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LASER-INDUCED TRANSFORMATIONS
IN THERMALLY EVAPORATED THIN TlInSe,
FILMS STUDIED BY RAMAN SPECTROSCOPY

TlInSes films with thickness from 10 to 200 mm were thermally evaporated on silicon and
silicate glass substrates. Micro-Raman spectra measured at a moderate excitation (532 nm,
4 kW/em?) confirm the amorphous character of the films. Narrow features revealed in the
spectra at an excitation power density of 40 kW/cm?® show the evidence for the formation
of TlInSez, TlSe, and IngSes crystallites in the laser spot. For thin (10-30 nm) films, the
rod-shaped TlnSes crystallites are shown to be oriented within the film plane. The crystallite
formation is governed by the thermal effect of the tightly focused laser beam.
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1. Introduction

TlnSes is a rather well-known semiconductor mate-
rial with chain-like structure (tetragonal crystal sys-
tem) [1]. It is extensively studied [2-9], in particu-
lar, in view of possible phase transitions (which are
still questionable) [10, 11, & references therein]. It is
sometimes referred to as a quasi-one-dimensional or
one-dimensional (1-D) material [4], and several pub-
lications were devoted to the properties of nanoscale
(30-50 nm) TlInSes structures [3, 12]. Properties of
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TlInSes; make it promising for applications in acous-
tooptics [11], electronics [13], thermoelectricity [3, 9],
neutron and ~y-ray detection [7]. Important informa-
tion about the crystal structure and lattice dynamics
of TlInSe, can be gained from Raman spectroscopy
[2,5,8,14,15].

In the recent years, an additional research interest
toward thin TlnSe; films emerged [16, 17], similarly
to the films of related I-ITI-VI; materials prepared
mostly by the thermal evaporation [18-26].

Here, we present a Raman spectroscopic study of
structural transformations in thermally evaporated
thin T1lInSe, films under the illumination by a tightly
focused laser beam.

2. Experimental

TlnSes films with thickness d from 10 to 200 nm
were prepared by the thermal evaporation of pre-
synthesised crystalline TlInSe; (the synthesis details
can be found elsewhere [14]) on silicon and silicate
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glass substrates at room temperature at a pressure of
~2x107% Pa with an evaporation rate of 4 nm/s. The
evaporation temperature was 1050 K. The thickness
of the films was roughly estimated by interferome-
try (for the thicker films) and by interpolation with
the account for the evaporation time (for the thinner
samples).

Micro-Raman scattering measurements were car-
ried out at room temperature using an XPloRa Plus
spectrometer (Horiba). Excitation was provided by a
solid-state laser (Aexc = 532 nm). The scattered light
was detected by a cooled CCD camera. The instru-
mental resolution was better than 2.5 cm™!.

3. Results and Discussion

Raman spectra of TlInSe, films on silicate glass and
silicon substrates measured at a low excitation power
density (P.x. = 4 kW /cm?) are shown in Fig. 1. The
features in the spectra are noticeably broader than
for single-crystal TlInSes [8,14]. Hence, the films can
be treated as amorphous. The half-width of the most
intense maximum near 165 cm™! is in the interval
20-35 cm ™! for the films evaporated on the glass sub-
strate and 15-35 cm ! for the films on the silicon sub-
strate. While for the samples on the glass substrate
there is no clear dependence of the band half-width on
the film thickness, for those on the silicon substrate
a trend of the peak narrowing with the film thickness
is observed.

In our opinion, an even clearer evidence of the
amorphous structure of the films is the frequency
position of the most intense peak (near 165 cm~!)
which, for TlInSe;, should be expected near 180-
185 cm~!. Note that a recent study performed
for thermally evaporated polycrystalline TlInSes
films clearly revealed the dominant Raman peak at
181 cm ™! and a less intense feature at 169 cm =1 [17].
Likewise, the spectrum of single-crystal TlInSes in
Z(X X + XY)Z scattering configuration exhibits the
most prominent narrow peak at 185 cm™!, a less in-
tense maximum at 171 cm™!, and an even weaker
shoulder near 200 cm~! (Fig. 2). Similar spectra were
observed for single-crystalline T1InSe; in earlier stud-
ies [8, 14]. The most intense feature corresponds to
fully symmetric vibrations of A, symmetry, while
the features at 173 m~! and 205 cm™! (see the inset
in Fig. 2) are attributed to vibrations of E, and E,
symmetry, respectively [8].
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Fig. 1. Micro-Raman spectra of TlInSes films of different
thicknesses d, thermally evaporated on silicate glass (a) and
silicon (b) substrates. The spectra were measured at the exci-
tation with Aexc = 532 nm and Pexc = 4 kVV/cm2
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Fig. 2. Micro-Raman spectra of a single-crystal TlInSez sam-
ple in Z(XX + XY)Z scattering geometry measured at the
excitation with Aexc = 532 nm and Pexc = 40 kW /cm2. The
inset shows the simulation of the observed Raman spectrum
by three Lorentzian contours, the frequency positions and half-
widths (in parentheses) being indicated

In the case of TlInSe, films (Fig. 1), the absence of
peaks close to the mentioned frequencies means the
absence of clearly defined T1InSe, structural groups
in the film (i.e., their amorphous character), while

817



Y.M. Azhniuk, A.V. Gomonnai, V.V. Lopushansky et al.

‘ ‘
TlinSes films

. : . .
173 TlinSey films 155 184
on silicate glass on silicon
532 nm 532 nm
40 kW/cm? 40 kWicm?
d=10 nm oug ML

226
359

237 d=200 nm

100 ‘ 260 ‘ 360 400 100 ‘ 260 ‘ 360 ‘ 400
Raman shift / cm™ Raman shift / cm ™"
a b
Fig. 3. Micro-Raman spectra of TlInSes films of different
thicknesses d, thermally evaporated on silicate glass (a) and
silicon (b) substrates. The spectra were measured at the exci-
tation with Aexc = 532 nm and Pexc = 40 kW /cm?
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the most intense peak near 165 cm™! corresponds to

the vibrations of Tl-Se bonds in the amorphous film
structure. Such feature is known to be observed in the
Raman spectra of TlSe crystals [27] and thin films
[28]. Meanwhile, In—Se bonds in the spectra of the
amorphous films contribute to a broad continuum-like
structure in the interval 200-250 cm~! (Fig. 1). An
intense broad band in this spectral interval is reported
for amorphous InsSes films [29].

Evidently, the reason for why, in our case, contrary
to the recent studies of other groups [16, 17|, the
thermal evaporation resulted in amorphous TlInSesy
films, is related to the substrate temperature. The
authors of Refs. [16,17] evaporated the films on sub-
strates heated to 300-350 °C and obtained polycrys-
talline TlInSey films, their structure being clearly
confirmed by the X-ray diffraction and Raman spec-
troscopy. Meanwhile, in our case, the evaporation
was performed onto cold substrates, and amorphous
TlInSe; films were obtained.

Raman measurements performed for the same
TlInSey; film samples at an increased Peoy. =
=40 kW/cm? (Fig. 3) revealed intense narrow max-
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ima which clearly indicates a fast crystallization of
the film material in the laser spot. Contrary to the
low- Pey. spectra which look much similar for the sam-
ples prepared at different substrates and with differ-
ent film thicknesses (Fig. 1), the spectra measured at
Poye = 40 kW /cm? exhibit different peaks depending
on the film thickness and the substrate type. The de-
pendences are not always clearly defined, but some
general trends can be pointed out.

Unpolarized room-temperature Raman spectra of
crystalline TlInSes in this frequency interval [8, 14],
similarly to the spectrum shown in Fig. 2, demon-
strate the most intense A;, symmetry peak at 183—
186 cm ™! and another one of E, symmetry at 171-
173 cm ™! which is weaker by about an order of magni-
tude [8,14]. In the films under investigation, the peak
at 181-184 cm™! is observed for films of all thick-
nesses on the silicon substrates and for the thickest
(200 nm) film on the silicate glass substrate. Mean-
while, the £, band at 171-175 ecm ™! is revealed only
for thinner films (10-30 nm): for the films on the sil-
icate glass substrate, it is the predominant peak in
the spectra; while for the samples on the silicon sub-
strate, it is only slightly weaker than the strongest
peak at 181-184 cm ™! (Fig. 3). Such behavior means
that, for these films, the TlInSe, crystallites formed
in the laser spot are not randomly oriented, because
otherwise the ratio of the intensities of two bands in
the spectrum would be close to that in the unpolar-
ized spectrum of crystalline T1InSe,. Note that, due
to the chain-like structure of TlInSes, its nanocrys-
tallites are known to be of elongated, rod-like shape
[3,12]. According to the group-theoretic analysis [2],
the vibration of F, symmetry (171-175 cm™!) cor-
responds to the (XZ) and (YZ) components of the
Raman tensor. Taking into account the backscatter-
ing configuration, the observed preferential contribu-
tion from these components means that the TlInSes
nanorods should be oriented with the Z direction (the
nanorod axis) mostly within the film plane. Evi-
dently, the restriction of the in-plane orientation of
the nanorods was imposed by the small (10-30 nm)
film thickness, since for thicker films the intensity of
the B, band at 171-175 cm™! is negligible (Fig. 3)
meaning that, in this case, the TlInSey crystallites
formed in the laser spot are randomly oriented.

However, besides the discussed TlInSe; peaks,
there are more narrow features formed in the TlInSes
films and revealed in the spectra under the illumi-

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 12



Laser-Induced Transformations in Thermally Evaporated Thin TlInSez Films

nation with P, = 40 kW /cm?. The most intense
are the peaks at 155-160 cm~! and 108 cm™?! (the
latter is observed only for the films of smaller thick-
nesses). The peak near 160 cm ™! is known to be the
most prominent Raman feature of crystalline TlSe
[27], while the one at 104 cm™! was reported as the
most intense feature of a-InySes crystal [30]. It can
be concluded that the high-P,... illumination leads
to the formation of not only TlInSey, but also TlSe
and InsSez crystallites in the illuminated area of the
amorphous TlInSey films.

The earlier formation of TlInSes; crystallites un-
der the intense laser illumination was reported for
Tl-In-As—Se glass [31] similarly to the formation
of other chalcogenide nanocrystals in amorphous
AssSes-based films [32,33]. In all cases, Raman spec-
troscopy was used to confirm the crystallite forma-
tion. It is essential that, in all those cases, the mech-
anism of this photoinduced effect is mostly nonther-
mal, based on a drastic drop of the material vis-
cosity caused by the local photofluidization due to
the interaction of the tightly focused laser beam with
the amorphous AssSes-based material. Note that, for
those materials, the accompanying photoinduced ef-
fect of mass transport from a heavily illuminated area
was revealed as the formation of a pit in the laser spot
on the film surface [31-33].

In our case, on the contrary, we did not observe
any damage on the film surface after the illumination
and the Raman measurement. From this, we conclude
that the formation of crystallites in the films in the
course of the Raman measurement at the elevated
Py is driven by a thermal mechanism: the sample
surface in the laser spot is heated by the tightly fo-
cused laser beam and thermally enhanced mobility
enables the localized crystallite formation.

In order to check whether the structural changes
in the TlInSe, films leading to the observed crys-
talline features emerging in their Raman spectra at a
higher power density are indeed related to the ther-
mal effect of the tightly focused laser beam, we per-
formed the 30-min annealing of the TlInSes film sam-
ples at 150 °C and 300 °C and subsequent measure-
ments of their Raman spectra. The Raman measure-
ments were performed at low P... = 4 kW/cm? to
avoid an additional sample heating. The correspond-
ing Raman spectra shown in Fig. 4 clearly reveal the
intense sharp peaks emerging at 153-155 cm™! and
181-185 cm ™!, as well as a less pronounced feature at
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Fig. 4. Micro-Raman spectra of TlInSez films with the thick-
ness d = 200 nm on silicon substrates annealed for 30 min at
150 °C and 300 °C. The spectra were measured at the exci-
tation with Aexc = 532 nm and Pexc = 4 kW/cmZ. Asterisks
mark the 521 cm~! peak from the Si substrate

173 cm~!. In view of the above discussion, it is quite
reasonable to relate the peak at 153-155 cm ™ to the
TlSe crystallites and the features at 173 cm~! and
181-185 cm ™! to the TlInSe, crystallites which evi-
dently appear in the sample after the annealing. The
spectra of the thermally annealed samples strongly
resemble those of the untreated TlInSe; films mea-
sured at the higher P.. = 40 kW /cm? (Fig. 3). These
data clearly confirm that the crystallization effects re-
vealed for the TlInSe; films under the higher P, illu-
mination result from the thermal effect of the focused
laser beam.

4. Conclusions

TlnSe, films with thickness from 10 to 200 nm are
prepared by the thermal evaporation on silicon and
silicate glass substrates. Micro-Raman spectra mea-
sured at Aexe = 532 nm and the moderate excitation
power density Py, = 4 kW /cm? show the dominating
contribution from T1-Se bond vibrations and confirm
the amorphous character of the films.

At the elevated power density 40 kW /cm?, nar-
row features emerge in the spectra, showing the
evidence for the formation of TlInSe; as well as
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TISe and InySes crystallites in the laser spot on
the film surface. Based on the peak intensities, it is
shown that, for thin (10-30 nm) films, the rod-sha-
ped TlInSe, crystallites are oriented within the film
plane. The formation of the crystallites is explained
by the thermal effect of the tightly focused laser beam
facilitating the mobility of atoms in the illumina-
ted area. This conclusion is confirmed by the Raman
measurements performed for the TlInSes films an-
nealed for 30 min at 150 and 300 °C which show
the appearance of remarkably similar crystallite-re-
lated peaks.
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O. Aoterror, O.B. F'omonnad, B. Jlonywancvrud,
0.0. I'omownati, T. Babyxa, B. Jlosa, I. Botinaposuy

PAMAHIBCBKE OJOCJ/IIAXKEHHSA IHAVKOBAHUX
JIASBEPHVM BUITPOMIHIOBAHHS{M IIEPETBOPEHb
Y TEPMIYHO HATIMJIEHUX TOHKUX

IIJIIBKAX TlInSe2

ILnieku TlInSes TosmmuOoK Big 10 10 200 HM OTpPUMAHO Tep-
MIYHUM HaIWJIEHHSM Ha IiJKJIaJUHKH 3 KPEMHIIO Ta CHJIiKa-
THOI'O CKJIa, IO IepebyBaJiu pu KiMHATHIN Temieparypi. Mi-
KpPOpaMaHiBCbKi CIIEKTPH, BUMIpsIHI IPU MMOMipHIiil rycTuHi mo-
Ty>kHOCTi 36ymKrenus (532 M, 4 kBr/cm?), miaTBepKyOTH
aMopdHUl XapaKTep OTpuUMaHuX MIiBoK. [Ipu migsuienHi ry-
crunu moryxkuocTi 10 40 kBr/cM? y crexTpax 3’sIBASIOTHCS
BY3bKI JIiHil, ClIeKTpaJIbHE [TOJIOXKEHHSI IKUX BKa3ye Ha pOpMy-
panHst kpucrajitie TlInSez, a Takox TISe Ta IngSes y wmici
maJiHHs JIa3ePHOIO IPOMEHs Ha HoBepxHIO mIiBku. [Tokazamo,
o it Toakux (10-30 uM) miaiBok kpucrastitu TlInSes MaoTh
BHIOB2KeHy (opMy 1 opieHTOBaHi y IIOmKHI ILIIBKA. Y TBOpeE-
HHSI KPUCTAJIITIB 00yMOBJIEHE JIOKAJIbHIUM HArpiBaHHsSIM ILJIiIBKU
CHJIBHO C(POKYCOBAHUM JIA3€PHUM ITyIKOM.

Katwo6i cao6a: TOHKI IUIIBKHM, TEpMiYHE HAIUJIEHHS, pa-
MaHIBCbKa CIHEKTPOCKOIIis, KPUCTAJII3allid.
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