer with thickness up to 0.18 um has deficiency in
Sm concentration with respect to S compared with the
initial composition of the sputtered material. Microanalysis
of films to a thickness up to 1.6um, the 1.05Sm:1S
and 1.15Sm: 1S samples show excessive Sm concentration
with respect to S, that agrees with the decrease in Sm
concentration in the microanalysis data for the initial
sputtered material.

Microanalysis of thin SmS films deposited by sputtering
1.05Sm: 1S and 1.15Sm:1S at a beam energy of 20keV
has shown that oxygen (~ 16%) and carbon (~ 11%) are
present in them. Oxygen concentration in thin SmS films
is comparable with that in the initial 1.15Sm: 1S material
before sputtering, which confirms the presence of oxidation
process mainly in the initial material during heating. Carbon
content in thin SmS films corresponds to its content in
the initial material after sputtering, which suggests that the

Sprayed material of SmS:
Thin film
£ ISm:1S E 1.05Sm: 1S E 1.15Sm: 1S
2T [ 08Sm:1s_{_ Ismils ST BE
S | 1.135m:1S e
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Figure 4. Elemental microanalysis data for SmS films deposited
by sputtering SmS samples with various composition
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Figure 5. Characteristic radiation spectrum recorded in
1.15Sm: 1S sputtering.

crucible material enters both the source material and the
film during 1.15Sm: 1S sputtering.

To define the degree of inhomogeneity of the film
composition, consideration is given to the generation of
energy-dispersive spectra by a heavy element contained in
the compound. Since in samarium monosulphide for Sm
and S, L,Sm (E; = 6.716 keV) has the maximum excitation
energy among the characteristic spectrum power intensity
lines [36], the electron beam energy equal to 5keV was not
enough to detect this line during analysis of this compound
(Figure 5).

Figure 5 shows energy-dispersive spectrum of the film
deposited by sputtering 1.15Sm: 1S, where L,-line from Sm
is not detected. Therefore, the microanalysis of the layer
with a thickness up to 0.18 um shows deficiency in Sm
concentration compared with its actual concentration.

Thus, the comparison of the quantitative microanalysis
at Eg =5 and 20keV has shown that, to determine the
Sm and S concentration gradient in the SmS film thickness
more accurately, energy-dispersive spectroscopy of thicker
SmS films is required at the electron beam energies of
Ep > 13.4keV to ensure reliable recording of Sm lines at
Eo/Ec > 2 [37].

Conclusion

The study used electron beam heating of SmS samples
with 1Sm: 1S, 1.05Sm: 1S and 1.15Sm: 1S to produce thin
SmS films. Using SEM and energy-dispersive spectroscopy
method, elemental composition variation was detected in
the sputtered material for the 1.05Sm:1S sample case.
It was shown that more extensive Sm sputtering from
the initial sample occurs during electron beam heating.
It has been detected that excessive Sm concentration is
present in the films deposited by 1.05Sm: 1S and 1.15Sm: 1S
sputtering. Using the dependence of the depth of generation
of characteristic X-ray radiation on the electron beam energy
using the double-stream model of charged particle transport,
electron beam path length in SmS was calculated for
energies up to 30keV.
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