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Urbach rule in mixed single crystals of Zn„Cd& „Se
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The dependence of the absorption coefficient on the photon energy and on temperature near the
fundamental absorption edge was measured in mixed single crystals of Zn, Cdl Se, for x=0, 0.04,
0.3, 0.4, and 1. Exponential dependence of that coefficient according to the Urbach rule was ob-
served. The thermal dependence of the slope parameter indicates that the absorption is influenced by
the phonon-induced electric microfields and not by compositional or structural potential fluctuations.

Up to about 90 K the magnitude of Acro fits the energy of the piezoelectric LA phonon, and at higher
temperatures Acro fits the energy of the LO phonon. The energy %coo of the LO phonons varies linear-

ly within the experimental error with x, from 27 meV for CdSe to 31 meV for ZnSe, and is in good
agreement with the Raman spectra measured for these amalgamated behavior-type crystals. The en-

ergy gap, measured at room temperature, and the value of Eo change linearly with composition for
the hexagonal phase crystals. The absorption process can be considered as an internal Franz-
Keldysh effect, caused by the phonon-generated electric fields. It is described in the framework of
the Dow-Redfield model, which ascribes the Urbach rule to the ionization of the exciton, as an exten-
sion of the Stark shift.

INTRODUCTION

where ao and Eo are fitting parameters which are in-
dependent of temperature. That behavior of the absorp-
tion coefficient has been observed in ionic materials as
well as in covalent and doped crystals. From the applica-
tion of the one-electron approximation for direct transi-
tions, which is the case in I-VII and II-VI compounds, it
would be expected that

a ~ (E —Eo)' ' (2)

which is not in agreement with the experimentally ob-
served absorption spectra.

The exponential dependence of the absorption
coefficient has been observed also in amorphous ' and
polycrystalline materials, but while in this type of material
the slope parameter S is independent of temperature, in
single crystals S is temperature dependent.

Another pertinent parameter is o. =SkT, where k is the
Boltzmann constant and T is the absolute temperature.
In pure ionic crystals cr has been found to vary as: '

2kT „~oo- =o-o tanh

where o.o and ~o are constants.
The energy %coo of Eq. (3) has been found experimental-

ly to fit the energies of the phonons in the crystal. In al-

The optical-absorption coefficient near the fundamental
absorption edge depends on the photon energy and tem-
perature according to Urbach rule

a =aoexp[S (E Eo )], —

kali halides %coo fits the energy of the LO phonon over
the whole temperature range. In pure single crystals of
II-VI compounds, which are not only partially ionic, but
also piezoelectric, the value of %coo depends on the temper-
ature range. Up to about 80 K %coo fits the energy of the
piezoelectric LA phonon. From that temperature up %coo

fits the energy of the LO phonon. This behavior has been
shown experimentally for ZnS of various crystalline struc-
tures and presently also for CdSe and ZnSe as well.

In contrast to the pure crystals, the absorption edge of
mixed crystals has not yet been extensively studied. The
mixed II-VI compound crystals do, in many cases, change
their optical and electronic properties continuously with
composition. Thus, for example, their absorption edge
can, in many cases, be adjusted to fit a specific energy
range.

The mixed crystals can be divided into two classes, ac-
cording to the compositional dependence of their spectral
properties. In some known amalgamated-behavior-type
crystals, such as Zn Cd~, Se (Ref. 10) and Zn Cd| „S
(Ref. 11), the physical crystal properties vary continuously
with composition. The average lattice constant, the pho-
non energies, and other properties as well, vary continu-
ously, usually nearly linearly, with composition, i.e., with
x, although anharmonic effects may appear as a conse-
quence of the mixing of the two constituents. In
persistent-behavior-type crystals, examples of which have
been found in ZnS„Se& „(Ref. 12) and CdS„Se, ,

' the
two constituents exhibit two independent Raman spectra,
probably due to localized LO-phonon fields associated
with the pure constituents. '

The purpose of the present research is to study the
optical-absorption process near the fundamental absorp-
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There are two main theories suggested for the explana-
tion of the Urbach rule in pure single crystals.

The more commonly used theory, developed by Toyo-
zawa and Schreiber, ' ascribes the exponential shape of
the absorption coefficient to the coexistence of free exci-
tons and momentarily localized self-trapped excitons. In
this case, the exciton after being created interacts with the
surrounding phonons through their deformation potential.

The self-trapping of excitons model' is applicable to
highly ionic crystals, like the alkali halides, and to exci-
mers in molecular crystals. The local nature of the self-
trapping limits its applicability to cases in which the exci-
tation radius is small and the excitation is localized, or
equivalently the effective mass of the hole is much larger
than the electron effective mass. In alkali halides, the
coupling to phonons is strong, and because of the high
ionicity the effective mass of the hole is about 10 times
larger than that of the electron. Therefore, when the hole
is trapped in a small radius state, the electron is attached
to it by the strong Coulombic interaction due to the small
dielectric constant.

In II-VI compounds the exciton radius is much larger
than in the alkali halides, due to the higher dielectric con-
stants which decrease the Coulombic attraction between
the hole and the electron. In addition, according to data
obtained by other methods, for pure crystals the ratio
mz /m, (Ref. 17) is smaller than 10, and its value is about
5 —6, or even less. Furthermore, since the trapping of the
exciton is determined by the exciton-phonon coupling
constant, which is quite small in IE-VI compounds, the
exciton there is almost free.

For all of these reasons the Dow and Redfield (DR)
model gives a better description of the optical-absorption
mechanism in the II-VI compound single crystals.

The main features of the theory will be presented here,
and for further details see the Appendix.

According to the DR (Ref. 18) theory the phonon-
induced electric microfields create new energy states in
the forbidden energy gap below the ground state of the 1S
exciton. These states enable the exciton to tunnel out
from its quasibound state into the potential trough beyond
the Coulombic potential barrier, or equivalently —to be
ionized and have a part of its wave function free. This is
an internal Franz-Keldysh effect caused by the phonon-
generated electric microfields. It is the extension of the
weak-field Stark effect beyond the mere polarization of the
exciton to its full ionization.

According to theoretical calculations carried out for
electroabsorption, when an external electric field (F, ) is

applied on the crystal

ln(a) cc (E Eo), —C
(4)

tion edge in Zn„Cd& Se single crystals. Through the
thermal dependence of the o. parameter it can be deduced
whether the compositional fluctuations or the crystal pho-
nons have the major influence on the absorption process.
The character of the thermal shift of the absorption edge
can also be used to strengthen the consequent con-
clusions

s.
THEORY

where C and Ep are constants.
When the field is induced by internal factors, the exter-

nal field F, is replaced by an average effective field. In
disordered systems, like in the amorphous and polycrys-
talline materials, the average field is due to random spatial
potential fluctuations. Therefore the average field is tem-
perature independent. In single crystals the electric fields
are induced either by phonons or by charged impurities.
When the electric fields are induced by the impurities in
the crystal, ' ' the average field depends both on the tern-
perature and on the concentration of those impurities.
This is the case in doped covalent materials. In alkali
halides the fields are induced by the LO phonons over the
whole temperature range. In II-VI compounds those pho-
nons dominate the electric fields only at the higher-
temperature range. Assuming a Gaussian distribution of
those fields yields:

i6cop Scop(F ) = q, coth
3~g* 2kT

where %cup is the energy of the LO phonon,
(1/e —1/eo)=e* is the effective dielectric constant, and

q, is the polaron cutoff wave vector. The best evaluation
of q„suggested by DR and based on the uncertainty prin-
ciple yields:

2EpAct) p ACOp
F, , = cot}1

v'3@*ca~ 2k T (6)

where a is the 1s exciton radius.
The value of "a" in the pure crystals is computed from

the binding energy E& which equals e /2E'pa.
Evaluation of the electric fields induced by the

piezoelectric LA phonons is carried out with the third-
rank piezoelectric tensor e:

F= q e(Vu),4n
eq

(7)

Hence, the thermal dependence of the slope parameter
and consequently of the o. parameter can indicate the per-
tinent source of the electric microfields which influence
the absorption process.

EXPERIMENTAL PROCEDURE

The Zn Cd& „Se single crystals were grown from a
high-temperature solid solution in Se, using the
temperature-gradient solution zoning (TGSZ) technique.
The growth starts from purified CdSe and ZnSe powders
in the desired ternary composition with the addition of 10
at. %%uoSe. Th ecrystallin estructur eof th e ternar ysoli d
solution depends on their composition. For x&0.4 the
crystals are of hexagonal (2H) structure. ' For x&0.6 the
crystals are of cubic (3C) structure. For 0.4&x &0.6 both

where Vu is the displacement vector. The influence of
piezoelectric fields on the Urbach rule has also been
shown for GaAs (Ref. 23) and ZnS.

Comparing Eqs. (1) and (4) results in

CS=—
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structures appear, and the bulk is polycrystalline. In the
present research no single crystal could be obtained with
x=0.5, and a polycrystalline boule grew instead.

The crystals that were measured in the present report
were of compositions x=0, 0.04, 0.3, 0.4, and 1. All of
them, except ZnSe (x= 1) were of hexagonal phase. ZnSe
was of cubic structure.

The crystals were cut into platelets, in most samples
with their t" axis perpendicular to the largest surfaces.
The samples were ground and etched in a Br-methanol
solution to 80—150 pm thickness.

The experimental apparatus consisted of a 12-V 100-W
tungsten-halide light source, a Spex 1401 double mono-
chromator and a computerized system to run the experi-
ment. The samples were glued to a metal disc in a Heli-
tran cryostat, and the measurement temperatures were be-
tween 13 and 300 K. The zero-absorption value for cali-
bration purposes was assumed to exist at about 1000 A
from the absorption edge. This calibration then includes
also scattering and reAection corrections, since in the rnea-
sured energy range those factors change only slightly,
while the absorption changes by several orders of magni-
tude. The spectral responsivity of the measuring system
was also normalized. Samples with their c axis parallel to
their largest surfaces have been measured with polarized
light with the electric vectors both Etc and E~~c.

RESULTS AND DISCUSSION

All the measured samples, over the whole composition-
al range and at all temperatures have shown the exponen-
tial dependence of the absorption coefficient on energy as
described by the Urbach rule. The slope parameter S and
the cr parameter were obtained from the plot of ln(o.d)
versus the photon energy, where d is the sample thickness.

The thermal dependence of the o. parameter in CdSe
(Elc polarization), ZnSe, Znp 3Cdp 7Se (both polariza-
tions), and Znp 4Cdp 6Se (both polarizations) are shown in
Figs. 1 —6. Similar dependence for Zno o4Cdo 96Se has
been observed as well.

The o. parameter increases with temperature according
to Eq. (3). The values of o.

p and Atop for each curve have
been calculated as fitting parameters. The values of vo,
ficop, and Ep which appear in Eq. (3) are shown in Table I
for all the measured crystals.
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FIG. 2. Intrinsic o. vs temperature in ZnSe.

. Q
f

r r T T t 3 T T t T t T t 7 p t 1 r t & t r - ~ 't y y ~ rq3.

Since the measured crystals are of the amalgamated-
behavior type, the values of the dielectric constants eo and
the radius of the exciton a have been considered as ap-
proximately linearly dependent on composition between
the values of the pure crystals (x=0,1). Raman measure-
ments show a linear dependence of the energy of the LO
phonons in Zn Cd& Se on composition. ' The energies
of the LA phonons have been calculated by the ratio of
the LO and LA phonons' energies in similar II-VI crys-
tals with the same crystalline structure.

The thermal shift of the energy gap has also been mea-
sured. The gap energy was measured at ad=9.0, which
corresponds to o. =900 cm '. The experimentally ob-
served dependence of the gap energy on temperature
supports the theoretical argument that the thermal shift is
caused by the phonon-induced electric fields, which de-
crease the effective band gap by an internal Franz-
Keldysh effect.

Figure 7 shows that the compositional dependence of
the absorption-edge energy at room temperature is linear
for all these hexagonal-phase crystals.

The thermal dependence of the o. parameter indicates
that the electric microfields which are involved in the ab-
sorption process are induced by phonons and not by com-
positional or structural potential fluctuations. Up to
about 80—90 K the value of Acro fits the energy of the LA
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FIG. 1. Intrinsic o. vs temperature in CdSe, Elc polarization.
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FIG. 3. Intrinsic o. vs temperature in Zno 3Cdo 7Se, ELC po-
larization.
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larization.

phonons, and from that temperature above, %coo fits the
energy of the LO phonons. The values of o.o vary within
the range of values known for other II-VI compounds
pure single crystals.

The value of oo for Elc is lower than for Effc. Similar
phenomena have been observed for ZnS (Ref. 9) of various
crystalline structures. The values of Eo which appear in
Eq. (1) have been deduced from the plots of ln(ad) versus
photon energies at various temperatures. Eo for the mea-
sured crystals varies continuously with composition as
shown in Fig. 7.

Extrinsic absorption by impurities has been observed at
energies far below the absorption edge. The o. values of
that absorption are 1 —2 orders of magnitude less than
those of the intrinsic absorption.

EXAFS measurements of another amalgamated-
behavior-type crystal of similar structure show that the
two constituents distribute randomly over the crystal, and
that the system has a well-defined crystalline structure.
The cation sublattice remains almost fixed, and only the
anion sublattice is somewhat distorted.

Our results show that the dominant electric microfields
are determined by the single phonon frequencies of a
well-ordered structure. However the compositional and
structural potential fluctuations are the reason for the ap-

pearance of long-lived excitons in delayed photolumines-
cence measurements. Since a large fraction of the
luminescence comes from tail states, which absorb only
about 1% as strongly as the bulk states, and since these
states correspond to highly disordered regions of the solid,
photoluminescence spectra are far more sensitive to poten-
tial fluctuations than absorption spectra.

When structural disorder increases, it influences also
the absorption spectra. Among the measured samples
Zno 4Cdo 6Se is the closest to the range where both crystal-
line structures appear in the same bulk. According to the
mentioned EXAFS measurements, the nearest-neighbor
distance depends on the identity of that neighbor. When
the concentrations of the two constituents of the mixed
crystals are close, the size of the misfits and the number
of dislocations is large which results in local-scale disor-
der. The effects of that disorder have been observed also
through anharmonic effects in second-order Raman spec-
tra. "

The influence of the structural disorder on the charac-
ter of the absorption spectra of Zno 4Cdo 6Se results both
in the relatively large discrepancy between theory and the
experimental results of the thermal dependence of the o.

parameter, and also in the especially low values of o.o for
the LO-phonon range, which are also close to the o.
values of the LA-phonons range, for both polarization
directions. The influence of disorder has also been ob-
served in this case through the relatively large and well-
defined o. values of the extrinsic absorption, far below the
absorption edge and over the whole measured temperature
range.

SUMMARY

It has been shown that in mixed single crystals of
Zn Cd& Se the absorption coefficient near the funda-
mental absorption edge is energy and temperature depen-
dent according to the Urbach rule, like in the case of pure
II-VI compound single crystals. The thermal dependence
of the slope parameter indicates that the electric fields
which influence the absorption coefficient are the phonon-
induced fields, and not those which are generated by the
corn positional or structural fluctuations. Up to about
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TABLE I. The values of o.
p and Scop (of Urbach rule) in the two temperature ranges, and Ep versus composition. H and C denote

hexagonal and cubic, respectively.

Structure Polarization
Low temperature

Scop (meV) Op

High temperature
ficop (meV) Op Ep (meV)

0
0.04
0.3
0.3
0.4
0.4
1

H
H
H
H
H
H
C

Elc
Elc
E/I c
Elc
E[c
Eic

7.0
7.5
9.0
9.0

11.0
11.0
10.0

1.05
1.31
1.05
0.61
1.60
1.00
1.00

27.0
27.5

28.5

28.5
29.0
29.0
31.0

2.30
2.73
2.70
2.31
2.55
1.40
2.40

1.895
1.957
2, 182
2.148
2.246
2.246
2.887

APPENDIX

The theoretical basis for the DR theory is Elliott's ap-
proach, which assumes the validity of the effective-mass
approximation, and expresses the optical-absorption
coefficient in terms of the wave function of the relative
motion of the electron and the hole which constitute the
exciton. Final-state' ' interactions have to be intro-
duced in order to obtain good agreement between the
theory and experimental results. The resultant absorption

3.0

(eV) ZnxCdi-xSe
EzC

0—

2.5

E.(x)

2.0
g(x)

100 K the fields are induced by the piezoelectric LA pho-
nons and at higher temperatures by LO phonons. The
influence of the increasing disorder is observed in
Znp 4Cdp 6Se by the greater divergence of the experimental
results from the theoretical curve which corresponds to a
well-ordered crystal. Further evidence for the increasing
disorder is also observed in greater values of the o. param-
eter of the extrinsic absorption far below the absorption
edge.

The continuous variation of the LO phonons energies
with composition appears also in the value of the phonon
energy Scop on which the o. parameter depends. This vari-
ation of Scop is in agreement with the results obtained by
Raman spectra of such crystals. The value of Ep also
varies linearly with composition in the hexagonal crystals.
The values of the o.

p fitting parameter are similar in size
to those of other pure II-VI compound single crystals.

2p epr
eF, z U (—r)=E,, U, ,(r), (A2)

where r =
~

r
~

is the exciton radius, and z is the direction
of the applied field. The final-state interaction is
represented by e /2epr.

The absorption coefficient depends on the energy of the
photon as

a(E) ~ g ~
U, (0)

~

5(E E,, ), — (A3)
1'

where
~

U, , (0)
~

is the electron-hole overlap squared, i.e.,
the probability that their spatial positions coincide.

In the absence of nonuniform electrostatic potentials in
the crystal, the external electric field potential drop—eF,z is replaced by V, (R, , r), which is the potential
energy associated with the microfields in the crystal. (R,
is the position vector of the center of mass of the exciton. )

The main possible sources for those microfields are
charged impurities, disorder potential fluctuations, and
LO phonons. In piezoelectric materials the rnicrofields
can be induced also by LA phonons.

One of the main features of this model is that it yields
the exponential shape of the absorption coefficient in-
dependently of the microfields's sources and distribution.

The optical-absorption coefficient a, in the presence of a
uniform electric field F has been shown to be field and en-
ergy dependent as

coefficient is

a(E)~e,(E)=C'g
~
(U;, "(r)) ~'

k

X 6(E —E, (k) +E„,(k) ), (A I)
where E =%co is the photon energy, and C' is effectively
constant over the relevant range of photon energies.

The application of a uniform electric field affects only
the relative motions of the electrons and holes and not
their free-particle-like center-of-mass motion, because the
whole exciton is electrically neutral.

The relative motion wave function U, , (r) solves the
Schrodinger equation

0.0 0.2 0.4 0.6 0.8 1.0
Ca(E) ~ exp (E Eo)——
F (A4)

FIG. 7. Energy gap (measured at room temperature) and Fp
(of Urbach rule equation) vs composition.

where C is a constant.
In the presence of various internal microfields (and ab-
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sence of an external field), a is averaged over the whole
field distribution P (F) %COP 3 SCOP(F )= q coth

377+ 2 T
(A7)

(a(E)) = f P(F)a(E,F)dF . (A5)

P(F)= (F )
3

—3/2

4~F exp2 3F
2(F') (A6)

Since the field distribution P (F) is sensitive to the
source of the microfields, the thermal dependence of a(E)
gives an indication as to this source.

Evaluation of P(F), which begins with the Frohlich
Hamiltonian for the electron-phonon interaction, results
after algebraic manipulations, in a Gaussian distribution
of those fields

where q, is the polaron cutoff, and e =(1/e —1/ep)
is the effective dielectric constant.

The best evaluation for q„based on the uncertainty
principle results in

(q, a)'= 2Ep ACCT p~pcoth
~EI,e*

(A8)

where Eb is the binding energy of the 1S exciton, and a is
its radius.

Taking Eb as equal to e /2epa yields

Carrying out the integration a E,F P F dF yields

2Ep pF„s= coth
v'3g*~ea 2k T

(A9)
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