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CHAPTER FIVE

OPTICAL CHARACTERISTICS

5.1 Introduction

The optical behaviour of a semiconductor material can be determined from the
spectral dependence of the real and imaginary parts of the refractive index. These parts
are most readily determined by measuring the transmission and/or the reflection of a
plane-parallel slab as a function of the incident photon energy. The dependence of
refractive index on photon energy, as the fundamental absorption is approached from
the long wavelength limit, contains information on inter-band electronic transitions
occurring at higher energies and hence should be relatable to the density of electronic
states. The dielectric function, which is strongly dependent on the refractive index, has

=

been used [104-107] to help in understandi lent and ionic b g in a wide

class of materials and empirical relationships have been deduced between refractive
indices and the structural and chemical quantities which characterize a material, viz.,
coordination number and chemical valency. Another important parameter to
characterize the material optically is the absorption coefficient, which is, actually,
related to the imaginary part of the refractive index. The variation of the absorption
coefficient with the incident photon energy is sufficient to give information on the
possible optical transilions‘of an electron from the valence to the conduction bands

across the energy band gap. The rapid increase in the absorption coefficient at a
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particular small range of incident photon energy can be used to estimate the energy gap
of the material.

The optical properties have been studied experimentally as well as theoretically

for ZnS [5-11] and ZnSe [20, 21, 27-29] materials. M hile, the optical beh

of ZnS,Se,.x system has not been i ively and prehensively studied. H ,a

few studies have been reported [41- 43, 46, 49, 51-53, 108, 109] on the optical
behaviour of these materials prepared by different techniques.

In this chapter, the optical transmission measurements used to investigate the
optical characteristics of ZnS,Se. thin films prepared by electron beam evaporation
onto glass substrates at 60 ° C will be described. The two parts of both refractive index
and dielectric function were studied as a function of the incident photon energy,
composition and thickness of the film. The empirical relations in the dielectric theory
were used to estimate the characteristic energies such as Penn energy gap, plasma
energy, Fermi energy, the average energy of the valence electrons, the energy of the
effective dispersion oscillator and the dispersion energy. The fundamental optical
energy gap was estimated by fitting the absorption coefficient data in the high
absorption region to the direct transition expression. The variation of the energy gap
with the composition in the film was investigated. The shift in the energy gap caused
by the uniaxial stress inside the film and the grain size effect was estimated for the
samples studied in this work. Finally, the optical phonon energies associated with the
indirect optical transitions were determined from the tail that was observed in the

absorption coefficient data.
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5.2 Optical transmission

Figure 5.1 (a-d) shows typical optical transmission spectra measured at normal
incidence in the photon wavelength range of 200-2400 nm for ZnS,Se;., thin films
(samples S1, S7, S10 and S22) with sulfur composition x = 0.12, 0.78, 0.90 and 0.99
and thickness ¢ = 2586, 828, 820 and 232 nm, respectively. The films were deposited
by electron beam evaporation onto glass substrates at a temperature of almost 60 ° C
and under pressure = 10° torr. All the films studied in this work show high
transparency, which is more than 75% in average, in the wavelength region of 700-
3200 nm that is similar to the transparency range of ZnSe films prepared by electron
beam and ion beam deposition reported in reference [21]. In this long wavelength limit
the samples exhibited interference fringes. However, the number of the fringes in a
certain range of A depends on the thickness and the refractive index of the film. The
structural features that appear in the transmission data near 2280, 2190, 1880 and
1380 nm in Figure 5.1 (a-d) are artifacts of the measurement arising from peculiarities
of the spectrophotometer used for the measurement [83]; they are not related to the

samples. Figure 5.2 d rates the tr ission spectra in the wavelength range of

the fundamental absorption edges for representative samples with different
composition values. The onset of the optical absorption edge moves systematically
towards shorter A as x value increase i.e. the amount of sulfur increases in the sample.
5.3 Refractive index and dielectric function

The transmittance data were used to calculate the refractive index as described
in chapter 3.The dispersion‘behaviour of the two parts of the complex refractive index
n and k are shown in Figures 5.3 (a) and (b), respectively, for various samples with

different compositional values. Similar curves were obtained for all of the samples
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Figure 5.1: Transmission spectra, Tr %, versus the incident photon wavelength, A, for
ZnS,Sey. thin films (samples S1, 7, S10 and S22) prepared by electron beam evaporation
onto glass substrates at 60 °C with x values: 0.12 (a), 0.78 (b), 0.90 (c) and 0.99 (d).
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Figure 5.2: Transmission spectra, 7t %, versus the incident photon wavelength, A, for
ZnS,Se,., thin films prepared by electron beam evaporation onto glass substrates at 60

° C with x values: 0.12 0, 0.35 0, 0.414, 0.82v, 0.900, 0.96 + and 0.99 X,
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studied in this work, with the static refractive index n(0) being approached at low
energy limit of the incident photon and with » and k increasing drastically with

ing E as the fund | optical absorption edge for each different sample is

approached. Figure 5.4 (a) illustrates a plot of n(0), as estimated from the
extrapolation of n(E) to long wavelength limit, versus x for ZnS,Se,.. films; these films
have different values of thickness. Figure 5.4 (b), however, shows the dependence of
n(0) on film thickness for ZnSo9Seo,; samples.

The real and imaginary parts of the refractive index are strongly related to the

complex dielectric function, e*(E) = €,(E) + iea(E), by the relation [110]

n*(E)=n(E) - ik(E) = [e*(E)] ™ oo ¢.1)

The optical constants n(E) and k(E), which have been determined from the

transmission measurements, were used to determine €i(E) and &(E) through the

lations deduced from equation 5.1 such as
E1(E) =1 (E) = R(E)......ovoeioe e (5.2)
82(E) = 20(EWKE). ... cvueearneeaeiieniesrereesisaesssssrneessesueessssnaesssnnasens (5.3)

Figures 5.5 (a) and (b) show the variation of €, and €, respectively, with E for
different ZnS,Se,., samples..
Refractive index dispersion data or the real part of the dielectric function below

the inter-band absorption edge has been fitted to theoretical approximated expressions,
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Figure 5.4: Static refractive index n(0) versus x (a) for ZnS,Se,. thin films and versus
t (b) for ZnSosSeo, thin films prepared by electron beam evaporation onto glass
substrates at 60 ° C.
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Figure 5.5: Real part ¢] (a) and imaginary part € (b) of the dielectric function versus
E for ZnS,Se,.x thin films prepared by electron beam evaporation onto glass substrates

at 60 ° C with x values: 0.12 0, 0.35 0, 0.414,0.82 v, 0.90 0 and 0.99 + .
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dealing with energy band calculations, by introducing certain physically meaningful
parameters. These parameters are useful because they can assist in describing both
crystal structure and ionicity of solids through their influence in the refractive index
behaviour. Phillips and Vechten [104] have introduced an average energy gap “Penn
gap”, E, which can be deduced from the static refractive index n(0). Excitations of
electrons across the average gap (actually across the fundamental gap) leads to
absorption of the optical energy, and this is reflected in the refractive index through an

effective valence plasma frequency as given by [87, 105]

[O)* = 14O Eg® ..o (5.4)

where haw, is the plasma energy of the valence electrons (where = h/2m, and h is
Planck’s constant) with square of the plasma frequency w,”= 4nN,e%/m, where N, is the
effective density of valence electrons ( i. € number of valence electrons per unit
volume), e and m are the charge and rest mass of the electron, respectively. Since
ZnS,Se,.« films under investigation were found to exhibit zinc-blend structure with 8
atoms per unit cell, and in average each atom has 4 valence electrons, the valence
electron density for such structure could be estimated as N,=32/a%, where ao is the
lattice constant. Using the values of N, @, and hence E,= hw, were determined for the
films and tabulated in Table 5.1. I::, was calculated for the films according to equation
5.4 and plotted in Figure 5.6 as a function of x. The E_l is not the principal optical gap
Ey (to be discussed later) bétween the conduction and valence bands, but is an average
gap between bonding and antibonding states. It is larger than E; because it represents

an average over the bands. The E; is important for electrical properties of the material

89



Chapter 5 Optical Characteristics

Table 5.1: dispersion parameters for ZnS,Se,. thin films prepared by electron beam
evaporation onto glass substrates at 60 ° C.

1551

1684 | 2777 | 505 [ 2526 | 99
1760 | 2898 | 545 | 25 10.01

1678 | 2762 | 515 | 2591 | 962
17.17 | 2826 544 | 2666 | 954
1761 | 2899 | 601 [ 2874 | 908
1705 { 2807 | 508 | 2686

1569 | 2584 | 626 | 3898 | 692
1913 1 3150 | 627 | 2642 | 1027
1919 1 3159 | 634 | 2693 | 1023
1822 | 3000 | 604 | 2844 | 968
1832 | 3016 | 558 | 2593 | 10.60
1850 1 3045 | 566 | 2570 | 10.64
1757 | 2892 | 601 | 3041 | 9.04
1822 |1 2999 | 604 | 2844 | 967
1710 | 2815 | 567 | 2997 | 908 |
1709 | 2813 | 592 | 3174 | 868
1770 1 2913 | 523 | 2625 | 1054
1861 | 3064 | 601 | 2723 | 10.15
1725 1 2839 | 511 [ 2673 | 1026
1944 | 3200 | 620 | 2586 | 10.72
1925 13169 | 632 | 2716 | 1032
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Figure 5.6: Average energy gap E_, versus x for ZnS,Se,. films prepared by electron
beam evaporation onto glass substrates at 60 °C.
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and E, is the important parameter for structural properties. The E is composed of

contributions from the lent or h

energy E, and the ionic or heteropolar

energy C in alloy systems [104,106]

The fractional covalent and ionic characters f; and f; are defined by

S =B HERH C)eioee e (5.6)

ST CHEEF C oo (5.7)

However, the more ionic crystals have NaCl structure, while the more covalent

ones occur in the zinc-blende or diamond structures. The dividing point between

octahedral and tetrahedral coordination is f;= 0.785 + 0.010 [104,111]. The values of f;

for ZnS and ZnSe crystals with zinc-blende and wurtzite are reported to be

0.62 and 0.63, respectively [104, 111]. By averaging these two values [112], f;= 0.625
was used to estimate the energy gaps Ey and C for ZnS,Se, films by using the
relations 5.5-5.7, f.= 1 - f. Figure 5.7 displays the variation of £, and C with x. It was
assumed that £, scales with the cubic lattice constant ao according to a power law, E
o ay". For diamond structure, s value has been reported to be — 2.5 [111]. Figure 5.8
shows the variation of E, with ay ,where s was found equal to -3.0, for ZnS,Se. films
with zinc-blende structure. C represents the change in gap produced by the anti-

symmetric potential in a binary d, and is d to be ind dent of the

P P
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Figure 5.7: Covalent and ionic energy gaps, Eyand C, versus x for ZnS,Sey.« films
Prepared by electron beam evaporation onto glass substrates at 60 °C.
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Figure 5.8: Ln (E;) versus In(a,) for ZnS,Se, films prepared by electron beam
evaporation onto glass substrates at 60 °C.

93



Chapter 5 Optical Characteristics

energy gap [113]. Moreover, f, relates to Er, which is the total valence electron
Fermi energy measured from the zero energy of the bottom of the valence band. The
typical value of B, = I:—'.MEF is 0.1 [111]. This value along with 1:_‘, values were used to
estimate Ep for ZnS,Se,.. films. The results are tabulated in Table 5.1. The average
energy E,, of the valence electrons, which form the tetrahedral bonds, has been given

[114] as
Ep-Eg=E¢[0.68 + 3B (1 +1n(B, /2)) = 4B>] ......ooooeeeeeee (5.8)

where Ej is the energy level corresponding to the bottom of the valence band. E,, can
be determined from equation 5.8 if one can determine the width of the valence band

Ep. Eg relates to Er and the heteropolar energy C through the relation [115]

E,

E_= E ;.9
B /Ry )

(where D in equation 5.135 in reference [115] was assumed to be 1.0 for ZnS,Se;.x
films. This assumption was made by comparing equation 5.90 in reference [115] with
equation 6 in reference [105] ). The role of the heteropolar energy C is to narrow the
valence band, just as it widens the average energy gap. Using the values of Er and C
for ZnS,Se,. films, Eg was determined according to equation 5.9, subsequently, these
values of Ep were used in equation 5.8 to determine E,,. The determined values of Eg
and E,, for ZnS,Se,., films are shown in Table 5.1.

In the region of tl;ansparency; the important inter-band transitions in the

Brillouin zone (BZ) have been approximated by individual oscillators where each
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valence electron contributes one such oscillator [105]). The energy dependence of the

refractive index in this region is given [87, 105, 107] by

PE) = 1= EEJ(EZ-ED)....oooooeeoeeeee e (5.10)

where E, is the energy of the effective dispersion oscillator, E is the photon energy and
E, is the so-called dispersion energy. The latter quantity measures the average strength
of inter-band optical transitions. Figure 5.9 shows plots for 1/(n’-1) versus E’ for
ZnS,Sey films. Eo and E, were estimated from the slopes and the intercepts of the
plots and their values are included in Table 5.1. E4 has been found [87, 105] to obey

the empirical relation

Ea=PNZWNo ..o (5.11)

where N, is the coordination number of the cations surrounding an anion, Z, is the
formal chemical anion valency and N, is the effective number of valence electrons per
anion. The constant £ in equation 5.11 was found [105] to take two values for a wide
variety of solids and liquids. For ionic materials, = 0.26 + 0.04 eV and for covalent
materials £ = 0.37 + 0.05 eV. For the materials with zinc-blende structures, like
ZnS,Seix, N.=4, Z,= 2 and N, = 8. By using these values in equation 5.11 along with
E4 values in Table 5.1, f3, in average, was found to be 0.45 eV for ZnS,Se. thin films.
The results of Eo and E, in Table 5.1 are in the range of the reported [105]

values for zinc-blende crystals of ZnS (Eo= 6.36 eV and E4= 26.1 eV) and ZnSe (Eo=
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Figure 5.9: 1/(n’-1) versus E* forZnS,Se,.. thin films prepared by electron beam
evaporation onto glass substrates at 60 °C with x values 0.12 o, 0.35 o, 0.41a, 0.82 v,
0.90 ¢ and 0.99 +.
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5.54 eV and E;=27.0 eV). According to equation 5.11, E; depends on N., which for
polycrystalline materials takes values different from those of crystalline materials
because of the presence of incomplete or dangling bonds at the void boundaries.
However, in tetrahedrally bonded materials, whether ionic or covalent, E4 remains
largely unaffected by loss of long-range order that is the nearest neighbor environment
remains largely intact [107]. It was also emphasized [105] that E, is independent of the
lattice constant (or density) of the solid.

Yet another energy-gap parameter E, has been introduced by Hopfield [116] in
a high-frequency sum rule relating optical properties to the charge distribution within a
unit cell. However, E, relates to E, and Ey as E,= E,"/E,. The values of E, for ZnS,Se,.
x films are estimated and inserted in Table 5.1. Physically, E, is the natural energy of
the electronic charge clouds vibrating against the atomic cores.
5.4 Absorption coefficient and the fundamental energy gap

Figure 5.10 shows the absorption coefficient a (calculated from a = 4nk/2), for
different ZnS,Sey.x films with different x values, as a function of the incident photon
energy E. This Figure shows three distinct regions, the high-absorption region (@ >10*
cm™), the exponential part and the weak-absorption tail. As can be seen from the
Figure, a shifts towards higher energies as the concentration of sulfur x increases in the
films. This shift of a can be attributed to the corresponding shift of the fundamental
optical energy gap as in the usual amalgamation-type mixed crystal [107]. The long tail
appears in o values (Figure 5.10) below the energy gap could be due to the defects and
grain size distribution in the/film [116].

Basically there are two types of optical transmission that can occur at the

fundamental absorption edge of the crystalline semiconductor, direct and indirect. Both
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Figure 5.10: Absorption coefficient versus photon energy for ZnS,Se;., thin
films prepared by electron beam evaporation onto glass substrates at 60 ° C
with x values: 0.12 g, 0.35 o, 0.41 4, 0.82 v, 0.90 0 and 0.99 +.
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involve the interaction of an electromagnetic wave with an electron in the valence

dq

band, which is raised across the fi | gap to the conduction band. If the band

edges involved are at the same point in the Brillouin zone so that the extremum of the
exciton band is at K = 0, the transition is called direct, otherwise, it is an indirect one.
However, indirect transitions also involve simultaneous interaction with lattice
vibrations, which produces the annihilation or creation of phonons to balance the
momentum change of the electron.

Indirect transitions can occur only when the perfection of the crystal is

destroyed e. g. by lattice vibrations or impurities [3, 72]. For direct interband

transitions (simple parabolic bands) in the ab of el hole i ions, the

absorption coefficient a is given by [72]

aE~(E-E,) (.12)

where j = 1/2 or 3/2 depends on whether the transition is allowed or forbidden in the
quantum-mechanical sense. E is the incident photon energy, E, is the fundamental
optical energy gap and n is the refractive index. For indirect transitions, where the
phonon absorption and emission are involved in the transition process, a is expressed

[70, 72] such that

(E-E,+E,) . (E-E,-E,)

exp(E%lT ] -1 1- exp(_ E%’T ]

where j = 2 for allowed transitions and j = 3 for forbidden transitions, A" is a constant,

anE =4

Eqi and Ep are, respectively the optical energy gap for the indirect transitions and the

phonon energy, K is the Boltzmann constant and 7 is the absolute temperature. The
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first term in the right hand side of equation 5.13 represents the phonon absorption

while the second term rep s the phonon emission in the ition process.

Since both ZnS and ZnSe are direct band gap icond s, the fund |

absorption edge in the high absorption region was fitted to the direct transition

expression (equation 5.12) and the plots of (azE)? and (aE)? versus E for various

bah

compositions are shown in Figures 5.11 (a) and (b), respectively. The linear
of the plots in the high absorption region confirms the direct nature of the fundamental
transition in ZnS,Se,.. system. The fundamental optical energy gap E; was estimated
from the intercepts of the plots in Figure 5.11 (a) with the energy axis. These values of
E; are plotted in Figure 5.12 as a function of x for ZnS,Se, films. It can be seen that
Eg changed from 2.583 eV ( for x = 0.12) to 3.725 eV ( for x = 1.0). However, a linear
variation of energy gap Eg(x) with composition has been found [49] for ZnS.Se;.x
system. In contrast, Eg(x) for AB,C).x semiconductor system was found to deviate from

the linear dependence on x, instead Ey(x) varies with x in a quadratic relation such as

Eyx) = Eguoyt (Egusy~ Eguoy=PIX + DX oo (5.14)

where Eguc) and Egus represent the energy gaps of AB and AC materials, respectively,
and p is the optical bowing parameter. Eg(x) for solid solutions of zinc chalcogenides
ZnS,Sey.x, ZnS,Te,. and ZnSe,Te,.x were found to follow equation 5.14 with bowing
parameter (p ~ 0.06 eV for ZnS,Se,.., see references in [41], p ~ 2.4 eV for ZnS,Te,«
[49] and p ~ 1.3 eV for ZnSe,Te« [49]). For the purpose of comparison, the linear
behavior of Ey(x) reported in [49] and the bowing results reported in [51] are plotted
with the results obtained in this work in Figure 5.12. The composition dependence of

Ey(x) and the observed optical bowing have been studied theoretically in attempts to
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Figure 5.12: Fundamental optical energy gap Eyversus x for ZnS,Se,., thin films:
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find a simple relation between these quantities. These studies have been intensively
reviewed in reference [41] and will not be discussed here. It is sufficient to mention
here that the most prevailing approach to the problem is the virtual-crystal
approximation (VCA), in which the individuality of B and C elements in the alloy
system is replaced by an average “virtual” element < BC >, and the disorder effect, are
not taken into account. Despite the existence of bowing parameter which is small in
ZnS,Seyx system compare to other systems, the energy gap of the films studied in this
work are in the range of that values reported previously (see Figure 5.12).

H , the exi of uniaxial stress inside the material may cause a shift

and a splitting of the energy band edges, viz., the top of the valence band, and as a
result the energy gap of the free-stress material will take different values if this material
is subjected to a sort of stress. The value of the energy gap E; as a function of uniaxial
strain parallel to the < 111 > direction in zinc-blende-type semiconductor, for the first

order in the stress formula, is given by [117, 118]

EgM = Eg# 8B (1/2)8Ecttis vvvvoveeeeeeeeeeeee e (5.15)

where

SEy=a' (Su+2812)SS ...

is the shift of the gap E, due to the hydrostatic component of the strain and

SEa1>=3 "2 d" SuSS c.cvioiooiiieiee e (5.17)
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is the linear splitting of the Ps, multiplet, S;; are the elastic compliances, SS is the
magnitude of the <111> stress, @' and d" are the deformation potentials. By using the
deformation potentials of ZnS [6, 118] and ZnSe [119] materials given in Table 5.2,
the deformation potentials of ZnS,Se,. materials were determined ( see Table 5.3) by
assuming a linear interpolation between those of ZnS and Znse [120]. Using these
values of @' and &' along with S;; and SS values determined previously in Table 4.8
(chapter 4), 8Ey and 8E<)> were estimated (using equations 5.16 and 5.17) for
ZnS,Se,. thin films under investigation and tabulated in Table 5.3. Note that in Table

4.8 (chapter 4) the positive sign was given to the tensile stress while negative sign to

the compressive stress, ding to the definition of the strain followed in this work.
Since SS with positive sign, in Equations 5.16 and 5.17, refers to compressive stress so
the signs of SS values in Table 4.8 have to be reversed. The shift in the energy gap 8E,
(= 8Ey - (1/2)3E<11>) due to the stress ranges from —0.54 meV to 0.62 meV (see
Table 5.3). The negative sign means that the stress causes a shift in the top of the
valence band towards higher energies while positive sign means a recession of the top
of the valence band towards lower energies occurred.

Besides the effect of the stress on the energy gap, quantum size effect may also

have an important contribution to the value of E; of a microcrystalline semiconductor.

This effect, which is known as fined effect, ife itself when the

microcrystalline size approaches the exciton Bohr radius. For II-VI semiconductors,
the Bohr radii are typically in the range of 20-80 A [121]. It has been suggested that as
the crystallite approaches this size, the electron and hole interactions with the
crystallite surface will dominate the dynamics and the energy level scheme will depend

upon the size and shape of the crystallite as well as the nature of the material [122].
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Table 5.2: Deformation potentials of ZnS [6, 118] and ZnSe [119] materials.

Table 5.3: Deformation potentials, shift in £, caused by the stress (8Ey and 8E<115),
reduced effective mass, shift in £, caused by grain size effect (A E) and the estimated
crystal energy gap for ZnS,Se,.x materials.
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The shift in E;, which can be caused by the crystallite size, was given [122] in the

effective mass approximation such as

AE1= D?

1,10 .18
D )

2n*x 11 2h*x?
ml. mh

Where D is the crystallite diameter, m. and m, are the effective masses of the electron
and hole respectively and y* = m," my /( m.+ my") is the effective reduced mass. Figure
5.13 (a) shows the energy gap variation with crystallite diameter for ZnSosSeo., films.

The solid line in Figure 5.13 (a) was obtained by fitting the experimental data to the

theoretical expression given by Brus [122] as

..(5.19)

where Eg and Eg. are the energy gaps of the film and the bulk materials, respectively,
AE, was given in equation 5.18. By taking into consideration the stress effects on the

energy gap (equation 5.15), expression 5.19 can be rewritten as

Eyg=Egt AEg+ 8Eq........o.o\o oo (5.20)

By plotting E; versus 1/D* (as shown Figure 5.13 (b)), the energy gap Eg and the
effective reduced mass p* for ZnSosSeo, crystal were estimated according to equation
5.19 and found to be Ey = 3.547 eV and 1'=0.230 m,, where m, is the electron rest
mass. It has been reported [123] that " for ZnS and ZnSe semiconductoys are 0.242
m, and 0.128 m,, respectively. By assuming that p" varies linearly with x for ZnS,Sei.x

semiconductors, " will equal to 0.231 m, for ZnSysSe,;, which is in a good agreement
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Figure 5.13: Energy gap (Eg) versus micro-crystallite diameter D (a) and
1/D? (b) for ZnSySe o, thin films prepared by electron beam evaporation
onto glass substrates at 60 °C.
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with the values obtained from Figure 5.13 (b). By adopting the assumption of the

linear variation of u' with x, p' was estimated for ZnS,Se;.x materials and the shift in £y

caused by the crystallite size effect (i. e. AEy), ding to 5.18, h

with the energy gap for the corresponding crystals Eg., according to equation 5.20,
were estimated. p’, AE, and Ej are listed in Table 5.3.

From the variation of the absorption coefficient a with the incident photon
energy E, as shown in Figure 5.10, the exponential edge, which is known as Urbach
edge, is observed for ZnS,Se,.« samples studied in this work. In this region, a gradual

increase in @ extending over several eV is usually observed. a in this region is given

[124, 125] by

a=a,exply, [E-E,()Y&,T"} (5.21)

where o and y are constants, K is Boltzmann constant, Eo(7) is the temperature-
dependent gap and 7’ is the effective temperature [125], which is almost constant
below a critical value 7; and is proportional to T at high temperature (above 7). By
plotting In(a) versus E, as shown in Figure 5.14, the slope (d(Ina)/dE) gives w/KsT",
which indicates that the sharp absorption edge becomes broader as the temperature
rises above 7o [124]. This region is strongly related to the impurity concentrations of
the sample [70]. It has been pointed out that y varies linearly with temperature so that
the ratio y/KpT" is constant for amorphous and polycrystalline materials and it is
temperature dependant for pure single crystals [125]. The ratio y/K7” was estimated
for ZnS,Se,.« films and tabu‘lated in Table 5.4.

The tail in the absorption coefficient (see Figure 5.10) close to the band edge is

associated with phonon-assisted transitions. Its strength and shape depend on the
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Figure 5.14: Ln(a) versus E, in the exponential part of the absorption coefficient, for

ZnS,Se). thin films prepared by electron beam evaporation onto glass substrates at 60
° C with x values: 0.12 0, 0.350,0.900 and 0.99 +.

Table 5.4: 3/Kp 1" parameters and optical phonon energies for ZnS,Sey., thin
films prepared by electron beam evaporation onto glass substrates at 60 ° C.
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preparation, purity and thermal history and also on the thickness of the sample [125].
Figure 5.15 shows the relation between (akn)"? and E for different ZnS,Se;.. samples.
By extrapolating the linear portion in Figure 5.15 to the energy axis where @ =0, one
can estimate E,;, which is the optical energy gap for the indirect transition. In the
region where E < E,;, the dependence of a on E obeys equation 5.13 ( assuming

allowed indirect transitions, i. e. j = 2, with assistance of phonon absorption) as

_4(E-E,+E,}

akn= 7
exp( %,TJ -1

The value of the phonon energy E can be obtained from the above equation

(5.22)

(equation 5.22) such that Fp, = Eq; - E at a= 0 (see Figure 5.16 for ZnSy 12Seoss). The
extrapolations of the linear portions of the tail to @= 0 in Figure 5.16 give phonon
energies of 95, 210 and 407 meV corresponding to optical phonon wave numbers 766,
1694 and 3283 cm, respectively. The optical phonon energies Egi, Eg and Eyys are
estimated for ZnS,Se, films and tabulated in Table 5.4. Transitions with phonon
assistance have been observed in ZnSe samples [125] with energies of 25, 75 and 120

meV.
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Figure 5.15: (aEn) '? versus E for ZnS,Sey.. thin films prepared by electron beam
evaporation onto glass substrates at 60 ° C with x values: 0.12 0, 0.35 o, 0.41a, 0.82v
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Figure 5.16: (atnE)”2 versus E for ZnSo12Seq s thin film prepared by electron beam
evaporation onto glass substrate at 60 ° C.
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