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The measurements and analysis of optical transmission and far-infrared
(IR) reflectivity spectra of thermally evaporated SbsSei:Sn films are
reported. The refractive index and film thickness have been determined
from the upper and lower envelopes of the transmission spectra
(Swanepoel’s standard envelope method), measured at normal incidence,
in the spectral range from 800 to 2500 nm. Values of the refractive index fit
well to Cauchy’s dispersion relation. The optical gap decreases with an
increase in the Sn content, while a maximum in the tailing parameter and
Urbach’s energy occurs with only a small amount (~1 at %) of this
additive. Characteristic vibrational bands for ShSe; structural units are
revealed in the far-IR spectrum with no additional ones arising from the Sn
additive. The Kramers-Kronig analysis has been used to calculate the
dielectric constants and hence the longitudinal optic and transverse optic
splitting for various compositions. The inclusion of Sn as a charged entity
along with the Coulomb interactions which serve to polarize the glass
medium is found to be responsible for these results.
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1. Introduction

Different metallic elements have been added in small amounts to different
chalcogenide alloys in order to improve the characteristics of the materials used in
applications, such as phasechange random-access memories (PRAMs) [1-4]. The
ternary GesSbsTes (GST) alloy 15 currently used as an active media 1in optical
memories (CDs and DVDs) which exhibit the required reflectivity contrast between
amorphous and the crystalline states [1]. The need for low-cost, high-speed and
high-density non-volatile memories has paved the way for PRAMs and major elTorts
have been made on the incorporation ol different additives in GST in order to
improve the material characteristics suitable for this technology [2,3]. These additives
influence the disordered structure of the network accompanied by changes in
the electronic structure and hence, device characteristics. However, obstructions
posed by lack of detailed knowledge of these systems and the mappropriateness of
certain characterization techniques prevent us from completely understanding
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these phenomena. All possible applications arise from their optical and electrical
properties which are closely related to their structure and composition.

Fast crystallization has been observed for high Sb (=10 at %) content in the Sh—
Se binary [5]. The optimization of the composition of Sh-8e alloy for lower power
consumption with improved device reliability and operation speed has recently been
investigated for PREAM applications [6]. The need to develop and understand the
properties of new materials remains at the forefront for the scientific community.
Incorporation of metallic additives Ag/Sn in GST changes the network,/crystal
structure leading to the improvement in properties, such as crystallization speed,
crystallization and melting temperatures or thermal stability for low-current
programming devices [2,3]. Sn additive to ShsSe; has been found to influence the
electrical and photoconduction processes [4]. Spectral characterization along with
physical properties are important to understand the role of additives 1n different
binary or ternary systems and hence to the development of new materials having
improved performance and reliability. The present work reports an analysis of the
vibrational spectrum and its correlation with optical properties for the ShaSes:Sn
system.

2. Experimental details

Thin films of bulk (ShaSes)jo_.Sn, (0 =x=7) samples were deposited in a high
vacuum (~10""mbar) using a HINDHIVAC coating unit (Model no. 12A4D).
Well-cleaned glass substrates held at room temperature and molybdenum boats
containing the source material were used for the deposition [4]. After the deposition,
the films were kept inside the vacuum chamber for 24h to attain metastable
equilibrium. The thickness of the films was measured with a surface profiler KLA
Tencor P15. The amorphous nature of the samples was confirmed by the absence of
diffraction peaks in X-ray diffraction. A Phihips XL30 ESEM system with an EDAX
attachment was used for studying the chemical composition of as-prepared films and
found to be within ~1% error as compared to the bulk staring materials.

The transmittance T of as-prepared films was measured with an UV-VIS-NIR
spectrophotometer (VARIAN Cary 300) in the wavelength range S00-2300nm.
Infrared (IR) reflection spectra (50-700 cm™") of the thick films were obtained with
an IFS 60 v/s wacuum Fourier transform interferometer (Bruker, Germany)
equipped with reflectance attachment (11* off normal) having appropriate sources
and detectors. All data were measured at room temperature with 2ecm™" resolution
against high reflectivity aluminium mirror, and represent averages of 200 scans for
each film sample. All the measurements were performed under vacuum ~ 1072 mbar.
A least-squares curve fitting was used to estimate the errors in the present work.

3. Results
31, Refractive index and absorption coefficient

Figure | shows the transmission spectra (800-2500 nm) for the as-prepared films.
Owing to the large difference in the value of the refractive index of the glass substrate
(n; ~1.5 in the spectral range of interest) and that of the thin (SbaSe;) g, Sn, films,
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Figure |. Transmission spectra For amorphous (SbaSes)go— 50, films.
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Figure 2. Typical transmission spectra for (ShySe;)q,9n, films and the glass substrate (Ty).
Curves Ty and Ty, are the theoretically generated envelopes to the transmission spectrum.

extensive interference fringes appear in the transmission and reflection spectra. From
the transmission spectrum (continuous lines), the values of Ty and T,, are the
experimental interference extremes corresponding to maximum and minimum,
respectively, and the other ones (dotted lines) are generated from a computer
program. One such plot for (ShySe;lesSny film 1s shown mm Figure 2. Using
Swanepoel's standard envelope method, the value of film thickness ¢ (found to be in
good agreement with that measured by a surface profiler), refractive index » and
absorption coefficient « were determined, assuming the films have a homogeneous
thickness and the glass substrate is completely transparent in the studied wavelength
region [7-9). The refractive index was found to decrease with increasing wavelength
for all the films. The values of refractive index and extinction coefficient at 1.56 pm
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are given in Table 1. The dispersion of refractive index has been studied using a
model proposed by Cauchy [10,1 1]. Tt describes the normal dispersion of refractive

index, namely the real part » of the complex refractive index N decreasing with
increasing wavelength. This model is often used for dielectrics and semiconductors in

the non-absorbing region (the imaginary part of N is £=0). The Cauchy formula is
as follows:

Wi =y +omt .

where n representis the refractive index amd y, describes the long-wavelengih
asymptotic value of the refractive index. The coefficients 4 and » add an upward
slope to the index curve as the wavelength becomes shorter (both @ and #>= 0, normal
dispersion), i.e. a controls the curvature of the middle part of the spectrum, while &
influences the spectrum at shorter wavelengths. All the glassy films studied were best
fitted by the Cauchy model in the (900-2400nm) spectral region (Figure 3). Table |
summarizes the value of constants y, and a for the present system. A positive value

Table 1. Value of thickness (¢}, Cauchy's dispersion parameters (v, and g, refractive index (#n)
and extinction coefficient (k) at 1.56 pm, optical gap (£,), tailing parameter {B_l} and
Urbach’s emergy (E,) for amorphous (SbaSeqhygq_5n, films.

t Vo & E, B! Ey
K pm)  (=0.01) a " (x107% (20.01eV)  (meViem) (meV)
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Figure 3. Spectral dependence of refractive mdex For (ShaSeq)1p0- 5 n, film samples. The sohd
line shows the Cauchy theoretical fit to the observed walues.
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of constant » has been observed, indicating normal dispersion of the refractive index.
All three parameters were used for the extrapolation of » over the whole spectral
range [10,12]. The values of y, and 2 have opposite trends with increase in the Sn
content.

Knowing the values of refractive index » and film thickness i, the absorption
coefticient can be calculated using the following relation: & =(1,1) In (™), where y is
the absorbance calculated from the interference extrema and/or the outer envelope
function as proposad by Swanepoel et al. [7,8]. Figure 4 gives the spectral variation
of absorption coefficient so obtained for (ShaSes)gp—xSn, (0=x=7) films. The
value of the extinction coefficient & can be caleulated using the relation o= A4k
and its value is summarized for all compositions at 1.56um in Table 1. MNear the
fundamental absorption region (10*~10°cm "), the absorption coefficient is given by
o v = Bl — EQ}J, where E, is the optical gap and B'? is the slope in the extended
region and is a measure of the extent of band tailing for a given material. Figure 5
shows the plots of {ahv}"ﬂ versus photon energy (i) from which the values of
optical gap E, and the slope or tailing parameter B! are determined for all the
samples. Table 1 summarizes both these parameters for the present system. Its value
for x =0 is found to be in good agreement with the theoretically calculated one using
the Shimakawa relation for the random network [13]. The value of the optical gap
decreases linearly with composition, while a large value of the tailing parameter B!
for =1 has been observed. The spectral region with absorption coefficient
(10°<a<10*cm™") is called the Urbach exponential tail region, where the
absorption coefficient 1s given by e=uw«, expiin/Ey), where Ey=dihv)/d{lng) is
the Urbach energy. Most optical transitions take place between localized tail states
and extended band states [14]. The inset of Figure 5 shows one such plot for
(Sbz5Ses)oeSny films, where a plot of In « versus #v yields a straight line revealing that
the absorption tail corresponds to an exponential edge. Its large value for x=1
shows an enhancement in the ra ndomness of the network structure with a decrease in
the optical gap.
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Figure 4. Variation of absorption coefficient with energy for (SboSe; )50, films.
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Figure 5. Plot of (@ /)" versus fv for (ShaSeshigo— S0, film samples. The inset picture shows
the varation of Ing with fv for the (Sb23¢)eedn; film.
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Figure 6. Composition dependence of far-IR reflectivity  spectrum  for  amorphous
(SbaSes)gp—r S0, films.

3.2, Vibvational spectrum

Information on structural features to help understanding the optical properties was
obtained using far-IR reflectivity spectra. Figure 6 shows spectrum for the
amorphous (SbySe;)jpo—Sn, (0= x=<7) films. On account of the broad shape, the
reflectivity bands were analyzed by de-convoluting those located in the 230-130 and
560-230cm ! spectral regions. Main vibrational bands were observed at 287.3, 193.9
and 162.4cm™'. The spectral domain 50-110cm™"' is characterized by weak bands
for Se, chains f*}ﬂcm_l], Sbi{Sepz)s pyramids i?ﬂcm_l] and bending modes of
Sn(Sey )y tetrahedra (102-123 em™, respectively.

Strong nearest-neighbor forces serve as mechanical constraints in stabilizing a
glass network [13], while weak Coulomb forces promote only space filling of the
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Figure 7. Spectral dependence of £, and £,/(s7+ &) with wavenumber for (SbaSeq) 9,50,
films.

network glasses. The Coulomb interactions also serve to polarize a glass medium and
as a consequence one observes splitting between the longitudinal optic (LO) and
transverse optic (TO) vibrational modes, respectively [16-19]. The TO mode is
mainly associated with vibrations parallel to the sample surface, while the LO mode
15 related to vibrations perpendicular to the surface [18]. 1t 1s therefore interesting to
study the TO/LO splitting, the difference of which provides information about the
extent of polarization of the network. Kramers—Kronig (K-K) transformations
constitute one of the principal tools for the assessment of optical properties from
measured spectra. From the far-IR reflectivity spectra of the films, the values of #
and & can be derived by K-K_ transformations [16,17]. The real £; and imaginary g
paris of the complex dielectric constant have been computed and peaks in £5 and in
f:l.-'ff.’% +£’%] correspond, respectively, to the TO and LO split frequencies. Figure 7
shows such a plot for all the samples.

4. Discussion

The decrease in E, with Sn content can be correlated with the character of the
chemical order of chalcogenide amorphous semiconductors. According to this model
[20], the dominant contribution for states near the valence band edge comes from
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their lone-pair p-orbital in materials having a large component of chalcogen atoms.
The lone-pair electrons in these atoms adjacent to electropositive atoms will have

higher energies than those close to the electronegative atoms. Therefore, the addition
of electropositive elements to the alloy may raise the energy of some lone-pair states

sufficiently to broaden the band inside the forbidden gap. This will give an initial
steep increase in the valie of the tailing parameter (x=1). Even though the

absorption edge shifts to higher energies, this gives a lower value of the gap, owing to
the differences in the electro-negativities (Sn, 5b and Se are 1.8, 1.9 and 2.4,
respectively), Sn goes into the network as a charged entity and raises the energy of
the chalcogen lone-pair states, broadening the valence band [4] and thus giving a
large value of the tailing parameter or Urbach energy with a decrease in the optical
gap. This will give rise to additional absorption over a wider range of energies
leading to band tailing and hence a shrinking .of the optical gap. A similar effect in
the optical gap has also been observed with the Sn substitution for Ge in the
amorphous Ge—5e system [21]. A higher concentration of the additive may lead to an
increase in the number of wrong/heteropolar bonds in the network and further
decrease the optical gap. These results suggest a change in the intermediate range
ordering, which determines the majority of electronic and optical phenomena in this
semiconducting system.

The observation of vibrational bands for network building units in the far-IR
spectrum gives information of local structural changes occurring on introduction of
an additive to the parent alloy. Corredor et al. [22] have calculated the vibrational
bands for ShSe; pyramidal units as 112, 315, 215 and 78cm™" in Sh-As-Se glasses.
Similarly, Smith et al. [23 24] have reported Raman-mode frequencies of 107.9 and
187.0cm™! and IR active mode frequencies as 145.6 and 239.8cm™! for SnSe;

crystals. Therefore, characteristic peaks observed in the present work can be ascribed
to stretching modes of Sb-pyramidal units (172-192c¢m™") [22] and homopolar Sh—

Sb bonds (170cm™ ") [25] for our Sh.Se: films. The contribution to the latter band
cannot be distinguished; however, wrong bonds play a part in constituting the
network of thermally evaporated films. The fact that these bands are not located as
theoretically predicted could be due to the higher structural disorder present in the
film structure. The band around 162.4cm™" for x =0 increases slightly to higher
values for x =1 to 166.2cm ™" and then decreases witha gradual drop in the intensity
or amplitude. A similar trend has been observed for the 193.9cm™" band. The full
width at half maximum (FWHM) for all three bands were found to be maximum for
x=1, indicating a large influence on the structure of this binary system at low
additive contents. Addition of Sn does not yield any new reflectivity bands in the
spectrum, while it leads to a change in the position or widths of the various bands.
Small addition results in a large shift in the band towards the higher wavenumber
side (3424cm™ '} and thereafter, a shift to the lower wavenumber side with further
addition. This can be ascribed to the different atomic masses and relative increase in
the concentration of Sn—Se strong bonds, which affects the frequency of this band at
higher wavenumbers. Formation of mixed structural units with the substitution of Sn
in Sh-pyramidal units leads to distinct changes in the reflectivity and this 1s ascribed
to the larger atomic weight of the metal additive. The gradual increase in metallic
content is the cause for the anomalous trends in the observed results.
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The peak LO mode frequency shifts to the red, while the TO mode shows
anomalous behavior with mcreasing x. There 1s a steep increase in the TO mode
frequency with a small addition of Sn (x =1), then a sharp decrease for x =3 and
thereafter, a blue shift with a broadening of the peak. The jump at x =1 for the TO
mode frequency reflects an increased transverse stiffness caused by cross linking (the
parent alloy ShySe; has a layer structure) with an absence of fluctuating longitudinal
internal network stresses. However, higher amounts of metallic additive favor the
alloy formation, which may lead to the anomalous trends in the TO mode
frequencies. The small difference in the LO/TO mode splitting frequencies for x= |
indicates a lower polarization or a decrease in the number of defects as the metallic
additive leads to chemical alloying, but with an increase in the band tailing as
observed from the optical analysis.

5. Conclusions

Optical characterization of thermally evaporated amorphous (SbaSey)jg_.Sn,
(0=x=17) films has been carried out using transmitiance spectra (B00—-23500 nm)
and far-IR reflectance spectra (70-400cm™'). Swanepoel’s standard envelope
method has been applied to determine the refractive index, absorption coefficient
and average thickness of the films. Cauchy’s dispersion model was used to model the
refractive index over the whole spectral region. The optical gap was found to
decrease linearly with Sn content, while large values of the tailing parameter (B~ ")
and the Urbach energy (Eyy) for x=1 has been obtained. Vibrational bands
associated with SbSe; structural units were observed for the binary alloy, while no
Sn-related peaks/bands were observed in the spectra. The K-K analysis in the far-IR
region was used to evaluate the dielectric constants and splitting frequencies for
different optical modes (LO/TO).
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