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Abstract Transmission spectra (400-1500 nm) of ther-
mally evaporated amorphous [(As2Se3)o0Ge1olosMs thin
films have been analyzed to study the effect of impurities
(M = Cd and Pb) on their optical properties. The refractive
index increases with addition of metal impurities. The dis-
persion of refractive index has been studied using Wemple—
DiDomenico single oscillator model. The optical gap has
been estimated using Tauc’s extrapolation and was found
to decrease with the addition of metal impurities from 1.46
to 1.36 eV (Cd) and 1.41 eV (Pb) with an uncertainty of
40.01 eV. The change in optical properties with metal im-
purities has been explained on the basis of density, polariz-
ability and bond energy of the system.

PACS 78.55.Qr - 77.84.Bw - 78.20.Ci

1 Introduction

Chalcogenide glasses are a recognized group of inorganic
glassy materials, which always contain one or more of the
chalcogen elements S, Se or Te. They are generally less ro-
bust and weaker-bonded materials than oxide glasses. How-
ever, they have superior properties that vary with the change
in chemical composition and can be applied in devices.
Chalcogenide glasses have easy fabrication and processing,
good chemical durability, high photosensitivity, low phonon
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energy, and second or third order optical non-linearity due to
their high refractive index. So chalcogenide glasses have a
wide variety in photonic applications, such as optical record-
ing devices, optical amplifiers, ultrafast optical switches, in-
frared lasers, and infrared transmitting optical fibers [1-4].

The optical properties of the amorphous As—Se—Ge sys-
tem have been extensively studied [5—7] because of the fact
that Ge, As and Se are the elements of same period in groups
IV-VI and bring about the covalent character of the interac-
tion between their atoms. This results in a broad glass for-
mation region in the As—Se-Ge system [8] among all in-
vestigated three-component chalcogenide systems. Gener-
ally, the undoped chalcogenide glasses show low values of
electrical conductivity, which could mean a serious limita-
tion to their technological application. Certain additives are
used to improve these properties. It was believed earlier that
impurities have little effect on the properties of amorphous
semiconductors as each impurity atom can satisfy its valence
requirement by adjusting its nearest neighbor environment.
However, Fritzsche et al. [9] have shown that the effect of
charged additives in lone-pair semiconductors depends on
whether the charged additives equilibrate or not with a va-
lence alternation defect.

In a recent research scenario, it has been observed that
chalcogenide glasses are sensitive to composition, impu-
rities and deposition parameters like thickness, substrate
type and substrate temperature [10-15]. Recent experi-
ments [11, 15] reveal that the addition of impurities, like
Bi and Pb, have produced a remarkable change in the op-
tical and electrical properties of chalcogenide glasses. It is
conjectured that with the addition of metal impurities in the
(As2Se3)99Geqo system there may be remarkable a change
in their optical properties. Thus, a thorough study of optical
properties is considered crucial to have a better understand-
ing of the system.
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In the present work, we have reported the effect of
metal impurities on the optical properties of [(As2Se3)gp-
GejolosMs, where M = Cd and Pb, thin films. The optical
properties of amorphous thin films have been measured by
analyzing their transmission spectra in the spectral range of
400-1500 nm. This analysis was pioneered by Manifacier
[16] and extended by Swanepoel [17], and since then has
been successfully applied to several chalcogenide glasses
[5, 10, 12, 14, 18, 19]. Swanepoel’s method has an advan-
tage due to its nondestructive nature and yields the disper-
sion relation over a large range of wavelength without any
prior knowledge of film’s thickness. The optical energy gap
has been estimated using Tauc’s extrapolation method. The
dispersion of refractive index has been studied in terms of
Wemple—DiDomenico single oscillator model.

2 Experimental details

Glasses of [(As2Se3)90GeglosMs, where M = Cd and Pb,
were prepared by the melt quenching technique. Materi-
als (99.999% purity, Sigma-Aldrich) were weighed accord-
ing to their atomic percentages and sealed in evacuated (at
~10~% Pa) quartz ampoules. The weight of each batch of
materials was taken as 4 g. The sealed ampoules were kept
inside a furnace where the temperature was increased up
to 950°C at a heating rate of 3-4°C min~!. The ampoules
were frequently rocked for 24 h at the highest tempera-
ture to make the melt homogeneous. The quenching was
done in ice-cold water. Glasses were obtained by breaking
the ampoules. Density of bulk samples was measured us-
ing buoyancy method discussed elsewhere [20]. Thin films
of [(AszSe3)99GeolosMs glasses were deposited on ultra-
sonically cleaned glass substrates by thermal evaporation at
~10~* Pa base pressure. The vacuum evaporation process
was carried out in a coating system (HINDHIVAC model
12A4D India). The rate of evaporation (r) of deposited thin
films under investigation is given in Table 1. The thickness
of the deposited films was measured by a thickness moni-
tor (Model DTM-101) and found to be within +35 nm as
estimated later from the fitting of transmission spectra. The
amorphous nature of bulk compositions as well as their thin

Table 1 The values of rate of the deposition (r), thickness (d), density
(p), refractive index () at 800 nm, oscillator strength (Ey), dispersion
energy (Ey), static refractive index (ng), and the high frequency di-

films made for study was examined by the X-ray powder dif-
fraction method using a Philips PW 1710 X-ray diffractome-
ter (the radiation used was CuKw). The lack of any sharp
peaks indicates the glassy nature of the prepared materials.
The compositions of the evaporated samples were measured
by an electron microprobe analyzer (JEOL 8600 MX) on
different spots (size &2 um) on the sample. The compo-
sition of a 2 x 2 cm? sample is uniform within the mea-
surement accuracy of £1-1.5%. The transmission spectra of
the thin films in the spectral range 400—-1500 nm were ob-
tained using a double beam ultraviolet—visible—near-infrared
spectrophotometer (Hitachi-330). The scanning rate of spec-
trophotometer was set to 2 nm/s. All the measurements re-
ported were taken at 300 K.

3 Results

The XRD results are shown in Fig. 1. The lack of Bragg’s re-
flection peaks in the diffractogram confirms the amorphous
nature of samples. Optical transmission (7) is a very com-
plex function and is strongly dependent on the absorption
coefficient («). Figure 2 shows the transmission spectra of
amorphous [(As>ses)ooGe1olosMs, where M = Cd and Pb,
thin films. The refractive index () and extinction coefficient
(k) have been calculated using Swanepoel’s method [17].
The spectral distribution of refractive index and extinction
coefficient is shown in Fig. 3. The values of n at 800 nm are
given in Table 1.

The thickness (d) of the thin films under investigation
has been calculated using [17] and is given in Table 1. The
difference in thickness measured from the thickness mon-
itor and calculated using transmission spectra lies within
435 nm (shows the accuracy of results obtained from spec-
tra).

According to single oscillator model proposed by Wem-
ple-DiDomenico (WDD) model [21, 22], the optical data
could be described to an excellent approximation by the fol-
lowing expression

EoE

2
nhvy)y=1+———,
(hv) E} — (hv)?

ey

electric constant (ex,) for a-[(AsySe3)90GerplosMs (where M = Cd
and Pb) thin films

Composition r (AJs) d (nm) p (glce) n E; (eV) Ey (eV) no £o0

(AsSe3)90Gerg 13.2 900 5.178 2.642 15.067 3.01 2.45 6.01
[(As2Se3)90Ge0]o5Cds 13.0 846 5.361 3.054 19.742 2.76 2.86 8.18
[(As2Se3)90GeiolosPbs 13.4 929 5.536 3.496 22.723 2.84 3.00 9.00
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Fig.1 XRD patterns for
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Fig. 2 Transmission spectra for a-[(As2Se3)o0GeiolosMs (where
M = Cd and Pb) thin films

where hv is photon energy, Ey is single oscillator energy,
and E, is dispersion energy which is a measure of the av-
erage strength of interband optical transitions. Plotting re-
fractive index factor (n2 — 1)~! against (hv)? allows us to

Wavelength (nm)

Fig. 3 A plot of the refractive index (n) and extinction coefficient (k)
versus wavelength (nm) for a-[(As>Se3)99GeolosMs (where M = Cd
and Pb) thin films

determine the oscillator parameters by fitting a straight line
to the points, as shown in Fig. 4. It is worth emphasizing
the goodness of the fits to the large wavelength experimen-
tal data. The values of WDD dispersion parameters, Eg and
Eg4, for all thin films were directly determined from the slope
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Fig. 5 A plot of the absorption coefficient («) and (ah )12 versus hv

Fig. 4 A plot of the refractive index factor 2% = 17! versus (hv)?
for a-[(AszSe3)90Ge19losMs (where M = Cd and Pb) thin films

(EgEz)~! and the intercept on the vertical axis (Eo/Eg) of
their corresponding least square straight lines. The values of
these dispersion parameters are given in Table 1 for the thin
films under investigation.

The values for the static refractive index (ng) have been
calculated from WDD dispersion parameters Eg and E; by
using the formula

N2
n0=(1+—> . 2)

The values of ng are calculated by extrapolating the WDD
dispersion equation as hv — 0. The values of ng are given
in Table 1. The high frequency dielectric constant (¢+,) has
been calculated from the relation e, = (n9)?, and the ob-
tained values are reported in Table 1.

The absorption coefficient (c«v) of [(As2Se3)90Ge0]osMs,
where M = Cd and Pb, thin films has been calculated us-
ing the relation o = (1/d)In(1/X), where X is the ab-
sorbance [17]. The variation of absorption coefficient with
photon energy for thin films is shown in Fig. 5 using a semi-
logarithmic scale. The optical energy gap has been estimated
from absorption coefficient data as a function of wavelength
by using the relation [23]

(ahv)?’ = B(hv — E;pt), (3)
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for a-[(As2Se3)90Ge19losMs (where M = Cd and Pb) thin films

where B is the slope of Tauc edge, called energy tailing
parameter, that depends on the width of localized states in
the energy gap which are attributed to homopolar bonds in
chalcogenide glasses. This relationship allows us to estimate
the value of optical energy gap. Figure 5 shows the plot of
(ahv)?- against hv. The values of E;p " can readily be calcu-
lated from the plot of (k)% as a function of Av by taking
the intercept of the extrapolations to zero absorption with
the photon energy axis as (ahv)?> — 0. The obtained val-
ues of Egp " for indirect allowed transitions are given in Ta-
ble 2.

Figure 6 shows the plot of dielectric constants (real
and imaginary). The dielectric constant of [(AszSe3)gp-
Ge10losMs thin films can be calculated with the help of re-
fractive index (n) and extinction coefficient (k) [24]. The
real dielectric constant g, can be calculated from the rela-
tion &, = n? — k? and the imaginary dielectric constant &;
can be calculated from the following relation ¢; = 2nk. The
variation of both real and imaginary dielectric with wave-
length follows the same trend as that of refractive index and
extinction coefficient. The optical parameters, i.e., n, k, &,
and ¢;, decrease with increasing wavelength. Figure 7 shows
the variation of optical conductivity in terms of photon en-
ergy. The optical conductivity directly depends on the ab-
sorption coefficient and refractive index and has been deter-
mined from the relation [25] o = anc/4m, where c is the
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Table 2 The values of the optical energy gap (Egpt), real part of dielectric constant (&, ), imaginary part of dielectric constant (g;), and the optical
conductivity (o) for a-[(AsySe3)90Ge19losMs (where M = Cd and Pb) thin films at 800 nm

Composition E;pt eV) & & o (s7hH
(As2Se3)90Gelo 1.46 4 0.01 6.97 0.0621 1.2x 1013
[(As2Se3)90Gerg]lo5Cds 1.36 £ 0.01 9.328 0.1447 2.7 x 1013
[(As2Se3)o0Ge1olosPbs 1.41+0.01 12.23 0.1389 2.6 x 1013
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Fig. 6 A plot of the real part (¢,) and the imaginary part (&;) of
the dielectric constant versus hv for a-[(As>Se3)99Ge1glosMs5 (where
M = Cd and Pb) thin films

velocity of light, « is the absorption coefficient, and » is the
refractive index.

4 Discussion

Figure 1 shows that transmission decreases significantly
with the addition of metal impurities. Spectral distribution
of refractive index in Fig. 2 inferred that both refractive in-
dex and extinction coefficient decrease with the increase of
wavelength for thin films under investigation. The decrease
in the value of refractive index with wavelength shows the
normal dispersion behavior of the material. On the part of
metal impurities addition to (AszSe3)90Gejo thin films, the
refractive index has been found to have higher values (Ta-
ble 1). This increase in the refractive index may be ascribed

T T+ T * T * T T T * 1
0.8 1.0 1.2 14 1.6 1.8 20

hv (eV)

Fig. 7 A plot of the optical conductivity (o) versus hv for
a-[(As2Se3)90Ge19losMs5 (where M = Cd and Pb) thin films

to an increase in density (Table 1), change in stoichiometry
and internal strain caused by the addition of metal impuri-
ties. The individual increase in different metal added thin
films may be explained on the basis of polarizability. The
larger the atomic radius of the atom, the larger will its po-
larizability be, and consequently, according to the Lorentz—
Lorenz relation (4) between refractive index and polarizabil-
ity, the larger will the refractive index be:

n?—1 1
’12—” = E ZNiapis C))
1

where ¢ is the vacuum permittivity, N; is the number of po-
larizable units of type i per unit volume with polarizability
ap;. The atomic radii of Cd and Pb are 1.41 and 1.54 A,
respectively. It is clear from Table 1 that the refractive in-
dex follows the same trend as that of the atomic radii for
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different impurity metals. The dispersion of refractive in-
dex (spectral dependence) has been analyzed in terms of the
WDD model which is based on a single effective oscillator
approach. The high frequency properties of thin films un-
der investigation could be treated as those of a single oscil-
lator. The calculated WDD parameters Eq (also called the
average energy gap) and E; are in good agreement with
the earlier reported results [21, 22]. The values of Eq de-
crease with the addition of metal impurities (Table 1). This
may be due to the increase of density of states in the valence
band. Nevertheless, it must be noted that the WDD model is
only valid in transparent region where the absorption coef-
ficient of chalcogenide thin films takes values o & (. The
detailed analysis of the dispersion of refractive index, in
terms of the WDD model, throws very valuable light on
the structure of material through the values of the disper-
sion energy parameter E;. The parameter E, is related to
other physical parameters by the simple empirical relation
proposed by WDD, i.e., E; = BN.Z,;N,, where B is a two-
valued constant [22] with either an ionic or covalent value
(for ionic materials 8 = 0.26 £ 0.03 eV, and for covalent
materials g = 0.37 £ 0.04 eV), N, is the effective coordi-
nation number of cation nearest neighbor to anion, N, is
the effective number of valence electrons per anion. Further-
more, it has been observed that the single oscillator parame-
ter Ey is in concord to the relation Eg ~ 2 x E;p[ obtained
by Tanaka [26] when studying vitreous films having a com-
position As,Sigo—y, and which subsequently hold for other
vitreous chalcogenide thin films [27, 28].

Analysis of the optical absorption spectra is one of the
most productive tools for understanding and developing the
energy band diagram of both crystalline and amorphous
materials. It is well known that the optical gap of amor-
phous semiconducting alloys strongly depends on their com-
position. Optical absorption in solids or liquids can occur
by several different mechanisms, all of which involve cou-
pling of the electric field vector of the incident radiation
to dipole moments in the material and hence a consequent
transfer of energy. The excitation of electrons from filled
to empty states by photon absorption is of primary impor-
tance in semiconductors. The onset of the optical absorption
processes is marked by rise in the absorption coefficient (o)
over many decades, the fundamental absorption edge, to a
level of ~10* cm™! at a photon energy corresponding to
the energy gap. In crystals, the transition can be “direct” or
“indirect”, the later being phonon-assisted. The form of the
edge depends on the symmetry of the wave functions and the
effective masses of electrons and holes at the edges of the va-
lence and conduction bands. In present study for freshly pre-
pared thin films, there is no sharp increase in the absorption
coefficient near the fundamental absorption edge, indicat-
ing an indirect energy transition in the forbidden gap [29].
The optical energy gap has been estimated by Tauc’s ex-
trapolation and found to decrease with the addition of metal
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impurities to (AszSe3)9pGeqg thin films. In the fundamen-
tal absorption region, the absorption is due to the transition
from the top of valence band to the bottom of the conduction
band. The addition of metal impurities in (As>Se3)90Gerg
thin films may cause an increase in the density of states in
the valence band. The addition of metal impurities may also
create localized states in the energy gap [30]. This will lead
to a shift in the absorption edge towards lower photon en-
ergy, and consequently the decrease in the optical energy
gap can be explained by the increased tailing of the conduc-
tion band edge into the gap.

Dielectric response of the materials, i.e., the variation of
real, &,, and imaginary, ¢;, parts of the dielectric constant
with wavelength is shown in Fig. 6. The complex dielectric
constant is a fundamental intrinsic material property. The di-
electric constant of a material affects the movement of elec-
tromagnetic signals through the material. A high value of
the dielectric constant makes the distance inside the material
look bigger. Thus, the light travels more slowly. In general,
the real part of the dielectric constant is associated with the
term that describes how much the material will slow down
the speed of light, and the imaginary part explains how a di-
electric absorbs energy from an electric field due to dipole
motion. The knowledge of real and imaginary parts of the di-
electric constant provides information about the loss factor
which is the ratio of the imaginary part of the dielectric con-
stant and the real part of the dielectric constant. The larger
the imaginary part of the dielectric constant or the smaller
the real part of the dielectric constant, the larger is the loss
factor. It is clear from Fig. 6 that both real and imaginary di-
electric constants decrease with the increase in wavelength.
This may be due to the decrease of the absorption coefficient
with the increase in wavelength. On the part of metal impu-
rities, &, and ¢; follow the same trend as that of the refractive
index and extinction coefficient.

The optical response of the material is most conveniently
studied in terms of optical conductivity (o). It has the di-
mensions of frequency which are valid only in Gaussian sys-
tem of units. With the addition of metal impurities, the opti-
cal conductivity shifts towards the lower photon energy side.
This may be due to the fact that optical conductivity directly
depends on the absorption coefficient of the thin film. The
optical conductivity has higher values for impurity-added
thin films. This increase may be a consequence of the in-
creased density of localized states in the gap itself due to
the appearance of new defect states and Cd/Pb containing
structural elements.

5 Conclusion

The effect of M = Cd and Pb on the optical properties
of thermally evaporated amorphous [(AszSe3)90GeiolosMs
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thin films has been studied using normal incidence trans-
mission spectra in the spectral range 400—1500 nm. The re-
fractive index increases with the addition of metal impurities
to (As2Se3)90Geqg thin films, and is explained on the basis
of increase in the polarizability. The dispersion of refractive
index has been analyzed using Wemple—DiDomenico single
oscillator model, and it is found that the dispersion para-
meter Ej is in concordance with the Tanaka’s relation. The
transition in the energy gap has been found to be of indirect
type and to decrease with the addition of metal impurities.
This decrease in the optical energy gap has been explained
on the basis of the increase in the density of states in the va-
lence band. The dielectric constant and optical conductivity
for metal added thin films have higher values.
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