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Lead chalcogenides and their solid solutions with detecting and lasing capabilities have great tech-
nological importance. High quality polycrystalline thin films of solid solutions of pseudo-binary lead
chalcogenides have been deposited onto ultra clean glass substrates by vacuum evaporation technique.
Optical, electrical and structural properties of the thin films of the solid solutions of pseudo-binary lead
chalcogenides have been investigated. Absorption coefficient and band gap of films were determined by
absorbance measurements in wavelength range 2500-5000 nm using FTIR spectrophotometer. dc con-
ductivity and activation energy of films were measured in temperature range 300-380 K using two probe
I-V characteristics method. Crystal structure and lattice parameters of films were determined from X-ray
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1. Introduction

Semiconducting lead, cadmium, gallium and indium chalco-
genides and their solid solutions are technologically important
materials for micro- and opto-electronics of the new generation.
The most interesting materials are chalcogenides solid solutions
because changing their composition can vary the band gap width
and consequently all their optical and electrical properties. Lead
chalcogenides are one of the basic materials of modern infrared
opto-electronics. Commercial lead chalcogenides detectors in the
form of sensitized polycrystalline thin films have been widely
used [1].

Narrow band gap and high carrier mobilities identify lead
chalcogenides as basic materials for infrared opto-electronic
devices [2] and thermoelectric materials in two dimensions quan-
tum well systems [3]. Narrow gap infrared focal plane arrays in two
dimensions are fabricated for various applications. Preferred mate-
rials are HgCdTe and InSb. Narrow gap lead chalcogenides (PbSnX,
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PbEuX, where X =Se, Te) may be applied for this purpose. Photo-
voltaic lead chalcogenides sensors are rather tolerant to structural
defects in contrast to HgCdTe and InSb material families [4].

Lead chalcogenides have been used as sensors for infrared radia-
tion, photoresisters, lasers, solar cells, opto-electronic devices and
thermoelectric devices [5-10]. Thermoelectric devices have been
used in broad areas such as in consumer products like small refrig-
erators and in cooling units for fiber junctions in optical fiber
communication technology [11,12].

The development of laser technology has opened up new appli-
cations for IV-VI compounds. The laser diodes based on lead
chalcogenides and their solid solutions are important sources for
the tunable radiations in the mid infrared wavelength region. They
are considered to be mainly utilized to an advanced measurement
system for detecting hydrocarbon pollutants in atmosphere, high-
resolution spectroscopy, trace gas analysis and also to a new optical
fiber communication system over super long distances [13-15].

Solid solution is one of the main tools for tuning free carrier
concentration in semiconductors. Several researchers reported that
the solid solutions of IV-VI semiconductors with variable amount
of elements results in the appearance of a range of unusual effects
that were not characterizing the pure materials [16-18]. The effect
of composition of solid solutions on the optical, electrical and
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structural properties of IV-VI compounds was studied by various
researchers [19-23].

This communication is in continuation of previous research
work of the authors [24] in which authors prepared and char-
acterized the samples PbS;_xSex and PbSe;_yTey and PbTe;_,Sx
with composition x=0.2 and 0.8. In order to study the complete
series (x=0.0-1.0), in the present work authors synthesized the
pseudo-binary solid solutions of lead chalcogenides of PbS{_,Sex
and PbSe;_,Teyx and PbTe;_,Sx with composition x=0.4 and 0.6;
and investigates the optical, electrical and structural properties of
thin films of these solid solutions.

2. Experimental details

Melt-quenching technique has been employed to prepare polycrystalline bulk
solid solutions of pseudo-binary lead chalcogenides. Highly pure materials 99.999%
having desired compositional ratio of elements were sealed in quartz ampoules
(length~ 12 cm, internal diameter~1cm) in a vacuum of the order of 10-6 Torr.
Sealed ampoules were kept inside a programmable furnace where the temperature
was raised up to 900 °C at a rate of 5 °C/min and then maintained it for 8 h. Ampoules
were rocked frequently to ensure the homogenization of the melt. Ampoules having
the material in molten state (stoichiometric melt) were allowed to cool down to
room temperature. Ingots of samples were taken out and grinded into fine powder.
Polycrystalline nature of samples was confirmed by X-ray diffraction patterns. Good
quality polycrystalline thin films of thickness ~ 600 nm were deposited by vacuum
evaporation technique onto ultra clean glass substrates kept at room temperature in
a vacuum of the order of 106 Torr. Deposited thin films were annealed in the same
vacuum chamber at about 100 °C for 2 h and remain inside the vacuum chamber for
24 h to attain thermodynamic equilibrium as suggested by Abkowitz [25]. Thickness
of thin films has been measured using quartz crystal thickness monitor. Deposition
parameters were kept same for all thin films.

Absorbance spectra of thin films of solid solutions of pseudo-binary lead chalco-
genides were measured in wavelength range 2500-5000 nm using Fourier transform
infrared spectrophotometer (Nicolet, Impact, model 410). For electrical conductiv-
ity, narrow thin films were deposited on glass substrates on which indium electrodes
with narrow gap were pre-deposited. dc conductivity of thin films was measured
in temperature range 300-380 K. Electrical measurements have been carried out in
a vacuum of 10-3 Torr in a specially designed sample holder by two probe method.
For low field measurements, a dc voltage source in the form of a dry cell of 1.5V
has been used. Temperature of thin films was measured by a copper-constantan
thermocouple and was increased by a step value of 2.5°C and correspondingly the
current was measured by an electrometer (Keithley, model 617). X-ray diffractome-
ter (Philips PW 1140/09) was employed for studying the structure of thin films. The
copper target was used as a source of X-rays with A =1.5405A (Cu Ko, ). Scanning
angle was in the range of 10-90°. Scan speed of 2°/min was maintained.

3. Results and discussion
3.1. Optical characterization

Absorbance spectra of thin films of solid solutions of pseudo-
binary lead chalcogenides were studied to evaluate the absorption
coefficient (@) and band gap (Eg). Absorption coefficient can be
derived from the absorbance A, which is the ratio ly/l;, where Iy
is the incident intensity and [; is the intensity after traversing a
thickness t in the sample [26,27].

. . optical densit
Absorption coefficient = M
thickness

or

a=%log (%) 1)

The various types of transitions give rise to different frequency
dependencies of absorption coefficient near the fundamental
absorption edge. Absorption coefficient can also be given by [28,29]

a(hv) = A*(hv — Eg)™ cm™! 2)

For allowed direct transitions m=1/2 and A* is constant. hv and
Eg being expressed in eV. Plotting (ohv)? along ordinate axis and
hv along abscissa, we obtained straight line whose intercept on
abscissa is equal to the forbidden bandwidth of sample. In case of
lead chalcogenides the maxima of valence band and the minima of

Table 1
Optical, structural and electrical parameters of some compounds/solid solutions.

Compound/Alloy Eg (eV) a(A) d(A) o4 (T=345K) (2 'cm™!) AE(eV)

PbS 0.42 595 298 0.001 0.18
PbSo.4Seos 0.34 6.05 3.03 0.033 0.12
PbSp4Teps 0.37 6.24 3.12 0.129 0.19
PbSe 0.29 6.11 3.06 0.051 0.14
PbSeo.4S0.6 0.37 6.00 3.00 0.027 0.25
PbSeg4Tegs 0.31 6.33 3.17 0.115 0.12
PbTe 0.34 6.47 324 0.225 0.11
PbTeo4S06 0.38 6.13 3.07 0.078 0.23
PbTeo4Seos 0.30 6.27 3.13 0.081 0.09

conduction band lie at the same k value of E-k band diagram and
hence the transitions are direct type.

It has been observed that the absorption coefficient is high
(~10* cm~1) and increases sharply below a certain wavelength, for
all the samples. Near the fundamental absorption edge, the absorp-
tion coefficient varies rapidly with wavelength. The variation of
(ahv)? with hv for thin films of solid solutions of pseudo-binary
lead chalcogenides is shown in Fig. 1(a)-(c). It has been observed
that the plots of (ahv)? versus hv are linear over a wide range of
photon energies indicating the direct type of transitions. The inter-
cepts (extrapolations) of these plots (straight lines) on the energy
axis give the energy band gaps. The compositional dependence of
the band gap is given in Table 1.

3.2. Electrical characterization

Conductivity is an important factor which reveals the impor-
tant and reliable information about the transport phenomenon of
the materials. The dc electrical conductivity of a semiconductor at
temperature T is given by

—AE
Odc = 0p €Xp (T) (3)

where AE is the activation energy for the generation process and k
is the Boltzmann constant. We may write

no __( AE ) (1000
de="\7000k,) \'T

When we plot a graph between In o 4. and 1000/T, a straight line
is obtained having slope (AE/1000k) and intercept In oy.

Thin films of solid solutions of pseudo-binary lead chalcogenides
were studied for their dc conductivity (o4.) and activation energy
(AE) in temperature range 300-380K. Fig. 2(a)-(c) shows the
temperature dependence of dark conductivity for thin films. The
conductivity of all these samples increases with increase in tem-
perature showing the semiconducting behaviour of these samples.
Lead chalcogenides and their solid solutions have electrically active
native point defects (vacancies and interstitials atoms) which pro-
duce energy states lying either above the bottom of the conduction
band (donor defects) or below the top of the valence band (accep-
tor defects). This leads to a high charge carrier concentration in
undoped crystals because of the deviation of composition from sto-
ichiometry [20]. The plots of In o4 against 1000/T are straight lines
for all the samples indicating that conduction in these samples is
through thermally activated process. The results of other workers
[30,31] on the polycrystalline thin films of lead chalcogenides sup-
port the thermally activated conduction. The activation energy for
these samples have been calculated by using the slope of curve plot-
ted between Ino 4. and 1000/T. The values of dc conductivity and
activation energy of these samples are given in Table 1.

) +Inog (4)



S. Kumar et al. / Journal of Alloys and Compounds 505 (2010) 135-139 137

Fig. 1. (a)(«hv)? versus hv plot for PbS, PbSp 4Sep s and PbSg4Tegs. (b): (ahv)? versus
hv plot for PbSe, PbSep4Sos and PbSeg4Tegs. (c): (ahv)? versus hv plot for PbTe,
PbT€0_4SO_5 and PbTEg,z}SEg,s.

3.3. Structural characterization

X-ray diffraction patterns give valuable information about the
structure of samples. X-ray diffraction traces of all samples were
taken at room temperature and found to show almost similar trends
as shown in Fig. 3(a)-(c). The presence of sharp structural peaks in
these XRD traces confirmed the polycrystalline nature of samples.
The plane-spacing values (d) are experimentally determined from

Fig. 2. (a) Lno versus 1000/T plot for PbS, PbSp 4Sep s and PbSg 4Teps. (b) Ln o versus
1000/T plot for PbSe, PbSeq 4So.c and PbSeq 4Tegs. (¢) Ln o versus 1000/T plot for PbTe,
PbTEo_4 50_5 and PbTEg_4 SEU_G.

Bragg’s relation 2dy; sinf=n (in our case n=1, A =1.5405A) by
taking 6-values from the peaks of XRD patterns.

Vegard's law states that the value of lattice parameters of an
alloy, as obtained by X-ray data, are the linear function of concen-
trations of constituent crystals and are expressed as [32]

r=fir1 +far2 (5)
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Fig. 3. (a) X-ray diffraction patterns of PbS, PbSp4Seos and PbSp4Teps. (b) X-ray diffraction patterns of PbSe, PbSeo4Sos and PbSep4Tegs. (c) X-ray diffraction patterns of

PbTe, PbTep4Sos and PbTep 4Seqs.

where r; and r, are the lattice parameters of the constituent crys-
tals and r that of the alloy. f; and f, are the mole fractions of the
constituent crystals. The d-values are in good agreement with the
ASTM data or data obtained from Vegard’s law for doped lead salts
films confirming the rock salt (NaCl) structure.

The lattice constants can be determined by combining the
Bragg’s law and the plane-spacing equation for cubic crystal [33]

. A2
sin? oy = (4(12) (h% + k% +17) (6)

This equation predicts, for a particular incident wavelength A
and a particular cubic crystal of unit cell size a, all the possible
Bragg angles at which diffraction can occur from the planes (hkl).

For each thin film of solid solutions of pseudo-binary lead
chalcogenides, the peak intensity of X-ray diffracted beam is
obtained for (2 00) plane. The lattice constant (a) and plane spac-
ing (d) calculated for each sample is shown in Table 1. The
lattice parameters of each solid solution of pseudo-binary lead
chalcogenides follow the Vegard’s law meaning that within the
experimental errors, the lattice parameter of these solid solutions
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can be linearly interpolated from the lattice constants of the corre-
sponding lead chalcogenides.

4. Conclusions

In view of the fact that pseudo-binaries of lead chalcogenides
form well miscible solid solutions over a wide composition range,
the recent trend in this field has been the preparation and charac-
terization of polycrystalline ternary systems. The variation of band
gap through compositional change has enabled the fabrication of
detectors and tunable emitters of coherent radiations. The electri-
cal conduction process in the films is through thermally activated
process. All the films were found to be polycrystalline in nature
as confirmed by XRD patterns and have a predominantly rock salt
(NaCl) structure.
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