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The energy and temperature dependence of the absorption coefficient near the fundamental ab-
sorption edge has been measured in mixed single crystals of II-VI compounds. In all the crystals the
Urbach rule is valid. Prominent differences have been found in the temperature dependence of the
o parameter of these crystals, according to which class the crystal belorigs: amalgamated or per-
sistent type. Most of the results are explained by the Dow-Redfield theory of the internal Franz-
Keldysh effect. In order to explain the differences in the optical properties of the crystals of the two
classes (Raman, infrared reflection, and the optical absorption near the fundamental absorption
edge), a model of coupled oscillators was developed. The application of that model, together with
Toyozawa’s approach of the self-trapped excitons, helps to explain the above differences. The latter
theory was found to be applicable especially in the case where localization of phonons occurs.

I. INTRODUCTION

In a wide variety of materials the absorption coefficient
(a) near the fundamental absorption edge is energy (E)
dependent according to the Urbach rule:!

a=awexp[S(E —E,)], (1)

where ag and E, are material-dependent constants, and S
is the measure of the slope. This dependence refers to the
low-energy side of the energy gap, i.e., for E <E,. In ad-
dition a o parameter is defined as

o=8kT . (2)

In amorphous or polycrystalline materials o is linearly
temperature dependent,z'3 but in crystalline materials o
behaves as*’

fia

o=0, ﬁmf tanh

(3)

where 0 and #iw, are constants.

In alkali halides,*® fiw, fits the energy of the LO pho-
nons over the whole temperature range, while in pure II-
VI compound single crystals,” which are also piezoelec-
tric, #iw, fits the energy of the LA phonons in the lower
temperature range (T < 100 K), and the energy of the LO
phonons at higher temperatures.

In this paper we summarize the results of the measure-
ments of the absorption coefficient near the fundamental
absorption edge in two series of single crystals of two
mixed II-VI compounds: Zn,Cd,_,Se and CdS,Se,_,
crystals; and in two additional samples: ZnS; ;Se; ; and
CdSeg ¢5Tep 35-

Intensive use is made of a previous paper?® reporting
the preliminary results for single crystals of Zn, Cd, _, Se,
where the Urbach rule and the mechanism of the thermal
dependence of the absorption edge are discussed in detail.
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II. THEORY

Two physical processes have been proposed as the
source of the Urbach rule in pure single crystals. The
older and more commonly used theory, developed by
Toyozawa et al.,”!? ascribes the exponential shape of the
absorption coefficient to the coexistence of free excitons
and momentarily localized self-trapped excitons. In this
self-trapped excitons (STE) model, the excitons are
trapped by deformation-potential fluctuations due to
short-range acting phonons. The degree of their localiza-
tion by trapping is inversely proportional to the steepness
index o,

The second theory, developed by Dow and Redfield
(DR),!! ascribes the exponential shape of the absorption
coefficient to the influence of internal electric microfields
on the electron transition during the absorption process,
thus causing an internal Franz-Keldysh (FK) effect. The
electric fields can be generated in several ways, such as by
disorder (structural or compositional), impurities, or pho-
nons. The main feature of the DR theory is the use of
those internal fields in electroabsorption calculations, ex-
plaining the shift of the absorption edge as due to the
LO-phonon-induced electrical fields.

Theoretical considerations have led us to prefer the
DR theory when discussing the experimental results of
the measurements in the Zn, Cd, _, Se crystals. However,
more recent measurements in single crystals of
CdS, Se, _, have again raised the possibility of the useful-
ness of the STE model in the case of some mixed II-VI
compounds as well.

It is proposed here that in crystalline materials one can
use the o value of Eq. (3) as a sensitive indicator of inter-
nal disorder in the crystal, vibrational, structural, or
compositional. To confirm this approach, one has to re-
view some properties of the mixed single crystals of II-VI
compounds. These can be classified into two broad
categories according to the compositional dependence of
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their Raman and ir reflection spectra.

In the first class, known as the amalgamated type
(one-mode), the Raman and ir reflection spectra are simi-
lar to that of a pure crystal, and the phonons energies
vary continuously and linearly with composition between
the two limiting values of the pure constituents. Some
additional peaks appear in the Raman spectrum due to
anharmonic couplings between phonons. Crystals such
as Zn,Cd,_,Se (Ref. 12) and Zn,Cd,_,S (Ref. 13) be-
long to this class.

In the second class, known as the persistent type (two-
mode), a double spectrum appears, each spectrum corre-
sponding to one of the pure constituents of the mixed
crystal, with a slight dependence on composition. This
double spectrum is observed in the Raman spectra as well
as in the ir reflection spectra. Although the number of
peaks due to anharmonic couplings between phonons is
greater in this class than in the one-mode class, the main
peaks are definitely related to each of the pure original
crystals. Crystals such as CdS,Se, ,,'* ZnS Se,_,,"*
and CdS, Te,_,,'° belong to this latter class.

III. EXPERIMENT

The experimental apparatus, the measurement pro-
cedures and the preparation of the Zn, Cd,_, Se crystals
are described in a recent paper.® The CdS,Se,_, crystals
were prepared from the melt. All of them had a wurtzite
structure. The ZnS, ;Se, ; crystal was prepared by the
iodine vapor transport method. It had a zinc-blende
structure. The CdSe ¢sTe, 35 crystal was prepared by the
modified Bridgeman technique and had a wurtzite struc-
ture. All the measured crystals were a few mm? in area,
and their thicknesses varied between 80 and 250 um. At
thicknesses lower than 200 um the CdS,Se;_, crystals
were very fragile and tended to cleave in a direction per-
pendicular to their ¢ axes.

The crystals of the series of CdS,Se,;_, were of compo-
sitions x =0, 0.01, 0.27, 0.35, 0.73, 0.9, 0.95, and 1.0.

The crystals were also investigated by x-ray lumines-
cence in a scanning electron microscope (SEM) and by ir
reflection in an ir photospectrometer.

IV. RESULTS

A. General

Crystals of both classes were measured: the
Zn,Cd,_,Se crystals of the amalgamated type, and the
CdS, Se,_,, ZnS; ;Se, 3, and CdSe ¢sTe, 35 crystals of the
persistent type.

It was found out that the results of the measurements
of the fundamental absorption edge also exhibit clear-cut
differences, according to the crystal class. It should be
emphasized that all the crystals, of both classes, had a
definite and well-defined crystalline structure, as observed
in x-ray measurements. Only at compositions of
0.4 <x <0.6 does structural disorder appear in the
Zn,Cd,_,Se crystals due to lattice parameters misfits,
and also because of the structural transition from wurt-
zite at the lower values of x to zinc-blende at higher
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FIG. 1. In(ad) vs photon energy in Zn, ;Cd, ;Se (amalgamat-
ed).

values of x. The disorder in these crystals appeared in
the coexistence of domains of different structures in the
same bulk, like in Zn, sCd, sSe. In CdS,Se,_-, crystals
the compositional range of structural disorder is some-
what wider. As observed by x-ray luminescence in the
SEM, the substitutional atoms are randomly distributed,
also in the samples which exhibited a high degree of
structural disorder. In samples of CdS, Se,_, with values
of x =0.27, 0.35, and 0.73, the structural disorder was
expressed through the appearance of powderlike domains
with no definite crystalline structure. These domains not
only influenced the x-ray oscillation photographs, but
were also clearly visible under an optical microscope.

The ir reflection measurements in Zn,Cd, _, Se crystals
also proved the existence of a continuous, almost linear
variation of the optical phonon energies with composi-
tion. Results of similar measurements of CdS,Se,_,
crystals are taken from literature.

The behavior of the mixed single crystals will now be
discussed in detail. In all the crystals, of both classes, the
absorption coefficient near the fundamental absorption
edge depends on the photon energy (E) according to the
Urbach rule. That is proven by the linear dependence of
In(ad) versus E, as can be seen in Figs. 1 and 2. d is the
crystal’s thickness.

T T T T T T T ]

r
i CdSo.95S0.05 ‘
- -
!
5 |
B 09+ —
< |
| ]
r 1
0.5 i i i L i L { L I
2.345 2.350 2.355 2.360 2.365

Energy (eV)

FIG. 2. In(ad) vs photon energy in CdS, 9sSe os (persistent).
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FIG. 3. o vs temperature in Zn, 30Cd, 70Se (amalgamated).

B. Amalgamated-type crystals

In Zn, Cd,_, Se crystals, the variation of o with tem-
perature is undoubtedly according to Eq. (3). An exam-
ple is illustrated in Fig. 3, and all the other crystals of
that series exhibited a similar temperature dependence of
o. At lower temperatures (T <90 K) the value of fiw,,
which is calculated as a fitting parameter, fits the energy
of the LA phonons, and in the higher temperature range,
fiw, fits the energy of the LO phonons. Both values of
fiw, (which correspond to the low and high temperature
ranges) follow the compositional dependence of the LA
and LO phonons energies as have been observed in the
Raman spectra of those crystals. The o, values in the
LO phonon range varied between 2.3 and 2.7, which are
similar to the values of o, in the pure crystals.* But
when structural disorder appears as x gets closer to 0.5,
for example in Zng 4Cd, ¢Se, the o value (for Elc polar-
ization), decreases to 1.4. The influence of the increased
disorder is apparent also through growing discrepancy
between the experimental temperature dependence of o
and the theoretical values according to Eq. (3), as can be
seen in Fig. 4.

On the other hand, the value of o, for the LA phonon
range, in all the Zn, Cd, _, Se crystals, varies between 0.6
and 1.6, with no clear correlation with the crystal compo-
sition.
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FIG. 4. o vs temperature in Zng 4Cd, (Se (amalgamated).
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FIG. 5. o vs temperature in CdS, ¢Se; ;o (persistent).

C. Persistent-type crystals

In CdS,Se,_, crystals the temperature dependence in
general also fitted Eq. (3), as can be seen in Figs. 5 and 6.
The discrepancy between the experimental values of o
and Eq. (3) is more noticeable as x approaches the value
of 0.5, and it increases even more strongly when structur-
al disorder appears. On the whole, the fit of the experi-
mental values of o to Eq. (3) is better in the
amalgamated-type crystals than in the persistent-type
crystals.

The measured values of o, #w, and E, of the
persistent-type crystals are shown in Table I. (For the
pertinent values for the Zn,Cd, _, Se crystals, see Ref. 8.)

In the CdS,Se,_, crystals, as well as in the
Zn,Cd,_,Se crystals, at temperatures lower than ap-
proximately 90 K, the o values behave according to Eq.
(3), with #iw, which fits the energy of the LA phonons
rather than the energy of the LO phonons. The value of
0, is about 1.0, and is not influenced by the crystal com-
position. However, when x approaches the value of 0.5,
the temperature dependence of o tends to become linear
(see Fig. 7).

The value of #iw, in the higher temperature range fits
the energy of an “effective” LO phonon, whose energy
varies continuously, but not linearly, with composition,
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FIG. 6. o vs temperature in CdS, ;,;Se, ,; (persistent).
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FIG. 7. o vs temperature in CdS, ,;Se, ;; (persistent) in the
low-temperature range (LA phonons).

i.e., with x.

As can be seen from Table I, when x approaches 0.5,
the value of o decreases for both polarizations. When
structural disorder is observed, as in x =0.27, 0.35, and
0.73, the decrease in the o values becomes even more no-
ticeable.

Measurements of ZnS, ,Sey; and CdSey ¢sTeg 35 also
exhibit low values of o of 1.4—1.6 for the higher temper-
ature range and significant deviations from Eq. (3), but
definitely not towards a linear dependence on tempera-
ture.

D. The absorption edge

The energy of the absorption edge was measured at a
high and constant value of a, =800 cm~!. Its shift with
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FIG. 8. E, and gap energy (at room temperature) vs compo-
sition in Zn, Cd, _, Se (amalgamated).

temperature (in the higher temperature range) behaves as

fiwg

KT 1—coth

E (T)=E,(0)coth +E,

b

9
2kT
(4)
as was previously calculated in Ref. 8. fiw, is the energy
of the LO phonons, which also appears in Eq. (3). E (T)
is the gap energy at a=a, at temperature T, and the con-
stant energy E is a constant of the Urbach rule [Eq. (1)].
The compositional dependence of the room-tem-
perature E, (RT) absorption-edge energy is different in
the two crystals classes: In the Zn, Cd,_,Se crystals this
dependence is linear for all the crystals with the wurtzite
structure (x <0.4) (Fig. 8), while in CdS,Se,_, this
dependence is parabolic (Fig. 9) rather than linear.

TABLE 1. The values of o and #iw, in the two temperature ranges, and E, vs composition in the persistent-type crystals. Str.

denotes structure; Pol., polarization; W, wurzite; and Z, zinc-blende.

Low temperatures

High temperatures

Crystal x Str. Pol. #iw, (meV) fiwy (meV) oo E, (eV) E,(RT) (eV)

CdS, Se,_, 0.00 w Elc 7.0 1.05 27.0 2.30 1.895 1.727
0.01 w Ejc 10.0 1.20 27.0 2.20 1.976 1.804
0.01 w Elc 27.0 2.50 1.954 1.785
0.27 w Ejic 12.0 1.00 30.0 1.80 2.040 1.877
0.27 w Elc 12.0 0.95 30.0 1.80 2.051 1.870
035 W  Ejc 31.0 1.30 2.097 1.999
0.35 W Elc 31.0 1.50 2.230 1.966
073 W  Ejc 35.0 1.36
0.73 w Elc 35.0 1.51
0.90 w Ejc 37.0 1.74 2.534 2.345
0.90 w Elc 37.0 1.80 2.537 2.329
0.95 W E|c 37.5 1.74 2.613 2.409
0.95 w Elc 375 1.90 2.625 2.393
100 W  E|c 38.0 2.60 2.662 2.420
1.00 w Elc 38.0 2.80 2.650 2.402

ZnS, Se,_, 070 Z 1.4-1.5

CdSe, Te,_, 0.65 w Ejc 23.5 1.60 1.629 1.469
0.65 W Elc 23.5 2.00 1.593 1.454
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V. DISCUSSION

These results have to be discussed in terms of the
influence of spatial disorder, as expressed through its
influence on the electric microfields which determine the
slope parameter S in the Urbach rule equation. As is
known, the slope parameter is equal to'

S=C/F,p, ()

where C is a constant, and F is the root mean square
of the average square internal electric field, which dom-
inates the absorption process. Using Egs. (2) and (5), the
temperature dependence of the o parameter serves to in-
dicate the source of those electric fields.

The results of the measurements in the amalgamated-
type crystals, as well as in the persistent-type crystals, in-
dicate that the dominant electric fields in these crystals
are generated by the piezoelectric LA phonons at lower
temperatures, and by LO phonons at higher tempera-
tures. This dependence of o on the phonon energies in
both crystal types leads to the conclusion that in both
cases the dominant electric internal fields are not deter-
mined by structural or compositional potential fluctua-
tions. If it were so, the dependence of o on temperature
would be linear, as in amorphous or polycrystalline ma-
terials.>> Those very same electric fields, induced by the
phonons, also determine the thermal shift of the
absorption-edge energy, as indicated by the experimental
results, which fit Eq. (4).

However, the decrease of the value of o in the LO
phonon range with increasing disorder suggests that the
o, value is a sensitive indicator for the localization of ex-
citons due to electric fields, whatever their source might
be. It should be emphasized that only the value of o
which corresponds to the LO phonon range decreases
with increasing disorder, while in the LA phonon range
the influence is only on the form of the temperature
dependence of o and not on the o value.

In explaining the fundamental difference in the compo-
sitional dependence of the Raman and ir reflection spec-
tra of the crystals of those two classes, it has been sug-
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gested previously'’ that in the amalgamated-type crystals
the two vibrational systems of the pure constituents of
the mixed crystal merge into one system of strongly cou-
pled oscillators, with one single averaged frequency for
each phonon type. In the persistent-type crystals, on the
other hand, each pure constituent preserves to a large ex-
tent its own vibrational spectrum, as the system acts as
an ensemble of weakly, almost uncoupled oscillators.

This model of coupled oscillators can account also for
the difference in the influence of composition on the tem-
perature dependence of the o parameter between the two
classes.

In the amalgamated-type crystals all the LO phonons
belong to a single vibrational frequency system, and most
of them have similar frequencies. Therefore the electric
fields at each crystal site are determined by phonons of
similar frequencies, as in a pure single crystal. Hence,
the exciton’s degree of localization is like that in a pure
crystal, i.e., relatively low, and thus its o value is in the
same range of values as in the pure crystals.

On the other hand, in the persistent-type crystals, the
electric fields at each site are determined by phonons of
different frequencies, depending on the individual ions
present in the close vicinity of that site. The uncoupling
between their vibrations contributes also to the localiza-
tion of the LO phonons in the persistent-type crystals,
causing the dominant interactions to be with short-
wavelength phonons. In the case of the amalgamated-
type crystals, the strong coupling enables the propagation
of long-wavelength phonons through the crystal, as well
as short-wavelength phonons. The contribution of two
different localized phonon systems in the persistent-type
crystals introduces an effect of spatial disorder in the
electric field distribution. Consequently, in the
persistent-type crystals the exciton is localized in a
confined volume, whose dimensions decrease as the pure
constituents equalize in concentration, i.e., as x ap-
proaches 0.5. This localization results in the decrease of
the o, value. When structural disorder is introduced, the
dimensions of the confining volume decrease, and that re-
sults in a further decrease of the o, value. In the
amalgamated-type crystals, only structural disorder
causes localization of the exciton, and therefore only at
x =0.4, where our samples are close to the region of
structural transition, does a decrease in the o, value
occur.

It should be emphasized that the potential wells which
localize the excitons in the mixed crystals differ in their
causes and dimensions from those in the STE model. In
the STE model these wells are created by the deformation
potential of short-wavelength phonons, and so their di-
mensions do not much exceed the unit cell. Such poten-
tial wells are far too small and too weak to localize
Wannier-type excitons, with large radii, which exist in
the II-VI compound single crystals, pure or mixed. In
the mixed crystals the potential wells are much wider,
since they are correlated with the spatial distribution of
the substitutional atoms, and they are created by the un-
coupling between their vibrations (in the persistent-type
crystals). In the temperature range which is influenced
by the LA phonons, the influence of the changing compo-



4676

sition is quite different.

As also observed in quantum-well structures'®!? of
GaAs/Al,Ga,_, As, the localization of the LO phonons
does not influence their spectrum, while the LA phonons
are almost destroyed by increased localization into a
more confined volume. This explains the difference in the
influence of the composition on the temperature depen-
dence of o in the two temperature ranges in the
persistent-type crystals: In the higher temperature range
the phonons are not destroyed by their localization, and
therefore the average electric fields induced by them con-
tinue to increase with temperature, causing the fit of the
experimental values of Eq. (3). The value of #w, is that of
an “‘effective” phonon because the exciton radius includes
several unit cells, and so averages its vibrational frequen-
cy over a few crystal sites. However, the uncoupling be-
tween the oscillators causes the increasing discrepancy of
the experimental results from Eq. (3). In the LA phonon
range, the localization of the phonons almost destroys
them, and the electric fields induced by structural disor-
der overcome the electric fields induced by the phonons.
Consequently, the experimental values of o tend towards
a linear dependence on temperature, since the electric
fields induced by structural or compositional disorder are
constant and independent of temperature. An additional
reason for observing the influence of the structural disor-
der preferentially over the electric fields of the LA pho-
nons is that the electric fields of those phonons are far
weaker than the fields induced by the LO phonons, since
they are induced by the piezoelectric effect and not
“directly” like the LO phonons. The influence of the
structural disorder is of the same nature as the LA pho-
nons, i.e., characterized by changes in density and the in-
troduction of strains, accompanied by piezoelectric fields.
In the amalgamated-type crystals no localization of pho-
nons occurs, and so the experimental results fit Eq. (3) in
all the compositions, at both temperature ranges.

The influence of the localization of the exciton on the
value of o has been observed in the quantum-well struc-
tures” of GaAs/Ga, Al,_, As. Every decrease in the di-
mensions of those wells was followed by the widening of
their excitons. This widening, which is temperature in-
dependent and is correlated with structural factors, is
equivalent to the decrease in the value of o on the low-
energy side of the exciton (E <E,). The widening of the
exciton causes the decrease of the slopes of the absorp-
tion coefficient over the whole temperature range, and
consequently the decrease of the o, value.

The use of the o value as an indicator for the degree
of localization of the exciton can be viewed also in a wid-
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er context: In alkali-halides,* which are highly ionic, the
values of o, range between 0.75 and 1.0; in II-VI com-
pounds (in the LO-phonon range) between 2.2 and 2.8;
and in ITI-V compounds,?! o, is about 4.0-4.5. (These
values refer to pure single crystals.) As the crystal be-
comes more covalent and less ionic, its excitons have
larger radia and they are less localized. As a result, their
o values are higher.

VI. CONCLUSIONS

The absorption coefficient near the fundamental ab-
sorption edge is energy dependent according to the Ur-
bach rule in mixed single crystals of II-VI compounds as
well as in pure single crystals. The internal electric
microfields which determine the slope parameter are in-
duced by the LA phonons at lower temperatures, and by
LO phonons at higher temperatures.

Essential differences in the absorption spectra of the
crystals have been observed according to which class the
crystal belongs, as in the case of the Raman and ir
reflection spectra. These differences are explained by a
model which describes the amalgamated-type crystals as
an ensemble of coupled oscillators, while the persistent-
type crystals are described as an ensemble of uncoupled
oscillators. One of the results of this model is the intro-
duction of localized-phonon-induced disorder even in
crystals with well-defined crystalline structures and com-
positional homogeneity.

The experimental results are explained by the Dow-
Redfield theory, with partial application of Toyozawa’s
theory of the self-trapped excitons, as being due to the
influence of both spatial and vibrational disorder on the
localization of excitons. As far as is known, this is the
first time those two theories are applied in the same ma-
terial. Until now, the classification of the excitons in the
material as Frenkel- or Wannier-type excitons deter-
mined the preferred model: Toyozawa’s self-trapped ex-
citons model for the Frenkel-type excitons, and the Dow
and Redfield model for Wannier-type excitons, in accor-
dance with the basic assumptions of each model. We
succeed in integrating both theories, thus illuminating the
different aspects of our experiments.
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