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Abstract  The melt-quenched SnyoShagSeqw sample in the
bulk form was used to prepare films on well-clemed glass
substrates by thermal evaporation method. The activation
energy for glass transition (apparent) and crystallization
has been analyzed by using the Kissinger formulztion. The
Moray diffraction study shows the covstallization of ShoSe,
phase in the major proportion as compared to the SnSes
phase. The SEM images film of the show the appearance of
spherical globules upon annealing below the glass transi-
tion temperature. The effect of anealing temperature on
the electrical and opical properties has been siudied. A
linear fit between AE and £, is omserved, indicating the
validity of Mever-heldel rule with the change in the
annealing temperature,

Introduction

Chalcogenide glasses are very promising materials becanse
of their potential applications i infrared (1K) optics,
optical memories, inorganic  photoresists, and  anti-
reflection coatings, ek, [1]. For infrared applications, the
material should have large optical transmission window,
low material dispersion, low light scattering, and long
wavelength multiphoton edge wel! shove the desired IR
wavelength along with good thermal, mechanical, and
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chemical proparties. Recent interest in these materials is to
mvestigate new IR material for OO, laser power trans-
mitting optical fibers [2]. The transmission window of Ge-
Sh-Se glasses limits their wility for COs laser application
[3], which had the multiphonon absorption edge at about
6 pm. The occurrence of micro-crystallization during the
fiber drawing results in the inhomogeneous optical fibers
with loss in the signal due to scattering. To decrease the
ransmission losses to meet the commercial requirements,
new materials were mvestigated to shift the multiphonon
edge to longer wavelengths by several micrometers and
also to enhance the thermal and mechanical properties.

The glass formation with the addition of heavier mass
elements in chalcogen redices the optical gap, conse-
quently
wavelengths. The addition of Sn increases the glass tran-
sition  temperature,  crystzllization  temperature, anti-
erystallization stability, and chemical durability, and shifts
the multiphonon absorption edge to longer wavelengths
[2]. Cur recent work [2, 5] shows that the Sn addition
mhibits crystallization, while more addition leads to fur-
ther crystallization. The results indicate better thermal
stability with large glass hansition temperatures for the
Sy psbhag e, chalcogenide plass [5]. Therefore, the present
study reports the thermal studies, structure and the effect of
thermal annealing on the surface morphology of glasy
films. Also, the effect of thermal annealing at different
femperatures on the optical and electricel properties has
been reportel,

shifting  the fransmission  window o longer

Experimental details

Bulk glass of SnypShagSexn was prepared by conventional
melt guenching technigue as described  earlier  [4].
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Differential scanning calorimetric (DSC) studies were
carried out using Perkin Elmer (DSC/TGA/DTG, Pyris
Diamond) instrument at different heating rates. Approxi-
mately 15 mg of the powdered sample with 10 mg of
alumina powder as reference were taken in Al pans for
each DSC runs. The temperature and energy calibrations of
the instrument are performed using the well-known melting
temperatire and enthalpy of high purity indium. All the
DSC scans were performed in a flowing N atmosphere.
Thin films have been prepared on to well-clemned glass
substrates kept at room temperature by thermal evaporation
method at a pressure less than 10 T mbar [5]. The thick-
ness of the films was measured by the Tolansky
interference method and found to be 350 nm. The
mnealing of the pristine samples (powdered and thin films)
have been performed in a running vacuum ~ 10 * mbar. A
Philips X-ray diffractometer type-1710 was used to char-
acterize the pristine and annealed samples. The surface
morphology and composition analysis of the as prepared
and annealed films was carried out on scanning electron
microscope (Philips XL30 ESEM system with EDAX
attachment) operated at 20 kV. The secondary electrons are
collected for the surface morphology, while X-rays pro-
duced through the electron beam impact for the
composition analysis are taken in the present study. The de
conductivity measurements were carried out in the tem-
perature range 253343 K im a mmming vacuum of
~107* mbar. The current was measured using a digital
picoammeter (DPM-111, Scientific equipment, Roorkee).
The Al electrodes (electrode gap ~2 mm) in co-planar
geometry were deposited by thermal evaporation for elec-
trical measurements. The optical transmission spectrum
was recorded at room temperature using a UV-VIS spec-
trophotometer in the wavelength range 500 1,100 nm.

Results and discussions
Thermal properties

Figure 1 shows the DSC scans of SnygShagSeqg glassy
semiconductor at different heating rates. It is observed that
the glass transition temperature (7} and peak crystalliza-
tion temperature (1) increases with the heating rate. The
lowering and broadening of the melting endotherm occurs
with the heating rate. The glass transition temperamre is
424.1 K and onset of crystallization temperature is 5143 K
at 10 K/min heating rate. Further, the X-ray diffraction
patterns of powdered bulk samples as pristine, anmealed
below Ty and at peak crystallization temperature were
compared and are shown in Fig. 2. These results show that
the sample (a) and (b) are X-ray amorphous, while
mnealing at peak crystallization temperature shows the

Endy #—— ADUWW ——3 B
(=9

38 403 s 663 783
TH ———»

Fig. 1 DSC thermograms for amomphous SmoSbaoSeso glasses at
heating rates (a) 5, (b) 10, {c) 15, (d) 20, {e) 30, (f) 40, (g) 50 K/min
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Fig. 2 X-ray diffraction patterns for pristine sample (a), annealed at
3493 K(b) and anneal ad at550 K for 1 h for SmaSbaeSesn chaleogenide
glass

crystalline nature for the sample ic). The formation of
crystalline globule could be attributed to the large differ-
ence in the average bond energy of the constituent phase’s,
viz. ShaSe; and SnSe; as Sn forms the strong bonds. The
percentage crystallinity for the as-prepared glass sample
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wis caleulated from the heat evolved and heat absorbed
during the coystallization and melting of the material, i
respectively. The heat evolved/absorbed at [0 Kfmin - ar b
heating rate B 20,7 and 284 mdfmy for te coystal izt bon 'E iy
md melting peaks, which 5 found to be 0389 for this =
glassy sample .
Ihe difference AT = T, — T,. representing the resis- Ang
tance 10 devitrification or thermal stability of glasses [6],
has been found o be S0.2 K. The deperdence of I; on
heating rate could be discussed by using twe empirical
relationslip proposed by Lasocks as: Tp = A + 8 lu, '11"11 L 1' L
where A mnd # me constont: for o given glass compaosition = 10 *® 2 2m
[7] Fignre 3 shows a plot of T, ws Inay for SnyeShagSeqq 1000 .FT,;[K"]

olassy semicanductos and the points could be best fitted o
astraight line, Using the slope and imercept values, the above
equation becomes: T; = (3792.2) + (13.8 = 0.2) Inz. The
value of # depends on the cooling rate emploved in the
prrepraration and i Gee bdicetor of e esponss of e oon-
figarational changes within the glass tronsition region to the
heasting rate [#]. The apparent activation ene gy for glass
transition £, is calculated using the Kissinger equation [49:

In [:tl.-'lg} = —E/RT + constant (1}

where R is the gas constant. Figure 4a shows a linear
variation of [n 132 Vs, LT Torthe investigated g lass. From
e slope of e straighn lng the valoe of & 5 ool w be
100.2 £ 0.4 klimol. From the heating rate deperdence of
T, the activarion enerpy for the coystallization process is
calculated using the Kissinger equaion as 9]

Fig. 4 Ihe plots ot (a) Inin‘..".f;_l with LUK and | b) I‘n'l-i‘.".fF:_l with
LINWYT, “or smamboms Sn08hep Sy chalengenide glas

In(2/77) = —kc /KT, + corstant (2]

The value of B was obtained from the straight linaplots of
In|'.'w".|"1,2|| versiis 1 O0NVT, as shown in Fig. 4y The valne of
E, deduced as shove is found o be 107.3 £ 0.4 kI mol t

Swiface morphology

The surfave morpholopies of e pristioe and annealed
films {amealing temperamre. T, = 100 K are showa in
the Fig 53 and h
shows a decrease in the surface rougness upon amealing,

reapectively. The SEM micrograph
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Fig. & The SEM micmgraphs for the pristine {a) and annzaled at
33 & (h) for 1 h for amophous S1,05005ey, chaloogenide glass,
The mset plotre in Fig. 4b shows theenlarged image of the spherical
glohule in the amorphous matrix

whie the 30 spherical globule appears in the amorphous
matsix. The inset image in Fig. 5b shows the magnificd
imaze of one sach globule for the annealed sample. The
comparison of the SEM ard XRD paterns suggests that
these small globules might be the ShoSes phase, & of ifs
higher affinty toward the crystallization inthe bulx glass
samples,

Electrical conduction

The annealing of the pristine samples was camied ont at

333 363, and 393 K well telow the glass transition

temperatare and the effect of the nucleaion of crvstallites
on the electical conduction has been investigated. The
om temperature (303 K} conductivity is found to
cecrease with the increase n e annealing emperamre
(Table 1. The electrical cordudivity of the thia films of
SnygShagSeq, (pristite and annealed) as a function of
temperature is showa m Fig 6. It has been observed that
e dark conductivity increases lineary with emperanre in
tie range 253-343 K mand follows the Acrhenius cquation:
= 0. exp (—AEMT), where 5. is the pre-exponential
factor, AE is the dc activation energy, & is tie Boltzmamn
constant, and T'is the absolute temperatwe. From the slope
and intercept on the y-axis of lnr versus LODWT curves, the
values of AE and o, were calculated for all the samples.
The valve of &, may distinguish whether the dominant
conduction process is in the extended states or in the
Ircalized states. For extended stae conduction, the value of
e, lies in fe mnge P10 8§ em ! wheress for the
hopping conduction in the localized states the valie of o, is
much smaller than this rangz [10]. As shown in Table 1,
te value of g, for pristine sample is 8.9 « 10* Scm™
ond with annealing tempernture the value of a, decresses o
02 x 10" Sem ™' for sample mnealed at 393 K. Thus.
annealing does rot change the dominant conduction pro-
cess, which remains in the exzended gates for SngpsShgSen
sample.

The small valaes as repored elsewhese [5] may be due
t the electrode (Ag-electrode) or thickness effect, the
exact delails of which will be investigeted in the futue,
The decrease in the value of o, is much higher for the
sinealing tempesanies near the plass transition tempera-
tare, Gererally, annealing reduces the concentration of the
dangling and unsatwated bonds, which zllow the stracture
o relax to a state closer to the equilibrium, thereby
reducing the density of defect states. Mohamed ot al. hove
gitributed the increase i bulk -oughness with annzaling
temperature to twe grain growth and the siresses, which
builtup in the film curing heating and sabsequent cooling
[11]. A decrease in the surface roughness oocurs with the
micleation of crvstalline Shafes: plobiales in the amomphons
matrix have been observed i the SEM miciographs. This
increases the surface dangling bonds and unsatarated
veleos assoctated with Uese structures amd thos leads woan
increase in the density of defect states in the present avee
tem. Thus, there is an increase in the scattering centers and

Table 1 Dependence of some

dectrical sl optical prameers Samipile EaieWi B0 em eVl mpg (w0 Sem— 1) AR eV g = 1T S em )
om the mnealing tempeminm for gy, IRE Lt BEY e 59
Sn1o3bznSern film samples TL=33K LIl 132 507 0145 1.2

T.=33IK L 1.7 527 042 0.5

T.=31K 105 1.42 517 41 0.2
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Fig. 5 Plot between Ing versus LOGVT for pristine and annealed
SN eSbnSesy films

dangling bonds with annealing resulting in an increase in
the density of defect states in the mobility gap.

The observed variation in , can further be understood
in terms of its variation with the AE, known as Meyer—
Melcel rule. This rule is found o obey in various thermally
activated phenomena, e.g., kinstics (hopping) and ther-
modynamics (number of carriers i the band state) in
amorphous  semiconductors, condensed matter physics,
chemistry, biology, and geology [5, 12, 131, This rule
correlates @, and AE a5 0, = Faq exp (AEEyw), where
Exgy 15 the Mever-Neldel characteristic energy and ., is
the prefactor, which is treated as the microscopic conduc-
tivity in these semiconductors. The plot of Ine, and AE (not
showmn here) can be best fived o a swralght line, The slope
and intercept yvields the values of Exgy ~ 232 meV and
Fao ~ 5.6 % 107° S cm ! for tais glass. These values are
found to be in good agreement with the published data [5,
12]. The wvalidity of the MN-rule and obtained activation
enerzies tells about the exponential distribution of tail
states near the mobility edge as proposed by Roberts [14].
Thus, the major contribution of the conduction process
does not come from the region of the Fermi level but more
likely from these il staes, Heonoe, oy does ol live o
same value with annealing temderature, since position of
these tail states me strongly influenced due o mnnealing.
Therefore, the value of &, cannot be treated as microscopic
conductivity but g,, can be. The small values of the pre-
factor can be attributed to the interlayer potential barriers,
which restrict the motion of charge carriers in chalcogenide
glasses [12].

Optical properties

The effect of thermal annealing on the optical properties
was investigated by smdying the transmission spectra for
e pristine s well as for e annealed (Ghos, A decrease in
the transmittance for the annealed films was observed. The
decrease in the transmiftance upon annealing was consid-
ered due to the nucleation of scattering centers or orystal
growth (ervstallization of ShySe; as spherical globules) in
the bulk of the material, however, the surface roughness
decreases. The analysis of optical transmittance data has
been used 1o discuss these features. In the high absorption
region (= 10% em J}_. mvolving indirect interband tran-
sittons between valence and conduction bands, 2 follows
the relation: @ = Bihv — b’n}z.u'h'u_. where £, is the optical
energy gapand B is an erergy independent constant, which
is a measute of the extent of band tailing [ 10]. Linear plots
of (ahv) Y versus Av are shown in Fig 7. The optical gap
(E.) was calculated by taking the intescept on the energy
axis and the value of B was calculated from the slope of the
plots. The values are summarized in Table 1. An iwverse
relation between these two parameters has been observed.

According to Maott and Davis [10, the width of the
localized states near the mobility edge depends on the
degree of disorder and the defects present in the amorahous
structure. The unsaturated bonds along with the saturated
ones are present in the deposited film These unsaturated
bonds are responsible for the formation of defects,
responsible for the localized states in the mobility gap of
amorphous solids. Generally, annealing leads to a decrease
in the density of these defect states due to thermal
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Fig. T The plots of {-::.P!'r'jm versus v for the pristine and amealed
samples of SnygSbaSer glas
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relaxation amd bence an increase in te optical gap of the
materal. Inthe present case, the decrease in the optical gap
with annealing may be due w the nucleation of scanering
centers. A decrease in the optical gap after annealing with
the decrease in the thickness in the Ge based films has been
reported [15]. Siwilar behavior has also been observed in
Cu—Cle—Te and Ge—As—Te tin Gloms and wis aticibued o
the increase in the number of surface dangling bonds
wmsocitted with the growing crystllies [16, 17] These
dangling bonds are probably responsible for the formation
of some type of defects in the highly polyverystallne solids.
As the number of dangling bonds and defects increase with
anneiing temperaure, e conventrcion of local ol siates
in the band structure increases gradvally thereby reducing
e optical gip.

It can be easily seen fom the Table 1 that the difference
berween A and £, deceases with the amealing remper-
ature with large difference for the sample annealed near the
pliass ransiion empergure. Sioce AR b5 ool egual o hall
of the optical gap (E4/2), the Fermi level is not located near
e center of the gap, The observed change n e sroperties
with mnealing temperatire can be interpreted in terms of
e arnor plwous-covstallaation tamsGormation. During diis
transformation, thermally induced crystalline phase grows,
which inucreases he density of swfaoe Jangling boods
associated with crystalliles in the films mat'ix and causes a
decrease in e elecrical conductivity and conseguently, a
decrease in the activation energy for conduction. A shift in
e Fermi level towand the vaknce band edpe s olserved
with increase in arnealing tem>eratuce. Amiealing near the
glass ransiton temperature results in the struchral relax-
ation of the glassy network with consequent refinement of
e gap states, The decrease 0 e condoctivity olserved
thus can be due to the nucleation of the crystallites in the
presenl system, Sinilar decreise o e properties as also
been observed with annealing in Ge-Sb—Se system [18].

Conclusions

The wilorinetic studies of the o prepared SupSbapSen
glasses at differen: heating rate have been perfommed. The
optical transmission, optical gap, ad de activation energy
has been found to be amealing temperature sendtive, The

nucleation of spherical  globules of SbaSe; with e
annealing near the glass transition temperature has been
repocted. The observed properties have been explained by
considering the increass in the disosder with the nucleation
of globular crystllites in the amorahous martris.
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