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Abstract. This study compared Sb2Se3 material in
the form of commercial polycrystalline bulk,
sputtered thin film, and homemade polycrystalline
material using laser desorption ionization (LDI) time
of flight mass spectrometry with quadrupole ion trap
mass spectrometry. It also analyzed the stoichiom-
etry of the SbmSen clusters formed. The results
showed that homemade Sb2Se3 bulk was more
stable compared to thin film; its mass spectra
showed the expected cluster formation. The use of

materials for surface-assisted LDI (SALDI), i.e., graphene, graphene oxide, and C60, significantly increased the mass
spectra intensity. In total, 19SbmSen clusterswere observed. Six novel, high-mass clusters—Sb4Se4

+, Sb5Se3-6
+, and

Sb7Se4
+—were observed for the first time when using paraffin as a protective agent.
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Introduction

Sb2Se3 is known in nature as the mineral antimonselite. The
crystal and electronic structure of antimony selenide as

well as its vibrational properties were previously determined
[1–4]. Generally, the SbmSen system is an important member of
chalcogenide materials. Under typical experimental conditions
of chalcogenide glass synthesis, the glass-forming region in the
SbmSen system is limited to rather low antimony content (up to
30%) and smaller glass batches often face phase separation
problems [5–7]. On the other hand, it is possible to fabricate

amorphous, stoichiometric, and thin Sb2Se3 films by physical
vapor deposition techniques such as radiofrequency magnetron
sputtering [8] or thermal evaporation [9]. Moreover, Sb2Se3
forms stable glasses and amorphous thin films with other glass-
forming selenides like GeSe2 [10–13]. Today, SbmSen mate-
rials, especially in the form of thin films, have been widely
studied as for memory switching application [14, 15], as glass-
ceramic or antimony selenide thin films for solar cells [16–20],
as Sb2Se3 anode for lithium, and sodium batteries [21, 22].

In a previous article [23], we examined the formation of
clusters produced by laser ablation from mixtures of Sb
and Se elements in different ratios. We observed 24 Sb-
mSen clusters that were generated from metal surface of
common target. In this study, we would like to compare
the stoichiometry of clusters formed by laser desorption
ionization (LDI) from Sb2Se3 materials in the form of
commercial polycrystalline bulk, thin film, and homemade
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polycrystalline material to the clusters generated by laser
ablation synthesis (LAS) from the mixtures of elements
(antimony and selenium). Additionally, in order to evaluate
the influence of various surfaces on cluster formation,
some other materials that act as surface-assisted LDI
(SALDI) matrices (graphene [G], graphene oxide [GO],
and fullerene [C60]) were used. Since paraffin (as a pro-
tective agent) was found to increase the intensity of chal-
cogenide high mass clusters [24], we also studied the
assistance of paraffin in detail.

Experimental
Chemicals

Polycrystalline Sb2Se3 was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Homemade polycrystal-
line Sb2Se3 was synthesized using high-purity elements
(Sb and Se of 99.999% purity). Acetonitrile, G, GO, and
C60 were purchased from Sigma-Aldrich (Steinheim, Ger-
many). Parafilm was purchased from Bemis NA (Neenah,
Wis., USA). Red phosphorus was obtained from Riedel
de Haën (Hannover, Germany) and was purified via
sublimation in a nitrogen atmosphere. Water was double
distilled using a quartz apparatus from Heraeus
Quarzschmelze (Hanau, Germany). All other reagents
were of analytical-grade purity. Amorphous Sb2Se3 thin
films were fabricated by radio-frequency magnetron
sputtering using an MPE600S (Plassys-Bestek, France)
multichamber physical vapor deposition system. For the
depositions, single crystalline silicon <100> substrates
and a polycrystalline Sb2Se3 sputtering target (99.999%,
ALB Materials, USA) were employed. The experimental
details of thin film deposition are provided elsewhere [8].
No Bragg peaks were detected in the X-ray diffraction
patterns of deposited thin films, which confirms their
amorphous state.

Mass Spectrometry

AXIMA Resonance and AXIMA CFR mass spectrometers,
both from Kratos Analytical Ltd. (Manchester, UK), coupled
with a quadrupole ion trap and time-of-flight detection, were
used to record mass spectra in both positive and negative ion
modes. Both instruments were equipped with a nitrogen laser
(337 nm), and the laser repetition rate was set to 5 Hz with a
pulse time width of 3 ns.

Software and Computation

Launchpad software (Kompact version 2.9.3, 2011) from
Kratos Analytical Ltd. (Manchester, UK) was used to deter-
mine SbmSen cluster stoichiometry via comparison of isotopic
envelopes.

Sample Preparation for Mass Spectrometry

1. Commercial Sb2Se3 polycrystalline bulk, homemade poly-
crystalline material and amorphous Sb2Se3 thin film

An agate mortar was used to pulverize the polycrystalline
Sb2Se3; the powder was then suspended in acetonitrile (1
mg/ml). From the prepared suspensions, 10 μL was deposited
on a MALDI target and dried in open air. The amorphous
Sb2Se3 thin film was fixed on the target with a narrow piece
of parafilm.
2. SALDI using GO, G and C60 surfaces
Ten microliters of GO, G, or C60 suspensions in acetonitrile
was separately deposited on individual spots of a MALDI
target and then 10 μL of the commercial polycrystalline bulk
Sb2Se3 powder suspension (described above) was separately
added on the surface of the GO, G, or C60 suspension.
3. Sb2Se3 covered with paraffin
Ten microliters of the Sb2Se3 powder suspension (described
above) was deposited on a target and then covered with paraffin
solution in xylene (1 cm2 of parafilm dissolved in 1 ml xylene).

Results and Discussion
LDI of different materials was used to generate clusters while
mass spectra were recorded in both positive and negative
ionization modes by using a reflectron mass analyzer. This
analysis revealed that a low number of clusters and low-
intensity spectra were produced in the negative ion mode.
Therefore, the results obtained in the positive ion mode are
presented.

Effect of Laser Energy on Homemade Sb2Se3 Poly-
crystalline Material Mass Spectra

The effect of laser energy on intensity of clusters formed is
shown in Figure 1. The high-intensity clusters were observed in
the 300–450 m/z range; the intensities heightened as the laser
energy increased. However, some low-intensity clusters were
also observed in the 450–650 mass range (spectra not shown).
This data indicates that the homemade Sb2Se3 polycrystalline
material was rather easy to decompose even at relatively low
laser energy (140 a.u.). Detailed analysis of the homemade
Sb2Se3 polycrystalline material spectra is shown in
Figure S1A. In addition to SbSe2

+, Sb2Sen
+ (n = 1, 2) and

Sb3Sen
+ (n = 1–3) clusters, Sbm

+ (m = 2–4) species were also
detected. Comparison of experimental and theoretical isotopic
patterns concerning Sb3Se

+ is provided in Figure S1B. Overall,
they showed good agreement.

Effect of Laser Energy on Thin Film Mass Spectra

The effect of laser energy on thin film mass spectra
(Figure S2A) was different from that of homemade Sb2Se3
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polycrystalline material. At 140 a.u. laser energy, the cluster
intensities reached their maxima. The mass spectra showed that
the thin film was less stable against pulsed laser irradiation than
the homemade Sb2Se3 polycrystalline material the thin films
were easier to ablate. An example of a thin film mass spectrum
is shown in Figure 2. The thin filmmass spectra showed similar
clusters to those formed from the homemade Sb2Se3 polycrys-
talline material. However, the Sb3Se3

+, SbSe2
+, Sbm

+ (m = 2–
4), Sb2Sen

+ (n = 1, 2) and Sb3Sen
+ (n = 1, 2) clusters were not

observed. There was good agreement between the theoretical
and experimental isotopic patterns as exemplified for
Sb2Se

+cluster (Figure S2B).

Effect of Laser Energy on Commercial Sb2Se3
Polycrystalline Material Mass Spectra

Comparison of mass spectra generated from commercial
Sb2Se3 polycrystalline bulk at different laser energies is

shown in Figure 3. Even at low laser energy (120 a.u.), we
observed several low-intensity clusters in the m/z range
over 450. Figure S3A shows the result of detailed mass
spectra analysis concerning commercial Sb2Se3 polycrys-
talline bulk material. Besides SbSe2

+, Sb2Sen
+ (n = 1–4)

and Sb3Sen
+ (n = 1–5), Sbm

+ (m = 3, 4) clusters were also
noted. Comparison of experimental and theoretical isotopic
patterns for the Sb2Se2

+ cluster is provided in Figure S3B;
there was good agreement between the experiment with the
theoretical model.

Comparison of Amorphous Sb2Se3 Thin Film,
Commercial and Homemade Polycrystalline Sb2Se3
Material Mass Spectra

Figure 4 shows thin film, commercial and home-made
polycrystalline Sb2Se3 material mass spectra that were
measured using the same laser energy (120 a.u.). At this

Figure 2. Mass spectra from LDI of amorphous Sb2Se3 thin
film in the 200–800 m/z range. The inset shows the magnifica-
tion of spectra in 510–540 m/z range. Conditions: positive ion
mode; 120 a.u. laser energy; *refers to unidentified clusters

Figure 3. The effect of laser energy on the mass spectra from
LDI of commercial Sb2Se3 polycrystalline bulk in the 300–500
m/z range in positive ion mode

Figure 1. The effect of laser energy on the mass spectra from
LDI of homemade Sb2Se3 polycrystalline material in the 300-
500m/z range in the positive ion mode

Figure 4. Mass spectra from LDI of commercial and home-
made Sb2Se3 polycrystalline material as well as amorphous
Sb2Se3 thin film in the 300–500m/z range. Conditions: positive
ion mode; 120 a.u. laser energy
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laser energy, the order of intensity was thin film, followed
by homemade and finally commercial Sb2Se3 polycrystal-
line material, data that indicate the stability of the three
materials with respect to laser pulse is increasing. In the
homemade polycrystalline Sb2Se3 material and commercial
Sb2Se3 polycrystalline bulk material mass spectra, the most
intensive cluster was Sb3Se

+. Contrary, in the thin film
mass spectra, the Sb2Se

+ cluster was the strongest. The
most intense cluster, observed in the thin film mass spec-
trum at 140–180 a.u. laser energy, was Sb3Se

+. Addition-
ally, the commercial Sb2Se3 polycrystalline bulk produced
more clusters (Figure 5).

Special Methods to Enhance Mass Spectra Intensity
and Produce Higher-mass Clusters

Enhancement of cluster intensity GO, G, or C60 were pre-
viously used as a matrix for SALDI mass spectrometry
[25–27]. We examined whether these materials can in-
crease the intensity of Sb2Se3 mass spectra. Comparison
of mass spectra for commercial Sb2Se3 polycrystalline
bulk and the same material deposited on the surface of
GO, C60, or G at the same laser energy (120 a.u.) is

shown in Figure 6. GO, G, and C60 enhanced the intensity
of the most of the signals present in mass spectra. GO
was the most effective material for enhancing the mass
spectra intensity (nine times greater intensity compared to
simple LDI), followed by C60 and then G.

Effect of Paraffin Comparison of commercial Sb2Se3 poly-
crystalline bulk mass spectra with and without a paraffin
cover at 160 a.u. laser energy is shown in Figure 7a–c. At
the m/z range below 510, the cluster intensities produced
solely by Sb2Se3 was higher than when Sb2Se3 was cov-
ered with paraffin. On the contrary, in the m/z range over
510, the intensity of the clusters originating in Sb2Se3
covered with paraffin was higher than that one produced
by Sb2Se3 alone. Furthermore, we detected the formation
of new clusters beyond m/z 800 (Sb4Se4

+, Sb5Se3-6
+, and

Sb7Se4
+) from Sb2Se3 covered with paraffin. Comparison

of experimental and theoretical isotopic patterns for one
newly identified Sb5Se6

+ cluster is given in Figure S4; the
data showed good agreement between the experimental
results and theoretical model. The results obtained indicate
that paraffin acts as a protective agent to diminish frag-
mentation. It is not easy to explain the effect of paraffin, as
it can be very complex. First, because particles of materials
are covered with paraffin layer which is absorbing part of
the laser energy, the fragmentation is diminished. In addi-
tion, similarly to those of Ag+ adducts with paraffin [28],
we observed here the formation of SbmSen

+ cation adducts
with paraffin (C4H10·Sb2Se3

+ shown in Figure S5 A and
C18H38·Sb3Se

+ shown in Figure S5B). Such formation of
charged adducts can also decrease the fragmentation. An
overview of the Sbm, Sen, and SbmSen clusters generated
from all Sb2Se3 forms and Sb/Se mixtures (1:1 or 1:10)
[23] is provided in Figure 5.

Figure 5. Overview of clusters observed by using paraffin and
SbmSen cluster stoichiometry generated from commercial/
homemade Sb2Se3 polycrystallinematerial, amorphous Sb2Se3
thin film, and mixtures of antimony with selenium (Sb/Se = 1:1

or 1:10). New clusters by using paraffin; Sb/Se =

1:10; Sb/Se = 1:1; thin film; commercial

polycrystalline Sb2Se3; home-made polycrystalline

Sb2Se3

Figure 6. Mass spectra from LDI of commercial polycrystalline
Sb2Se3 on the surface of GO, C60, and G and on a common
metal target in the 300–700m/z range. Conditions: positive ion
mode; 120 a.u. laser energy
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Conclusions
LDI with quadrupole ion trap time-of-flight mass spectrometry
was used to characterize different Sb2Se3 forms (commercial or
home-made polycrystalline material or amorphous thin films).
We showed that this technique is a powerful method to study
the formation of binary SbmSen clusters. Homemade Sb2Se3
polycrystalline material produced the lowest number of clusters
during LDI. Commercial Sb2Se3 polycrystalline bulk generat-
ed a higher number of detected SbmSen species. The amor-
phous Sb2Se3 thin film was easily ablated. We demonstrated
that GO, C60, or G are suitable materials for SALDI in order to
enhance the mass spectra intensity of the clusters produced
from Sb2Se3 polycrystalline material. With the use of paraffin,
some new clusters were detected in the high-mass part of the
spectra.
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