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Abstract

Anew mathematical formula was proposed to describe the behavior of the extinction
coefficient as a function of ambient temperature and wavelengths for some of infrared
materials. This formula was derived depending on some experimental data of transmittance
spectrum versus wavelengths for many ambient temperatures. The extensive study of the
spectrum characteristics and depending on Bose-Einstein distribution led to derive an
equation connecting the extinction coefficient or the absorption coefficient with the ambient
temperature and wavelengths of the incident rays. The basic assumption in deriving process is
the decreasing in transmittance value with the increasing temp erature which is only due to the
changing in extinction coefficient values.

Introduction

Many infrared transparent materials, especially those that are strongly absorbing materials
in the visible region, have high indices of refraction in the infrared regon [1]. This is
especially true for semiconductors such as Ge, InAs, InSb, which are widely used in the
infrared as windows, lenses, and long wavelength pass filters. Their high refractive indices
cause large reflection losses so that even thin non absorbing plates of these materials transmit
only 50% or less of the incident radiation. A transparent layer of another material such as SiO
or ZnS to produce zero reflectance can coat these materials [1].

The design of any optical system requires the selection of materials based upon knowledge
of the optical, mechanical and thermal properties available. A study of the material
characteristics, particularly the absorption and dispersion processes, is therefore essential for
the selection of suitable materials for use both as substrates and evaporated lay er materials.

All of the observed intrinsic absorption characteristics present in the spectrum of an infrared
optical material can be classified by three fundamental processes involving the interaction
between the material and the incident electromagnetic radiation, namely; -electronic
absorption, lattice or phonon absorption and free-carrier absorption. All these processes which
are affected by the ambient temperature would make the absorption or extinction coefficient
and then the resulting transmittances decrease as the temperature increases.

This decrease in transmittance with the increasing temperatures is due to the changing in
values of both refractive index and extinction coefficient or absorption coefficient, but since
the experimental results illustrate that the change in the refractive index of both the coating
and substrate materials is small comparing with the change of the extinction coefficient so it
can be assumed that the transmittance decreases entirely due to an increase of absorption
coefficient or extinction coefficient and not to refractive indices.
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In this paper, we will propose a new mathematical formula for the relationship between the
extinction coefficient of some semiconductor materials and both ambient temperature and
incident wavelength.

General description of absorption

The electronic absorption characteristics observed towards the higher frequency end of
the infrared spectrum are the result of interaction between the incident radiation and the
motions of electrons or holes within the material [2]. Only electromagnetic radiation with
sufficient energy to cause an electron to transfer between the valence band and conduction
band (hf) will be absorbed by this mechanism. The various transitions of these electrons
define the position of the short wavelength absorption edge. The resulting sp ectrum provides
information on the width of the energy band gap of the material, and through spectral
anomalies, can indicate the presence of impurities [3].

The lattice absorption characteristics observed at the lower frequency regions, in the
middle to far-infrared wavelength range, define the long wavelength transparency limit of the
material, and are the result of the interactive coupling between the motions of thermally
induced vibrations of the constituent atoms of the substrate crystal lattice and the incident
radiation.

Hence, all materials are bounded by limiting regions of absorption caused by atomic
vibrations in the far-infrared (>10pum), and motions of electrons and/or holes in the short-
wave visible regions. In the inter band region, the frequency of the incident radiation has
insufficient energy ( E=hf) to transfer electrons to the conduction band and cause absorption;
here the material is essentially loss-free.

In addition to the fundamental electrons and lattice absorption process, free carrier

absorption in semiconductors can be present. This involves electronic transitions between
initial and final states within the same energy band. The absorption or emission of the
resulting photons is accompanied with by ascattering by optical or acoustic-mode phonon
vibrations or by charged impurities. This type of absorption is evident where the spectral
profile of the material is highly absorbing, producing considerably lower transmission than
otherwise expected.
These intrinsic absorption properties of semiconductors and insulators define the transp arency
of the material. To be transmitted in the region between the electronic and lattice absorption,
the incident radiation must have a lower frequency than the band-gap ( E,) of the material.
This is defined by the short wavelengh semiconductors edge at ( 4 = hc/eE, ), preventing
electrons transferring to the conduction band. The generalized profile of the electronic edge is
known as the Urbach tail  where the exponentially increasing absorption coefficient follows
the general relationship:

o(lna) _ 1
d(hf)  kgT

(kg ) is Boltzmann constant, ( h ) is Blank constant, ( ) is the incident radiation frequency,
and ( T ) is the temperature.

The concept of temperature and thermal equilibrium associated with crystal solids are based
on individual atoms in the system possessing vibration motion. The classical theory of
thermal energy by atomic vibrations, thought providing suitable explanations at elevated
temperature, has proved unsatisfactory at reduced temperatures. Quantum mechanics has
subsequently provided theories based upon statistical probabilities that have provided possible
mechanisms to explain some of the observed phenomena. A system of vibrating atoms in a
crystal is highly complicated, and beyond any realizable theoretical methods of analysis or
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calculations to verify spectral measurements from the total thermal energy of a crystalline

substrate.
For a system of distinguishable particles, the probability statistics of the energy (E) of the

sy stem are described by M axwell-Boltzmann general equation[5-7]:

E_
fMB :Ae_kBT ................................................................ (2)

If particles are indistinguishable they are divided into two types:

(1) Electrons; which are subject to the Pauli Exclusion Principle[5-7] and obey Fermi-Dirac
statistics

(Es) is Fermi energy .

(ii) P Photons and phonons which are defined by Bose-Einstein statistics

FoE = T e, )

ekpT—1
(o) is a normalizing constant, adjusted so that the total probability is equal to unity when
each function is summed over all the energy states available.
For the electronic absorption edge, the effect of increasing temperature on the forbidden
energy gap reduces the energy gap shifting the edge position to shorter wavelengths. This
shift was fitted for various materials by the following empirical relationship[5]:

E,(T) = E;(0) — % .......................................................... 5)

Where E, (0) is the value of the energy gap at zero Kelvin and o and B are constants.

Experimental results (Single-Layer Coating)

In this research, we depend on two types of experimental data:

(1) The transmission spectrum [1] of the semiconductor materials Ge, InAs and InSb which
have refractive indices near absorption edge 4.1, 3.4 and 4.0, respectively.

In the near infrared region, the experimental and theoretical results show that SiO film is
the most suitable antireflection coating for Ge, and InAs while ZnS film was found most
suitable as a single layer antireflection coating for the (7-15) um. The transmittances versus
wavelength for different temperatures of one layer coatings are obtained for the following
cases:

a) InAs plate (thickness 0.21 mm) with coating consists of SiO with quarter wavelength
thickness (at 5.75 um) as shown experimentally in Fig (1-A).

b) Ge plate (thickness 2.0 mm) with coating consists of ZnS with quarter wavelength
thickness (at 9.80 um) as shown experimentally in Fig (1-B).

c¢) InSb plate (thickness 0.08 mm) with coating consists of ZnS with quarter wavelength
thickness (at 10.8 um) as shown experimentally in Fig (1-C).
All these figures show that the transmittance decreases strongly with increasing ambient
temperature, while the maximum peaks of transmittance are shifted towards the high values of
wavelength.
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(2) The experimental studies [8-10] of some other materials like (PbS, PbSe, and PbTe) which
represent the relation between the thermal energy and the photon energy at minimum
absorption as shown in Fig.(2).

Both of these experimental data are used to evaluate a theoretical equation for the extinction
coefficient as a function of ambient temperature and incident wavelength.

Theoretical Study

The extensive study of the experimental curves of transmittance behaviour versus

wavelengths and temperature (Fig 1) gives:
(1) The extinction coefficient for the case of constant ambient temperature has the

mathematical form:

_ a,(az—hf)?
k e aOe 1( 2 f)
(ag, a1, ay) are constant parameters for wavelength.

(2) The extinction coefficient for the case of constant frequency or wavelength of the incident
radiation has the mathematical form:

k = —22— gb2(bs—ksT)
1

ekpT -1
(b, by, by, b3) are constant parameters for temperature depending on the incident wavelength
and the material nature.

(3) The combination of both cases to find the general case of variable frequency and
temperature will then has the mathematical form:

k = CI/ eCZ(C3_-QkBT_hf)2
ekBT -1

(€2) is a constant which depends on the material ,the physical meaning of the parameter Q is

the ratio between the deviations in photon energy at maximum transmittance (minimum

absorption coefficient) to heat energy due to the relation:

A(h
0=— (hf)
A(kpT)
From the above equation, it is obvious that the minimum value of extinction coefficient
(minimum absorption) occurs when:

C3 _..QkBT_ hf = O .................................................................. (10)

This result implies that the energy of the incident light, at maximum transmittance or
minimum absorption depends linearly on the heat energy. This is a real fact which can be
shown via the curves in (Fig?2) for the materials (PbS, PbSe and PbTe). The parameter c; has
a relationship with the melting temp erature of the substrate (Tm), it equals to:

03 = 2K ET oo (11)

By using the general form of multilayer system equation [11], one can obtain the values of the
extinction coefficient that fit the experimental data of transmittance spectrum, it was found
that the parameter ¢; has also a relation with melting temp erature, it equals to:
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01 = 2K BT oo, (12)

While both of parameter y and Q depending on the type of material. Table (1) shows these
values for the chosen materials.

The parameter c, was found to depend on the thickness of coating layer and gap energy of the
substrate layer, it has the form:

4T
2
ndEg

Cr =

(n and d) are the refractive index and the thickness of the coating layer, (E,) is the energy gap

of the substrate. Then the new formula of the extinction coefficient has the form:

—_Y H
k - kE:_TT';_l e ..................................................................... (14)
ekB

_ _ 2
H = 4‘7TL(Em 2kpT—hf)
nd Eg4

Results and Discussion

(1) The theoretical study for the behaviours of the experimental transmittance spectrum of
the substrate materials Ge, InAs and InSb gives a value of 1.0 for the parameter QQ which
means that the heat energy equals to (kgT), while it’s positive value means that the maximum
peak of transmittance (A, ) increases with the increase of the temperature.

The theoretical studies of the materials (PbS, PbSe, and PbTe) give a value (-3.5) for the

parameter 0, which means that the heat energy equals to (g kgT), while the minus value

means that the maximum peak of transmittance decreases with the increase of the temperature
which is a different behaviour comparing with the semiconductor materials.

The maximum transmittance occurs at the minimum value of the extinction or absorption
coefficient, the wavelength A, at which minimum extinction coefficient can be obtained by
letting the derivative of k in equation [13] with respect to A for constant temperature equals
to zero, that will give the result:

hfm = ZkBTm - .QkBT ....................................................... (16)

From the above equation, the maximum transmittance wavelength can be obtained:

_ hc
M kp(2Tm—0T)

Equation (17) has important conclusion states that the increasing of temperature led to
increase the value of A,, when Q has positive values and decrease the value of A, when Q
has negative values. Since the values of temperature are bounded between zero and T,, that
means the values of A, are bounded between two values:

hc

Am(max) = m ......................................................... (18)
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hc

Ay (min) = TR (19)

(2) Equation (13) is a new semi-empirical equation evaluated from the experimental values of
the transmittance versus wavelength for different values of temperatures. By using the general
equation of multilayer system, and introducing the value of refractive index, as a constant and
extinction coefficient according to equation (13), one can obtain the theoretical transmittance.
The results of theoretical transmittance are nearest to the experimental values within an
average error less than 10.0% as shown in the case of the semiconductor substrate materials
discussed above. The theoretical and experimental results are shown in figures (3). The
agreement between the theoretical and experimental results are good for InSb, but there is a
shift in the maximum values of transmittance for InAs, while for Ge substrate, the agreements
are good except for the temperature 398 K in which the theoretical transmittances are lower
within less 10% comparing with the experimental values.

(3) The melting temperatures (T,,) for lead compound (PbS, PbSe, and PbTe) are (1387, 1338,
and 1190) K, and the thicknesses of the samples are (1.25, 0.68 and 0.35) mm, respectively.
Figures (2) represent the theoretical and experimental values of minimum absorption
wavelength at different temperatures. The agreements are good for PbS and PbTe, but for
PbSe there is a shift between the theoretical and experimental curves due to the value of E,
which is related to melting temp erature

Conclusions

The final semi-empirical formula for the extinction coefficient was derived depending on
transmittance spectrum of some semiconductor materials. The resulting formula has a good
accuracy comparing with the experimental results of the transmittance spectrum for the
materials InAs (coated with SiO), Ge (coated with ZnS) and InSb (coated with ZnS), also the
agreement is good for the experimental results of incident photon energy versus heat energy at
minimum absorption coefficient for the materials PbS, PbSe and PbTe. The use of the
mathematical model depends on Bose-Einstein statistics and on behaviour study of the
experimental curves through using fitting theory. The need is still up to study more materials
to reach an exact equation for the extinction coefficient as a function of wavelength and
ambient temperature.
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Fig. (2): Comparison between the present work and experimental results of incident
photon energy versus heat energy at minimum absorption coefficient for:
The smooth line represents the theoretical results.
The dotted line represents the experimental data.
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A: PbS, B: : PbTe.
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Fig.(1): Experimental transmittance versus wavelength for different temperatures.

A: for InAs substrate coated with SiO.
B: for Ge substrate coated with ZnS.
C: for InS b substrate coated with ZnS.
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Table (1): The important parameters values of some materials

M aterial E, T, Y Q
eV K
Germanium (Ge) 0.69 1210 0.15 1.0
Indium Arsenide 0.39 1216 0.64 1.0
(InAs)
Indium Antimonide 0.23 808 0.20 1.0
(InSb)
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Fig. (3): Comparison between the present work and the experimental
transmittance versus wavelength for different temperatures.
A: In As substrate, B: InSb substrate, C: Ge Substrate
The smooth line represents the theoretical results.
The dotted line represents the experimental results



