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| The productions of the thin metallic chalcogenide films are of particular interest for the wide range of fabrication of the solar cells, |
sensors, photodiode arrays, photoconductors. Raman spectroscopy is used to measure the scattering radiation of a matter. Basically, the

| spectroscopic methods can be defined as the study of the interaction of electromagnetic radiation with a matter. It can be based on the |

| phenomenon of absorption, fluorescence, emission or scattering. The observation of peaks supported the formation of amorphous or |

| crystalline nature of the samples. In this short review, the authors had gathered some informations about the Raman studies of recently |

| |

| |

synthesized metal chalcogenide semiconductor thin films.
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INTRODUCTION

Semiconductor has been widely used in industries for various
applications ranging from the energy sensing and harvesting
to numerous microelectronics functionals. Conventionally, the
semiconductors were mainly composed of covalent materials
and characterized by the four-fold coordination of all atoms.
The recent technology of the photovoltaic research has been
shifted its direction over the conventional materials to the metal
chalcogenide counterparts. This was mainly attributable to the
considerably interest such as highly suitability as the absorber
layers in the thin film solar cells [1].

The research has been conducted in developing the solar
cell composing new materials such as the earth abundant source
metals as the substitution to that of currently existed solar cell
which mainly comprising the rare and expensive elements such
as indium, tellurium and gallium. In addition, the currently
available solar cell may have consisted of the toxic elements
namely selenium and cadmium [2]. As opposed to the conven-
tional semiconductor materials, metal chalcogenide is known
as a highly potential alternative that can meet the need of the

development of more efficient despite the low-cost solar cells.
Infacts, the exploration into these new materials might be
highly beneficial since it may be satisfying the green energy
demand across the globe by developing the technology that
utilizing the solar power as the premiere source of energy.
The productions of the thin metallic chalcogenide films
are of particular interest for the wide range of fabrication of the
solar cells, sensors, photodiode arrays and photoconductors.
The chalcogenization process of the metallic precursor layers
will be particularly suitable for the development of the high-
efficient devices. However, the understanding of the chalco-
genization process is rather complex due to the formation of
the intermediate constituents during the intermetallic phase
transformations and the chalcogen incorporation that take place
simultaneously. The separation of these two processes by annea-
ling the precursor layers in vacuum and in chalcogen atmosphere
is required. The in-situ real time studies on these processes
has been proposed and reported in the literature [3]. The use
of the Raman spectroscopy has been provided a comprehensive
interpretation about the kinetic and microscopic aspects of the
phase transformation of the metal chalcogenide system. The
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study has also revealed the elucidation of intermetallic phase
transformations and the limitation of the chalcogenide growth.

Raman spectroscopy is an instrument used to measure
the scattering radiation of a matter. Basically, the spectroscopic
methods can be defined as the study of the interaction of electro-
magnetic radiation with a matter. It can be based on the pheno-
menon of absorption, fluorescence, emission or scattering [4].
Raman spectroscopy mainly a scattering technique has been
widely used for many applications for the purposes of quanti-
tative and/or qualitative analyses. The qualitative analysis of
this instrument can be done by measuring the frequency of the
scattered radiations. Meanwhile, the quantitative analysis aiming
for the measurement of the analyte concentration in the sample
by quantifying the intensity of the scattered radiations of the
sample [5].

The Raman spectroscopic analysis can be advantageous
due to several factors. Apart from the beneficial qualitative and
quantitative analyses counterparts, this technique can be used
to evaluate the presence of trace amounts of elements without
the extensive sample preparation with a non-destructive proce-
dure. Despite the analysis of the reaction mechanism, Raman
spectroscopy have been used and reported to determine the
presence of trace element such as drugs namely barbiturates
and sodium salt analogs [6]. The specific band locations were
utilized to distinguish the presence of various barbiturates.
Moreover, the change in the polarizability of the molecular
vibration is essential in obtaining the Raman spectrum of the
sample. The low Raman scattering of the water molecules thus
make the water as an ideal solvent for dissolving the samples.
This was eventually ensuring the simplicity of this technique [7].

Incongruent to that of other spectroscopic analyses, Raman
spectroscopy is known to its simplicity approach. The Raman
spectrum is recorded as an intensity versus wavelength shift,
and significantly minimal to that of infrared (IR) spectroscopy.
The normal Raman spectrum is infrequently shown the combi-
nation and difference of bands [8]. The specific and non-combined
bands would eventually ensure the precision of the sample
analyses. In addition, the Raman spectrometry can be used as
in-field, in-situ or downfield which does make this analysis is
portable with easy handling depending on the sample prefe-
rence [9].

Apart from the advantages and beneficial outcomes of
the Raman spectroscopy, this technique has also suffered from
few limitations. The weak Raman scattering will lead to the
low sensitivity of this technique. However, the sensitivity of
the Raman spectroscopy can be enhanced using resonance
Raman spectroscopy and surface enhanced Raman spectro-
scopy. In the resonance mode, the frequency of the incident

radiation will be matched with the electronic transition of the
molecule. This will be eventually producing the more intense
Raman spectrum [10]. Meanwhile, the surface enhanced mode
will be modified the sample by adsorbing the sample onto the
colloidal metallic surface such as gold, copper or silver which
thereby improved the intensity of the Raman signals.

The study on the production of metal chalcogenide
semiconductors has been widely studied and reported in the
literature [11-21]. However, the review on the utilization of the
Raman spectroscopy on the studies of the metal chalcogenide
semiconductor is still limited. Thus, this article will discuss
an overview of some important recent and selected applications
of the Raman spectroscopic analysis on the metal chalcogenide
semiconductors which focussed on the thin films forms.

Binary chalcogenides: Raman spectroscopy is one of the
most powerful tools for determining the crystalline structure
and quality of semiconductor thin films, since the shape and
position of Raman peaks are strongly influenced by the presence
of defects in the material, either in the form of structural inhomo-
geneity's or secondary phases [22]. It provides a fingerprint
by which the molecule can be identified.

Isac et al. [23] and Jrad et al. [24] analyzed the character-
istics Raman peak of CusS thin films and found that the peak
in the range 474-469 cm™, which belongs to hexagonal structure.
It is also pointed out that the peak shift towards lower wave-
number may be attributed to the vacancies present in the CuS
lattice during the film growth. The Raman spectra of CdS shows
four characteristics peaks at 300, 600, 904 and 1200 cm™ [25],
whereas the characteristic peak for CdSe was observed at 200
cm’' [26]. Beside this, four Raman peaks for CdTe at 84, 121,
140 and 175 cm™ were also observed. Among these peaks, the
transverse optical phonon (TO) and longitudinal optical phonons
(LO) were observed around 140 and 175 cm™, respectively
[27]. In case of ZnS thin films, the longitudinal optical (LO)
phonons appeared at 58, 335, 347 cm™ and the TO phonons
appeared at 264 cm™ [28]. While in compound ZnSe, two
characteristic peaks were shown around 250 and 490 cm™ [29].
The Ag,Se films showed four characteristics peaks at 232, 455,
566 and 815 cm™ [30]. Table-1 showed the details of the Raman
peaks of binary thin films, which were prepared by using different
deposition methods.

Ternary chalcogenides: The CulnSe, film showed Raman
characteristic peak (Al mode) around 177-174 cm™ and reported
that the blue shift in the peak was due to the presence of defect
in the nano crystalline layers [46,47]. The Cd,..Zn,S thin films
showed two LO phonon peaks at 327-307 and 630-613 cm™
[48]. The Raman characteristic peak of CdZnS film was observed
at 313 cm™ [49]. When replacing sulphur atom by selenium

TABLE-1
RAMAN INVESTIGATION OF BINARY THIN FILMS

Thin films

Characterization and findings Ref.

TiSe, bending mode was observed at 92 cm’

Thalium
selenide

TI-Se symmetric stretching mode was found at 158 and 140 cm'
TI-Se asymmetric stretching mode was detected at 208 and 185 cm'!
Se-Se stretching mode was highlighted at 255 and 240 cm’!

In terms of crystal structure, Tl-Se bond was observed in 2.66-2.73 A

Thallium selenide thin films have been prepared via thermal evaporation method

[31]
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e As,Se; thin films have been prepared via thermal evaporation
e  The asymmetric (amorphous phase) was observed peak at 224 cm
As,Se; e  Se-Se vibration was observed at 480 cm’ [32]
e  The In-doped As,Se; films peak at 221 cm'*
e The films prepared with indium content of 2 % showed peaks at 216-219 cm™ and 240-242 cm'".

e The Sb,Se; thin films have been prepared via RF magnetron sputtering
e  Sb-Se stretching mode was observed at 188 cm
Sb,Se; e  Sb-Sb bond was found at 150 cm'* [33]
. Vibration mode Se-Se bond was detected at 120, 210 cm’
e Raman spectra indicated selenium rich in samples, peaks appeared at 70, 102, 129, 252 cm’".

e WS, films have been prepared via pulsed laser deposition
WS, film e  Vibration mode at 175 cm™ represented [34]

e WS, phase at 419 cm

e  SnS, films have been prepared via chemical bath deposition method

SnS,

e  Citric acid was used as complexing agent
e The films prepared at various concentrations of citric acid (0.375, 0.5 and 0.625 ml/L) showed peak at 315 cm’

[35]

e  Hexagonal SnS, phase could be seen in Raman spectra.

e  SnS films have been prepared via RF sputtering
SnS e  Peak at 307 cm™ (Sn,S;) could be seen when the pressure values are 40 and 50 mTorr [36]
e The peaks at 93 and 224 cm’' could be seen when the pressure values are 6 and 10 mTorr.

e  FeS, films have been prepared via evaporation technique

e Pyrite phase was observed at 343, 379, and 430 cm’!

FeS, . Marcasite phase was seen at 323, and 386 cm'* 371
e The ratio of pyrite to marcasite was 49:51 (temperature =250 °C), and 99: 1 (temperature=420 °C)
e  The InS films have been prepared via chemical bath deposition method

InS e Amorphous phase could be detected at 200-500 cm [38]
e  In,S;was observed at 200-400 cm'
e Sulphur (S-S mode) was found at 460 cm*
e  In,S;films have been prepared via chemical bath deposition technique

In,S, . The films prepared at 60, 70, 80 °C showed 3 peaks (115, 135, 180 cm™) [39]

e The films prepared at 60 °C showed In,0O; phase
e  The intensity of peaks improved in annealed films.

e As,S;films have been prepared via thermal evaporation
e The films prepared using laser light showed 3 peaks at 336, 230, and 485 cm'*
As,S; e  Pyramidal phase was observed at 335-340 cm™ (As-S bond stretching vibration) [40]
e As-As homopolar bond vibration was seen at 180 and 230 cm*
e S-S vibration of AsS,was observed at 485 cm™

e  CdTe films have been prepared via thermal evaporation
e  Transverse mode was observed at 142 cm™

CdTe e  Longitudinal mode was found at 170.5 cm™ [41]
e Phonon of tellurium was detected at 120 cm'’'
e 7S films have been prepared via physical vapour deposition
7nS films e  The as-deposited films and annealed films showg—:d peaks at 773 and 1078 cm' ) [42]
e  Lattice constant value for the as-deposited (5.3 A) film and annealed films (5.66 A) was reported.
e  Annealed films showed better results because of crystallite size and strain.
e  Bi,Te;films have been synthesized via electro deposition technique
Bi,Te, e  Vibration mode of BiTe was observed at 77 cm’ [43]
e  Vibration mode of trigonal was observed at 65 and 131 cm’
e  Vibration mode in the basal plane was seen at 102 cm*
cds e  CdS films have been synthesized via chemical bath deposition [44]

e  Longitudinal optical phonons were detected at 299, 600 and 900 cm*

e  (CdS films have been prepared via chemical bath deposition
CdS e  Longitudinal optical phonon modes were detected at 296 and 593 cm for the films prepared under various pH values  [45]
e  Raman intensity increased with decreasing the pH value (pH 11 to 9).

atom (CdZnSe), the peak shifted to lower wavenumber about a characteristic peak at 318 cm™ [51]. AgSeo2Teys film shows
230 cm™. In the Cd,..Zn,Te thin films, the TO and LO phonons a single prominent peak at 154 cm™ [52]. Raman spectra of
were observed around 140.30 and 159.65 cm™, respectively as-deposited Ge,Sb,Tes thin films indicated a broad peak around
[50]. The Cu,SnS; thin films showed three characteristic peaks 151.75 cm™, which may be due to the amorphous (Te-Te stret-
at 342,327 and 287 cm™', whereas Cu;SnS, thin films indicated ching). Peak at 110 cm™ may be corresponding to vibration of
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hetero polar bond in the tetrahedral GeTe, and/or pyramidal
SbTes. Similarly, peak appears at 160 cm™ due to a Sb-Sb vibra-
tion in (Te,)Sb-Sb(Te,), in which there is a Sb-Sb bond connected
with four tellurium (Te) atoms and in other units such as (TeSb)
Sb-Sb(Te,) and (Sb,)Sb-Sb(SbTe,) [53]. Table-2 reported the
Raman studies of ternary thin films, which were produced via
different deposition techniques.

Quaternary chalcogenides: For quaternary compounds,
X-ray diffraction (XRD) is not alone consider for phase identi-
fication, in such cases Raman spectrum is one of the efficient

tool for the phase identification. In Cu,ZnSnS,4 (CZTS) thin films.
The existence of CZTS film was confirmed by the most intense
peak around 335 cm™ and two shoulders at 386 and 291 cm’!
[65]. However, quaternary compounds have some additional
peaks, which may be considered as secondary or impurity phases
such as ZnS, SnS, and Cu,.,S, shown at 351, 274, 315 and 479
cm’' [66]. Further, sulphur atom is replaced by selenium atom,
that exhibits four characteristic Raman peaks at 170, 192, 230,
and 243 cm™ and three secondary phases, such as CuxSe (261
cm™), Cu,SnSe; (180 cm™) or ZnSe (253 cm™) [67,68]. In case

TABLE-2
RAMAN INVESTIGATION OF TERNARY THIN FILMS
Thin films Characterization and findings Ref.
e  Ag-Ge-Se thin films have been prepared by using pulsed laser deposition
e  GeSe,, corner sharing tetrahedral: at 192-201 cm
Ag-Ge-Se e  Vibration of Se atoms: at 210-218 cm’ [54]
e  Se-Se bonds: at 255-270 cm’
e  Ge-Ge mode: at 178 cm’
e Ge-Sb-Se thin films have been synthesized by using RF magnetron sputtering
e  Symmetric stretching mode of GeSe,, tetrahedral: at 200, 215 cm*
Ge-Sb-Se e  Stretching mode of Ge-Ge bond: at 170 cm'* [55]
e  Se-Se stretching mode: at 235-245 cm'
e  Se-Se bond vibration: at 265 cm’'
e  Ge,Sb,Te; thin films have been produced by using thermal evaporation
e  GeTe, tetrahedral: at 80 cm
Ge,Sb,Te; e  GeTe,,Ge, (n=1,2): at 125 cm’* [56]
e  Sb,Te; at 153 cm’
e  Ge-Ge: at 300 cm’
e Ge,As;;.Segs thin films have been synthesized by using thermal evaporation
e  Symmetric vibrational stretching GeSe,,: at 198 cm’
Ge, Asys. Segs e  Vibration mode of AsSe,,: at 230 cm' [57]
e  Vibration mode of selenium: at 260 cm’'
e  Vibration mode of GeSe,, tetrahedral: at 215 cm’
o AssSeyTe,thin films have been prepared by using thermal evaporation
Asymmetric stretching As-Te-Se mode: at 127 cm'
AswSewTer Tef/Te vibrational moge: at472 cm’ [58]
e  As-Se vibration mode: at 228 cm’'
e  Cu,SnS;thin films have been produced by using evaporation method
Cu,SnS, 2T " = [59]
e  Vibration mode (monoclinic): at 292, 353 cm
e  CuSbSe, thin films have been synthesized by using E-beam evaporation deposition
e  Sb,Se;: at 188, 250, 372, 450 cm™
CuSbSe, e  Cu.SbSey: at 185 cm’ [60]
e  CuSbSe, at 82,117, 144 cm™
e  Cu;,Sb,S;;thin films have been synthesized by using e-beam evaporation
e  Cu,Sb,S;;: at 351 cm'™
e  Sb-S bond stretching: at 354 cm’!
CupSbSis Sb-S bond bending ilode: at 315 cm [61]
e  Cu,;SbS,at 330 cm™
e CuS as secondary phase: at 468 cm’
e  Cu,SnS;thin films have been prepared by using radio frequency magnetron sputtering
e  Monoclinic phase: at 290 and 350 cm''
CuaSnS; e  Tetragonal pﬁlase: at 325 cm™ [62]
e  Cu,Sn,S,phase: at 223 and 371 cm’'
e Cu,SnS;thin films have been synthesized by using spray pyrolysis
Cu,SnS, e  Orthorhombic Cu;SnS, phase (as-deposited): at 295cm’ (63]
: e  Monoclinic Cu,SnS; (as-deposited films): at 289 cm*
e  Tetragonal Cu,snS; in anneal films (vibrational mode): at 326 cm'
e Cu,SnSe; thin films have been produced by using electro deposition method
Cu,SnSe; e  C-H stretching vibration of CH, for the films produced using 0.5 M of sodium citrate: at 2926 cm'* [64]

e This peak could not be detected when 0.1 M of sodium citrate was used.
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TABLE-3
RAMAN INVESTIGATION OF QUATERNARY THIN FILMS

Thin films Characterization and findings Ref.
e  Sol gel method was used to produce Cu,ZnSnS, thin films

Cu,ZnSnS, e  Kesterite phase: at 331-336 cm’’ [74]
e  Sol gel technique was employed to prepare Cu,ZnSnS, thin films

Cu,ZnSnS, e  There is no peak could be observed at room temperature and the first 15 min of sulfurization process [75]
e The films prepared under 30 min of sulfurization: at 330 cm
e  The films prepared at 60 and 180 min of sulfurization: higher intensity in Raman peaks
e  Spray pyrolysis was used to synthesize the Cu,FeSnS, thin films

Cu,FeSnS, e  Asymmetry vibration mode of sulphur around the tin: at 319 cm™ [76]
e Sulfur pure anion around the copper: at 285 cm’!
e  Close spaced vapour transport technique was employed to produce the CuGa,In,_Se, thin films

CuGa,In,,Se, e  Cu(In,Ga)Se, phase was observed with x = 0 and 0.3: at 175 cm™ [77]

e  Cu,Se structure when x = 1: at 290 cm’!
e  Spray pyrolysis was employed to prepare Cu,ZnSnS, thin films
° Kesterite phase: at 332, 285, 356 and 368 cm’!

Cu,ZnSnS, e  Copper tin sulphide: at 303 cm [78]
e Copper sulphide: at 468 cm™
e  Vibration of anion: at 331 cm’'
e  Chemical bath deposition was used to synthesize the Culn(S,Se), thin films
e Amorphous In,S;: at 150-400 cm'

Culn(S,Se), e  Cu,,S phase: at 473 cm’ [79]

e Sulfur rich Cu,(S,Se): at 390-475 cm''
e  Culn,Se; phase: at 228 cm

of Cu,Mn-SnS; thin film, five characteristic Raman peaks
appeared at 156, 247, 286, 347 and 363 cm™ [69]. Cu,FeSnS,
thin films showed prominent Raman peak shifted at 318 cm’!
[70]. In CuxCdSnS. thin films, three peaks exhibited at 284,
304, 333 cm™, while in Cu,CdSnSe, films, these three peaks
were shifted towards lower wavenumber at 170, 191 and 231
cm’ [71,72]. From Raman analysis, the most metal chalcogenide
semiconductor thin films indicated Raman peaks around 600-
50 cm™ and Raman peak shifted towards lower wavenumber
when the sulfur atom is replaced by Se-atom. Cu,ZnSi(S,Se),
single crystals showed the three dominant Raman peaks at
278, 291 and 394 cm™ for Cu,ZnSiS, compound and at 170,
179 and 222 cm™ for Cu,ZnSiSe, compound [73]. The major
Raman peaks of the reported quaternary thin films are summ-
arized in Table-3.

Conclusion

Preparation and characterization of several metal chalco-
genide semiconductor thin films have been reported by many
researchers. Raman spectroscopy has been used by many resear-
cheres to characterize the structure and composition of sample.
Thus, a short review on the Raman studies on the various types
of metal chalcogenide semiconductor thin films were carried
out. The observation of peaks supported the formation of amor-
phous or crystalline of samples.
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