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CHAPTER -9

THIN FILMS OF Bi.xSbx SINGLE CRYSTALS

The theoretical and experimental investigations of the optical behavior
of solids deal primarily with optical reflection, transmission and absorption
properties and their relation to the optical constants. As a result of these
studies, complex multilayer optical device systems, with remarkable reflection,
antireflection, interference and polarization properties have emerged for both
laboratory and industrial applications. The absorption studies have led to a
variety of interesting thin film optical phenomena which have thrown
considerable light on the electronic structure of solids. From reflection,
transmission and absorption measurements it is possible to evaluate the

optical constants such as refractive index (n), absorption index or extinction
coefficient (k), absorption coefficient () and complex dielectric constant (")

of solids. The dielectric constant also gives information about the electrical
nature of the individual species constituting the solid. The study of refractive
index also provides an understanding of chemical bonding and structure of
the material[1-3]. In addition to the wide use of thin films in optical devices as
mirror coatings or absorption filters, protective coatings to prevent oxidation or,
antireflection coatings, thin films have also been used to control the
temperature of objects in outer space and as optical and thermal detectors. In

all such applications, an accurate knowledge and deep sense of the optical
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properties of thin films are essential. Films are easier to use than bulk
samples since surface roughness and lattice disorder are more easily avoided
and large optically flat samples can be prepared. Very careful sample
preparation techniques are required, however, if the films are to have
" reproducible optical properties.

For absorption studies, photons of selected wavelengths are directed
at the samples. The optical measurement constitutes the most important
means of determining the band structure of semiconductors. Optical
properties of a thin film generally differ from those of the bulk. The differences
are usually attributed to the microstructure of the films.

Principally there are several methods to determine the optical
constants such as Abbe’s method, spectroscopic methods, polarometric
method and the critical angle method[ 4-7]. The spectroscopic method is
probably the most widely used one for optical measurements. The most direct
and simplest method for determining the band structure is to measure the
absorption spectrum.

it is apparent that a photon with energy hv > E; can be absorbed in a
semiconductor, where Eg is the band gap of the semiconductor. Since, the
valence band contains many electrons and the conduction band has many
empty states into the which the electrons may be excited, the probability of
photon absorption is high. Figure-1 indicates an electron excited to the

conduction band by optical absorption possibly gaining more energy than is
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common for conduction band electrons [almost all electrons in the conduction
band are near E. unless the sample is heavily doped].

Hence an excited electron loses énergy to the lattice in scattering
events until its velocity reaches the thermal equilibrium velocity of the other
conduction band electrons. The electrons and holes created by this
absorption process are excess carriers; since, they are out of balance with
their environment, they most eventually recombine. The excess carriers exist
in their respective bands. However, they are free to contribute to the
conductivity of the material if not recombined.

A photon with energy less Eg is unable to excite an electron  from the
valence banq to the conduction band. Thus, in a pure semiconductor, there is
negligible absorption of photons with hv < E,. This explains why some
materials are transparent in certain wavelength ranges. Because the
momentum of photon, h/A (A = wavelength of light) is very small compared to
the crystal momentum h /a (a = lattice constant), the photon absorption
process should conserve the momentum of electron. We are able to “see
through” certain insulators such as an NaCl crystal, because, a large energy
gap exists in this material. If the band gap is about 2 eV, only long wavelength
(IR) and the red part of visible spectrum are transmitted. On the other hand, a
band gap of about 3 eV allows IR and the entire visible range of spectrum to
be transmitted. Band gaps of some common semiconductors relative to the

optical spectrum are given in figure- 2.
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Now, if a beam of photons with energy hv > E, falls on the
semiconductor, there will be some amount of absorption determined by the
properties of the material. The ratio of transmitted to incident light intensity

depends on the photon wavelength and thickness of the sample.

Figure - 1.
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The intensity of light transmitted through the sample of thickness ‘1’ is
I=TIe®™ e (D)
where, 0. = absorption coefficient, I; = incident beam intensity and
I = transmitted intensity.

Near the absorption edge, the absorption coefficient can be expressed as

where, hv = photon energy, E, = optical band gap and y= a constant
which is equal to 1/2 and 3/2 for allowed direct transition and forbidden direct
transition, respectively, [with k (min) = k (max) as in the transition (a) and (b)
shown in figure 3]. It is also equal to 2 for indirect transition [transition (c)
shown in figure.3] [8], where phonons must be incorporated. In addition v
equals 1/2 for allowed indirect transitions through the exciton states where an
exciton is a bound electron - hole pair with energy levels in the band gap and
moving through the crystal lattice as a unit.
In the absorption process, a photon of a known energy excites an electron
frorﬁ a lower to a higher energy state. Thus by inserting a slab of
semiconductor at the output of a monochromator and studying the changes in
the transmitted radiation one can determine all the possible transitions an
electron can make and learn much about the distribution of states. There are

different possible transitions:
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(1) Band to Band (2) excitonic (3) between subbands (4) between
impurities and bands (5) transition of free carriers within a band and (6) the -
resonances due to vibrational states of the lattice and of the impurities.

These lead to the appearance of band or absorption peaks in the
absorption spectrum. Hence the spectral positions of bands determine the
types of transitions occurring during the process. Absorption of light by an
insulator takes place broadly by two processes
(a) by raising the electrons from valence band to conduction  band.

(b) by exciting the lattice vibrations of the material.

The latter provides information regarding bond lengths in the lattice,
the effective charge on the lattice atoms and the characteristic lattice vibration
frequency. From the first process, it is possible to find the electronic band
structure. Thus the optical technique is a very easy way to find the band gap
as compared to the electric method using the thermal excitation which is less
reliable because of the fact that the effective masses of electrons and holes
also influence most of the electrical parameters. The measurement of the
effective mass is not very straightforward since it is coupled with many other
parameters.

The absorption is expressed in terms of a co-efficient which is defined

as the relative rate of decrease in light intensity L(hv) along its propagation

ol hv) = 1 dbv) .o e e e, (3)

L(bv) dx

where, L(hv) is incident light intensity and o is absorption co-efficient [3,9-11].
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The basic theory of direct and indirect transitions in the
semiconductors is formulated by Bardeen et al [12]. The direct transitions are
generally supposed to be taking place from valence band to conduction band

under the selection rule,

KK +281 =0 e (B)
A

where, K & K’ are the wave vectors of electron before and after
transitions, respectively. A is the wave length of the photon and i is the unit
vector along the direction in which the photon travels before it is absorbed.
This can be simplified to K = K', since 2r / A is small compared to either K or-
K.

This shows that only vertical transitions are allowed. Other transitions,
if taking place, will be of very small probability. Thus the steep edge in
absorption is attributed to the highly possible direct transitions. The weak
lingering absorption in the tail part is considered to be due to indirect
transitions involving the participation of phonons in the process and this will
happen when the minima of the conduction band energy surface do not
coincide with the maxima of the valence band surface. A phonon is either
emitted or absorbed depending on whether the energy of photon is more or
less than the indirect band gap energy.

For a direct transition, the absorption coefficient relates to the photon

energy as
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(chv) = B(hv—Ep* oo oo i (5)

Where, x = 1/2 for allowed transitions and x = 3/2 for forbidden
transitions, Eg = direct band gap energy and B is a parameter that depends
on the transition probability.

For an indirect transition,
(chv) = A(hv—E; +E)) ... oo .. (6)

Where, x = 2 for indirect allowed transition and x = 3 for forbidden
transitions, Eq = band gap and E; is absorbed or emitted photon energy
[13-15]. ’

In actual practice, for allowed transitions, (ohv)? is plotted against
photon energy (hv) to give straight line for direct transitions [intercept on
energy axis giving band gap for direct transitions] and (ahv)”? is plotted
against photon energy (hv) to give a straight line for indirect transition
[intercept on energy axis giving band gap for indirect transition]. Actually, two
straight lines and two intercepts are usually obtained for indirect transitions;
one corresponds to Eg + E, and other corresponds to Eg — Ep.

The lower straight line portion disappears at low temperatures. This
portion corresponds to phonon absorption and no longer occurs when the
population of phonon states of required energy becomes smalt with
decreasing temperature.

The presence of excitons [usually manifested as a series of narrow

absorption lines at low energy side of the intrinsic band gap absorption]

THIN FILMS OF Bi;.xSby 143



Chapter 9

appears for measurements at low temperatures only, since for most of the
materials the excitons are thermally dissociated at room temperature[16].

A wide range of studies on thin films has been made using the optical
measurements by various workers. For example, F.F. Sizov[17] has studied
optical properties and electronic structures of IV — VI superlattice based
quantum wells and has made comparison with the corresponding properties
of bulk semiconductors. S.Bauer et al[18] have studied the optical properties
of thin films with thickness less than the wavelength of radiation and
investigated the skin depth using energy balance for incident, reflected and
transmitted as well as absorbed energies. Effect of substrate structure on the
optical properties of thin films from the absorption measurements has been
studied by them. The absorption measurements of the samples were made
on the Michelson series FTIR spectrophotometer ( BOMEM, Canada).The
use of FTIR spectrometer possesses several advantages over dispersive
spectrometers. Instead of spatially separating the optical frequencies, the
FTIR spectrometer modulates all wavelengths simultaneously with distinct
mbdulaﬁon frequencies for each wavelength. This can be done by means of
variable interference effect created by separating the incoming beam info two
parts and then introducing the path difference and finally recombining the
beam. The resulting beam intensity is recorded as a function of optical path
difference with IR detector and computing the Fourier transform

interferogram yields the IR spectrum (figure 4).
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In the present case, the KBr pressed disk technique was used because
of its simplicity and its ability to produce good spectra from very small
samples. Further using KBr as a matrix has following advantages:

1 High transmission of radiation

(2) Chemical stability

(3) High purity

(4) Low sintering pressure.

The crystalline powder sample (30 mg) and spectroscopic grade KBr
(dry) powder matrix (300 mg) was ground to a very small particle size and
was mixed thoroughly. Then it was transferred to a die of about 1 cm
diameter and evacuated at 107 torr for at least 5 min..Then a pressure of
about 1.2 ton was applied for 7 min and then vacuum was released. This
gives the mixture formed into a pellet. The pelletted samples were used to
obtain the absorption data which were used to obtain the optical band gap.

The optical absorption was measured in the wave number range 510
cm™ to 4000 cm™ and the absorption spectrum was recorded. By analyzing
the spectrum, absorption céeﬁicient was calculated as a function of the
photon energy. Since in the case of pelletted samples, the thickness of the
material is undetermined, an arbitrary thickness was assumed. Of course this
would not give absolute absorption coefficient. However, the relative
variations only are significant for the purpose of evaluating the band gap.
Similarly for the thin film studies, the film was deposited on (100) KBr crystal

as a substrate and then absorption data was taken.

THIN FILMS OF Bi;«Sby 146



Chapter 9

Optical Band Gap of the Bi;,Sb, Crystals:

The plots of (ohv)® versus hv, where hv is the photon energy were
obtained for samples as described above. The plots are shown in figures
5(a), (b) and (c) for Bi;xSby, for different x . The extrapolation of the straight
line on the higher energy side to (chv)® = 0 gives the band gap values that
are listed in Table 1. As observed, the addition of Sb as impurity in Bi is
found to convert the material into a semiconductor with an average bandgap
of about 0.045 eV, in the x — range studied. The conversion has alsoc been

reported by other workers through Mossobauer / conductivity studies [19].
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Optical band gap of Bi;.,Sb, thin films:

To carry out the absorption measurements on the thin films, the films
were deposited on KBr crystal substrates and were placed in the sample
compartment of the IR spectrophotometer. The absorbance was measured in
the wave number range 510 cm™ to 6000 cm™. The data was used to
obtained the band gap. The band gap was found to depend on the film

thickness and also on the content of Sb.
The plots of (ochv)2 versus hv obtained for films Bi+,Sbyx (x=0.1,.15,.20)

of different thicknesses prepared by thermal evaporation of the compounds
are given in figures 6 (a), 6(b) and 6(c) . The plots are observed to be
straight lines in the region of high absorption. Hence -by extrapolating the
linear portion to hv = 0 (zero abscissa), the band gap was evaluated
[10,20,21}, shown in table -2.

The optical band gap ‘Eg’ plotted versus inverse square of film
thicknesses (t) is shown in figures 7 (a) , 7(b) and 7(c), respectively, for Bij.
xSbx(x=0.10,0.15,0.20) films. Such thickness dependence of band gap has
been explained in terms of quantum size effect and dislocation density. In
semiconductors, the quantum size appears when their film thickness is
comparable with or less than the mean free path or effective de Broglie
wavelength of carriers. Because of the small thickness of the films, the
transverée component of quasi momentum of carriers is quantized and it
assumes discrete values along the thickness dimension. The energy

spectrum represents a system of the discrete levels with the separation
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bottom of the conduction band and the top of the valence band are separated

by an additional amount of E; [21]. In the thin film specimens, provided
smearing of energy levels by temperature and diffuse scattering of the
carriers at the film surfaces are not significant, this shift will increase the band

gap and affect the optical behavior of semiconducting films.
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The absorption is reduced in thinner films as compared with the bulk. E; is

given by | 21]:

Here m* is the effective mass of the charge carrier, t is the thickness of
the film and E; is the kinetic energy contribution due to motion normal to the
film plane.

The plots of Eg versus 1142 for BiggoSbo 1o, BiossSbo.s, Bio.soSbg.2o
given in figures 7 (a), 7(b), and 7(c) are linear and in agreement with the
above relation and imply the quantum size effect operative in the present
case. The estimates of de Broglie wavelength, by taking the Fermi energy to
be half of the average band gap, turns out to be about 101 nm,103 nm and
102 nm of thin films of BipooSbo.10, BiogsSbo 15, BiosoSbozo, respectively.

It is also known that a fairly large number of dislocations are created
during the formation of the thin films and their density increases as the
thickness increases up to a particular thickness beyond which the density is
practically constant. However, the dependence of dislocation density on
thickness has not been quantified and in any case the dependence is
complex. There are considerable lattice disturbances due to dislocations, viz.,
the local stress fields around a dislocation, disrupted or dangling bond with its
specific charge and the space charge domain that forms immediately in
semiconductors. The compression and dilation in strain patterns brought

about by edge dislocations have an effect in changing the forbidden gap of

THIN FILMS OF Bi;.xSb, 155



Chapter 9

the semiconductor. This is because of resulting local compression increment
in the deformation potential relation. Another influence is due to dangling
bond resulting in an energy level within the forbidden gap.

With the increase in film thickness, the effect of the initial granular
structure on the optical properties decreases but is not eliminated completely.
Therefore, thickness dependence is still observed although the general
behavior of the optical parameter, i.e. band gap , follows that of the bulk, at
least qualitatively. For a very thick crystal, (i.e., ideally infinite thickness) the
electron energy is a multi valued continuous function of the quasimomentum.
The variation of band gap with the crystallite size has been explained by the
modified form of Steller's formula [22]. According to him the increased barrier
height is given by

E=Eg+C(X-fDY evee e e (1)

where, C = term depending on density of charge carriers,
and dielectric constant of the material,
E, = original barrier height,
X = barrier width,
D = grain dimension,
f = factor depending on the charge accumulation and carrier
concentration.

From literature, it is known that the grain size is approximately

proportional to the thickness. Hence grain size increases due to the increase
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in thickness of the film[11]. So, if we replace D, the grain size in the above
equation, by the film thickness t, E should be proportionalto (X —f t)>.

In the present observations we find that the band gap varies inversely
as the square of the film thickness. Hence it can be concluded that the
observed band gap variation with thickness cannot be attributed to the above
effect. Thus in these Biy.xSby films the quantum size effect is dominant, rather
than the effect produced by the dislocation density variation.[8].

Band gap variation with composition:

The band gap of different compositions are seen to depend on the x
value as illustrated by the plots of Eg versus x in figures 8(a) and 8(b) for
crystals and thin films, respectively. It is seen that the magnitude of variation
of E5 among the three compositions is about the same, viz., 0.0055 eV both in
the cases of crystals and thin films. This can only be taken to imply that the

Sb content does affect the band gap, though may not be systematically.
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C
maximum temperature inside the furnace core is kept about 100 °C above the

melting point of the material. The temperature is measured and controlled
(within + 5 °C) with a proportional temperature controller. The temperature is
sensed with a Choromel-Alumel thermocouple. The rotation cum rocking of
the quartz tube gives stirring effect to the molten charge. For thorough mixing
and reaction of the charge, this treatment is continued for 2 to 3 days. The

molten charge is then slowly cooled to room temperature.

Experimental Technique 50
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CONCLUSIONS :

(1) The optical band gap values of Bii«Sbx ( x= 0.10,0.15,0.20) are found to
be 44 meV, 50 meV and 42meV and 48 meV, 53 meV and 47meV, in
the case of crysfals and thin films, respectively.

(2) The optical band gap of the thin films has been found to vary as inverse
square of film thickness implying quantum size effect operative for

thickness up to about 100 to 150 nm.
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