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Urbach tail, disorder, and localized modes in ternary semiconductors
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We analyze the role of localized modes, produced by structural disorder, in the formation of the optical-
absorption edge in semiconductors. Such modes give rise to an additional energyhdnd , above the average of
the optical modes in the ordered sample. In the present study, this interpretation is confirmed experimentally
from a study of infrared absorption spectra of several samples of the semiconductor CuGaTe2. The high value
of hnp found in these samples, higher than the average of the 14 Raman modes of the ordered sample, is in
good agreement with the average of all the optical and localized modes. Previous models involving disorder are
discussed and derived from the thermal/disorder broadening of a harmonic oscillator with average frequency
associated with the measured phonon modes. Our quantitative interpretation in terms of phonon frequency shift
can be extended to a more general class of crystalline/amorphous semiconducting materials.
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I. INTRODUCTION

The thermal broadening of the band tails that modify
optical-absorption edge according to Urbach-Martiens
rule is a very general phenomenon for insulators such
ionic and organic crystals and semiconductors. The abso
intensity a(E) of the incident photons of energyE follows
the relation

a~E!5a0exp@2s~E02E!/kBT#, ~1!

wheres is known as the steepness parameter.a0 , s, andE0
are independent of the incident photon energy. Such t
perature dependence reveals the involvement of exci
phonon interactions.1 The steepness parameters of the Ur-
bach rule, describing the optical-absorption coefficient j
below the band edge in insulators and semiconductors
given by the empirical relation1

s5s0

2kBT

hnp
tanhS hnp

2kBTD . ~2!

Here s0 is a temperature-independent constant propose
be inversely proportional to the exciton-phonon interact
strength. The energy parameterhnp was considered initially
to be the energy of phonons involved in the formation
photon absorption edge, and the Urbach energyEU
5kBT/s was expected to be a direct measure of
temperature-induced disorder. Later, the Urbach tail was
associated to the topological or site disorder contributi
Cody et al.2 proposed a phenomenological model that
counts for the latter contribution to the Urbach energy
including a temperature-independent term proportional to
deformationX produced by disorder
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EU~T!5
kBQ

s0
F11X

2
1

1

exp~Q/T!21G , ~3!

whereQ is the Einstein characteristic temperature that c
responds to the mean frequency of phonon excitations
system of noninteracting harmonic oscillators. Although t
model satisfactorily explained theEU versusT data of a va-
riety of materials,3 it deviates significantly from the observe
behavior of the Urbach energy in ternary compounds.4 This
is to be expected because the model of Codyet al. considers
only the effect of topological disorder and, therefore, m
not be applicable to crystalline semiconductors that h
structural defects caused by substitutional disorders, ca
and anion vacancies, and interstitials.

To explain theEU versusT data of different ternary com
pounds, Wasimet al.4 introduced a modified version of Eq
~3!,

EU~T!5
kBQ

s0
F11P

2
1

N

exp~Q/T!21G , ~4!

where the empirical parametersP andN were quantitatively
correlated with disorder characterization of the samples
terms of deviation from molecularity and valence stoichio
etry. Very good agreement with the experimental data w
reported.

Defects not only affect the temperature dependence of
Urbach tail, but also seem to modify the energyhnp involved
in its formation. In the case of Cu-III-VI2 ternary compound
semiconductors4,5 and their chalcopyrite-related Cu-III3-VI5
and Cu-III5-VI8 ordered defect phases,6 the value ofhnp was
found to be much larger than the highest optical mode
these semiconductors. In Ref. 4, it was proposedqualita-
tively that this additional phonon energy inhnp and the
variation of EU with T could come from localized mode
©2004 The American Physical Society01-1
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originating from a large concentration of cation-catio
cation-anion, and other intrinsic disorders present in th
materials.

In this paper we propose a theoretical model which c
account for the Urbach tails in terms of only the avera
phonon energyhnp as a function of disorder. This contras
with the usual identification of a single phonon mo
coupled to the Urbach tail. It is shown that Eqs.~3! and ~4!
can be understood by introducing the new localized pho
frequency within the expression of the quantum-mechan
lattice deformation potential. To test quantitatively if the pr
posed model accounts for the existence of contribution
the Urbach energy from localized modes, created by sub
tutional disorder, and that the extra phonon energy inhnp
comes from such modes, we measured the infrared op
absorption in three single-crystal samples of CuGaTe2 of
known stoichiometry.

The energy of the peaks observed in the infrared opti
absorption spectra of each sample, that could not be as
ated with donor or acceptor level transitions or discarded
replicas of phonons at higher energies, is averaged with th
of the 14 Raman modes to estimate the magnitude ofhnp .
We compared the phonon energy obtained from three dif
ent analyses, that is,~i! hnp from a fit to Eq. ~2! of the
experimental absorption data,~ii ! hnp* estimated from a com
bined analysis of the infrared and Raman modes, and~iii !
hnp from our proposed theory of the Urbach tail in terms
shifts in the average phonon frequency due to disorder. T
comparison provides strong quantitative evidence that h
values of phonon energies involved in the formation of
Urbach tail are associated with structural defects caused
the deviation from ideal stoichiometry and also confirms
validity of the present theoretical model.

II. THEORY ON THE URBACH ENERGY AND
LOCALIZED MODES

The empirical models expressed in Eqs.~3! and~4! for the
Urbach energy can be derived from a single formulation
terms of the potential fluctuationsD due to lattice vibrations
of frequencynp . As derived by Sumi and Toyozawa7

D252SkBTUrbach5Nopt

1

2
uVu2cothS hnp

2kBTD , ~5!

where V is the exciton-phonon coupling, S
5(1/2)NoptuVu2/hnp is the energy gain of the exciton due
the interaction with the lattice vibrations, andNopt is the
number of optical modes. We assume in this relation tha
modes involved are optical modes of average frequencynp .
From this expression one can obtain

kBTUrbach /s05EU5
hnp

2s0
cothS hnp

2kBTD , ~6!

where it is needed to divide bys0, a sample-dependent d
mensionless parameter, to be in accordance with the em
cal formula of Eq.~2!. We suggest that both the thermal a
structural contributions are encoded8 in the values ofhnp
through either the regular modes of the defect free sampl
19520
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the localized modes produced by disorder. In order to de
onstrate this, we show below that the structural parameteX
of Cody et al. or P of Wasimet al.4 is related to the shifted
average phonon frequencies as disorder increases. One
use the definition of the hyperbolic cotangent in terms
exponentials, and rewrite the expression in Eq.~6! as

EU5
hnp

s0
S 1

2
1

1

exp~hnp /kBT!21D . ~7!

Now np can be split intonp
01dnd , wherenp

0 represents the
phonon energy of the structurally ordered defect free ph
anddnd describes the deviations in the involved phonon e
ergies due to disorder

EU5
hnp

0

s0
S 11dnd /np

0

2
1

11dnd /np
0

exp~hnp /kBT!21D . ~8!

From this expression one can identify the temperatu
independent parameterX or P asdnd /np

0 . Note thatdnd /np
0

is not assumed to be small and is not treated as an expan
parameter. Such identification agrees quantitatively with
curve ofP versushnp in Fig. 8 of Ref. 4, where the slope i
1/hnp

0 within experimental errors. This slope is an importa
physical feature of the theory, because it identifies the m
average of the pure system independent of the disor
However, care must be taken when the factordnd /np

0 is re-
lated physically to the parameterX of Cody et al. in amor-
phous materials. This is because, in this case, a univ
reference to an ordered structure is not possible. Never
less, one can still define a dominant phonon frequencyhnp
for the amorphous state, and use Eq.~6! to describe the pho-
ton absorption in such a state. By doing so, we obtain a v
good fit to the data of amorphous Si reported by Codyet al.
in Fig. 2 in their paper, withhnp560 meV. It remains to be
determined whether this high value of phonon frequency
actually observed from infrared studies.

It can be noted that the parameterdnd appears in both the
numerator and the denominator of the second term in Eq.~8!.
An attempt to relateN in Eq. ~4! to the parameters of Eq.~8!
yields a complicated function of temperature and shif
phonon frequencydnp , function from which it is difficult to
extract any useful physical information.

III. EXPERIMENTAL METHODS

The details of the growth and structural characterizat
of the single crystals of CuGaTe2 already appear in Ref. 9
Samples obtained from the ingots grown by standard vert
Bridgman method are termed CGTVB, and those by tell
ization of Te at 650 and 700 °C are labeled as CGT650
CGT700, respectively. The infrared absorption spectra
each sample after averaging over 400 scans were record
T5300 K in the energy range from 50 to 350 meV by
Perkin Elmer model System 2000 FTIR spectrophotome
In order to eliminate the effect of air, its spectrum was a
registered and then subtracted from the sample spectra.
1-2
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IV. RESULTS AND DISCUSSION

From the Raman spectra observed9 at 80 K, the number of
lattice vibrational modes in CuGaTe2 should be 14. The in-
frared absorption spectra between 50 and 350 meV
CuGaTe2 samples are shown in Fig. 1, and the energies
the peaks are given in Table I. The energy of the Ram
modes varies from the lowest at 7 to the highest at 28 m
The simple average of the 14 Raman modes, which is aro
18 meV in this compound, is smaller than the phonon ene
hnp associated with the Urbach tail, which varies from 29
46 meV. We note that the weighted average using the p
intensities of the Raman spectra(I in i /(I i differs from the
simple average by about 1%. We remark that the simple
erage, which has worked well in our studied system, may
work in other systems.

Considering an error of about 2 meV in determining t
energy of the infrared peaks, these can be classified uniq
into three groups:~i! those that appear at the same energy
some of the samples,~ii ! those that are not common to an
sample, and~iii ! others above 150 meV that can be rep
sented as the sum of the peaks at lower values. Some o
peaks that are observed at the same energy in some o
samples and others that are only present in a partic
sample, in general, would most likely correspond either
the transitions from donor or acceptor defect levels to
conduction or valence bands. They could also be attribute
the additional high-energy phonon modes originating fr
the intrinsic defects present in these samples. Examin
these possibilities, we found that the absorption peaks at
and 181 meV in CGT600 and 111 meV in CGT650 ag
well with the activation energy of possible acceptor levels
110 and 180 meV, which are calculated11 for this compound
from the effective-mass approximation. For this reason, th
peaks should not correspond to the high-energy pho
modes that originate from the cation and anion disorders

The peaks observed at energies above 150 meV are
considered to be high-energy localized phonon modes. T

FIG. 1. Infrared absorption spectra at room temperature betw
50 and 350 meV of CuGaTe2 samples: CGT650, CGT700, an
CGTVB. The arrows indicate the peaks associated with locali
modes.
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is because they are found to be the sum of two pho
modes of lower energies which are already taken into
count in the calculation of the average phonon energyhnp .
Hence discarding these peaks, the contribution to the pho
energyhnp involved in the Urbach tail, in addition to Rama
modes, is expected to be only from those modes marked
an asterisk in Table I.

The average of the 14 Raman modes of CuGaTe2 reported
in Ref. 10 and those vibrational modes with asterisk in Ta
I is given ashnp* in Table II for each sample. In the sam
table the values ofhnp and s0 derived from the optical-
absorption data10 are given. A reasonably good agreement
achieved. The slightly lower values ofhnp in comparison
with hnp* could be explained in terms of the possible ex
tence of localized modes between 30 and 50 meV, which

en

d

TABLE I. Energy ~meV! of the vibrational modes observed b
infrared spectra between 50 and 350 meV of CGT650, CGT7
and CGTVB samples of CuGaTe2. The energy of the highest optica
mode of the ordered chalcopyrite compound is 28 meV. The nu
bers in parenthesis in the columns indicate the energy of the pho
replicas or the activation energyEA of the acceptor levels. The
phonon energies with asterisk are the localized modes above
ordered chalcopyrite optical band. These energies, when simple
eraged with the Raman modes given in Ref. 10, are used to ca
late the energyhnp* given in Table II.

Peak number CGT650 CGT700 CGTVB

1 53* 53* 56*
2 63* 62*
3 82* 84*
4 92* 92* 99*
5 110(EA) 112(EA)
6 119* 119*
7 139~1,3! 143~1,4!
8 148* 152~2,4! 159*
9 174~1,6! 176~1,6!
10 199~1,8! 197~1,7!
11 207~2,7! 207~2,7! 204
12 228~1,9! 227~1,9! 217~1,8!
13 257~3,9! 258~3,9!
14 285~3,10! 283~3,10!
15 299~4,11! 299~4,11!
16 309~1,13!/~3,12! 309~1,13!/~3,12!
17 318~4,11!
18 336~1,14! 339~1,14!

TABLE II. Phonon energieshnp and s0 associated with the
Urbach tail as measured from optical-absorption measureme
The energieshnp* are obtained by simple averaging all the Ram
and localized modes of each sample studied.

Sample s0 hnp ~meV! hnp* ~meV! dnd /np
0

CGT650 0.53 36.2 40.5 1.01
CGT700 0.95 29.0 34.9 0.61
CGTVB 0.61 40.5 42.8 1.25
1-3
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not taken into account in the calculation ofhnp* . On the
other hand, in CuGaTe2 hnp

0518 meV, and the values o
dnd /np

0 for each studied sample are shown in Table II.
expected, these values are similar to the values ofP calcu-
lated for other Cu ternary compounds in Ref. 4. The simil
ity of the values ofhnp andhnp* would imply, according to
the model proposed above, that the data of the Urbach
ergy versus temperature, obtained directly from the slope
the experimental optical-absorption versus photon ene
graphs,10 should follow Eq.~6! with the values ofhnp and

FIG. 2. The Urbach energy as a function of temperature
CuGaTe2 samples CGT650, CGT700, and CGTVB. The solid lin
correspond to numerical evaluations of Eq.~6!.

FIG. 3. The Urbach energy data from Ref. 4 as a function
temperature for CuInTe2. The solid lines correspond to numeric
evaluations of Eq.~6!.
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s0 reported in Table II. The comparisons for the CuGaT2

samples are shown in Fig. 2, where a good agreemen
observed in the whole range of measured temperature
much better agreement is found for the reanalyzed data
CuInTe2 and CuInSe2 of Ref. 4, as can be seen from Figs.
and 4, respectively. For the latter comparisons we have u
the values ofhnp and s0 given in Table II of Ref. 4. Such
good matches confirm the interpretation made earlier4 in the
case of CuInSe2 and CuInTe2 that in the formation of the
Urbach tail both the Raman modes and additional mo
originating from lattice defects caused by cations, anion
cancies, interstitials, and antisites disorders are involved.
observed phonon energyhnp , as obtained from the Urbac
tail, represents the average of these modes. We emph
that the agreement of the Urbach energy data with the the
presented here is better than that previously secured with
two physically motivated, fitting parameters of Ref. 4~see
Figs. 5 and 6 in this reference!.

We note that the quality of the comparisons depends
the value ofhnp . This value will determine if the system i
in the low- ~quantum! or high- ~classical! temperature re-
gimes, and will be crucial in establishing the location of t
crossover from temperature-independent to temperat
dependent behavior implied by the quantum oscilla
model. This crossover is determined by the express
Tcross5hnp/2kB . Here the crossover temperature depen
on the disorder, becausenp is a function of the disorder
parameterdnd . In the previous modelsTcross was fixed at
a chosen Einstein temperature. This causes these mo
to have a linear temperature dependence in a region w
the data display clearly an upward curvature~see Fig. 5 in
Ref. 4!.

V. CONCLUSIONS

To summarize, our interpretation of the Urbach energy
a function of disorder has yielded a general model with o

r

f

FIG. 4. The Urbach energy data from Ref. 4 as a function
temperature for CuInSe2. The solid lines correspond to numeric
evaluations of Eq.~6!.
1-4
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one adjustable parameters0 . Such model should be appl
cable to the analysis of disorder and the Urbach tail in ot
crystalline/amorphous materials. In fact, this model has b
verified12 further for the so-called ordered vacancy co
pounds CuIn3T5 and CuIn5T8 whose structural character
very different from the compound studied here, but also g
erate defects that are describable by Eq.~8!. The model
should also apply to binary compounds, although defect
ergies are much higher and, thus, variations in the ave
phonon frequencies should be small. It is noteworthy t
binary compounds such as CdTe, ZnSe, and ZnTe, wh
Urbach tails have been analyzed in the literature,1 show a
value of hnp much higher than the highest energy valu
associated with longitudinal- or transverse-optical mod
We believe that this is a manifestation of localized mod
and not a high-symmetry effect as suggested in previ
analysis.1

The variations in the average optical phonon ene
in,

itt

,

J
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coupled to excitonshnp , producing the band tails, have bee
verified quantitatively as a function of disorder from stoich
ometry correlations and direct experimental infrared m
surements. The remaining parameters0 has traditionally
been associated with the exciton-phonon coupling stren
In the present interpretation such coupling drops out, beca
of an equal weight givena priori to all optical and localized
phonon modes. Nevertheless this is very likely only a go
approximation, and going beyond such a premise sho
yield an exciton-phonon coupling-dependent theory~see
Ref. 7!.
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Pérez, and E. Medina, J. Appl. Phys.90, 4423~2001!.
7H. Sumi and Y. Toyozawa, J. Phys. Soc. Jpn.31, 342 ~1971!.
8M. Schreiber and Y. Toyozawa, J. Phys. Soc. Jpn.51, 1544

~1982!.
9C. Rincón, S.M. Wasim, G. Marı´n, E. Herna´ndez, and J. Galibert

J. Phys. Chem. Solids62, 847 ~2001!.
10S. M. Wasim, C. Rinco´n, G. Marı́n, I. Bonalde, and E. Medina

~unpublished!.
11R. Márquez and C. Rinco´n, Mater. Lett.40, 66 ~1999!.
12S.M. Wasim, G. Marı´n, C. Rincón, R. Márquez, C. Torres, and A

Rincón, J. Phys. Chem. Solids64, 1995~2003!.
1-5


