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Anomalous Urbach tail in GaAs
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The Urbach tail in crystalline GaAs and Si due to thermal vibration is evaluated in the temper-
ature range 0—810 K. Recent experiments suggest that there is no thermally induced Urbach tail
in undoped GaAs. This is most unexpected since thermally induced tails at the absorption edge
having the Urbach form and widths Eo(T) linear in T are observed in a wide range of crystalline
and amorphous semiconductors. Clear understanding of the tail is important in device applications.
In our calculations, we obtain an absorption tail having a simple exponential energy dependence
(Urbach form) in GaAs at all temperatures with Eo(T) proportional to T. However, due to a very
weak electron-phonon interaction, the magnitude of Eo(T) is unusually small, much smaller than the
temperature independent, structurally induced component Fo 10 meV. As a test of the method,
the tail is similarly evaluated in Si providing an Eo(T) value in agreement with experiment.

I. INTRODUCTION

Optical absorption in crystalline and amorphous mate-
rials is of great intrinsic interest and has wide application
in devices. Absorption begins when the incident photon
energy E is large enough to excite electrons across the en-
ergy gap EG between the valence and conduction bands.
For energies E near the absorption edge, the absorption
coefBcient a(E) shows a near universal simple exponen-
tial energy dependence,

~ (E) —«[E E](T)j / Eo (T)— .O.pe

denoted the Urbach tail. Ei(T) is an energy close to E~
and Eo(T) determines the width of the tail. Urbach tails
are observed in nearly all materials and are the subject
of several reviews.

The tail is generally attributed to disorder in the ma-
terial that leads to a tail in the valence and conduction
bands. Disorder induced band tails are generally denoted
Lifshitz tails. s In crystals at low temperature, dopant im-
purities randomly located introduce disorder for which,
typically, Eo 10 meV. In amorphous materials, the dis-
ordered siting of the constituents lead to Ep 50meV.
At higher temperature, the vibrational displacements of
the atoms introduce disorder. The electron sees a "snap-
shot" of the ions displaced from their lattice points by
thermal vibration. At 50—100'C, Ep(T) due to thermal
vibration is typically 10meV in semiconductors, 50 meV
in alkali halides. ~ ' The equivalence of thermal and
amorphous disorder has been widely discussed.

To evaluate band tails in crystals, a disordered poten-
tial V(r) is introduced in addition to the perfect crystal
potential. The correlation function W(r) = (V(r)V(0))
of the disordered potential plays a key role. If the correla-
tion length L of W(r) is of order the interatomic spacing

(L 2—5 A) then the band tails take the simple exponen-
tial Urbach form (1). This can be shown generallyis i4

independent of the origin of the disorder.
For thermal disorder, V(r) is assumed to be pro-

portional to the displacements of the ions, ut

g (5/2m&io~)e' i a' (a~+'a+ ), from their lattice points
and a thermal average of the phonon annihilation opera-
tors a~ is taken. In addition, Miyazaki and Hanamura
and Grein and Johni have considered polaronic effects
in which the electron distorts the lattice. Including these
effects they have obtained good agreement for band tail
shapes and Eo values in several materials.

In this paper we investigate band tails due to thermal
disorder in undoped GaAs and Si at several tempera-
tures. In a recent measurement, Weilmeier et aIt. " found
no thermal contribution to the Urbach tail in GaAs; i.e.,
Ep ——9+1meV at 32 C and Ep = 10+1meV at 456 'C.
This is consistent with previous measurements, is is but
unexpected since in a wide range of semiconductors,
Eo(T) is proportional to T and Eo is dominated by the
thermal tail. To investigate this unusual result in what
is perhaps the most widely investigated semiconductor,
we calculate Ep(T) in GaAs. To test the method we also
evaluate the Urbach tail in Si where Eo(T) is known and
is linear in T as expected. We find that Eo(T) is in-
deed linear with T in GaAs, but its magnitude is much
smaller than expected. This means that the observed
Ep 10meV must be due to other structural disorder
that dominates Eo(T) and leads to an Eo nearly inde-
pendent of T. In Si we find a much larger Eo(T) in
agreement with other values. We also show that the
correlation function of the thermal disorder W(r) is a
Gaussian function,
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with a correlation length L 2.9A. for GaAs, indepen-
dent of temperature. It is for this reason that an Urbach
tail linear in E is obtained.

In Sec. II we develop the model of the disordered po-
tential V(r) due to the electron-phonon interaction. We
also evaluate the correlation function W(r), show that is
well represented by a Gaussian, and calculate the density
of states n(E) and Eo(T) in the band tail region given (
and L in Eq. (2). The results for W(r), n(E), and Eo(T)
in GaAs and Si are presented in Sec. III.

II. DISORDER AND DENSITY OF STATES

disorder Beld that is felt by the electrons as a random
potential. In this case we can calculate the correlation
function W(r) f'rom the electron-phonon interaction. In
general, the potential energy of an electron in the pres-
ence of the phonon Beld can be expressed ' in the form

V(r) = ) E(k)age'"'+ H.c.,

k

where a& is the destruction operator for a phonon of
wavevector k, and of a particular polarization that we
do not explicitly indicate. Then we can write the corre-
lation function W(r) as

We assume independent, f'ree electrons in a disordered
potential, V(r). All crystal effects, the electron-electron
and electron-hole interactions are neglected. Particu-
larly, with electron-hole interactions neglected, all exci-
ton effects are ignored. This approximation is discussed
below. The average of V(r) is set to zero and only the
correlation function, W(7 ) = (V(r)V(0)), of V(r) is re-
tained. For thermal disorder, we assume V(r) is linearly
proportional to the phonon creation operators a&+ [V(r)
proportional to the ionic displacements]. The average
in W(r) is a thermal average over the phonon field in-
dependent of the electron so that all dynamical polaron
effects are ignored. Under these assumptions W(r) will
be a function of r only. For this case, Sa-yakanit has
presented a complete theory for the density states in the
band tail using Feynman path integrals. If W(r) takes a
Gaussian form, Eq. (2), n(E) is obtained in closed form
as20

W(r r') = )—) [E(k)E'(k')(anat )e*"

A; k'

+F*(k)F(k') (at a„-,)e '" ~+'"
]

= ) ~E(k)
~

(2nl, ~ 1)e'" i" " &.

The sum over k extends over one Brillouin zone. For
simplicity we replace the Brillouin zone by a sphere of
equivalent volume. This leads to a spherical cutoff ~k] (
k, where ks/6m2 = V, = 4/a = (2)(N/V). Here V,
is the volume of the fcc primitive cell, a is the lattice
constant, and N/V is the Si atoin number density. Then
we have

0 1
W(r) = — dk coth(Ru~/2k~T) ~E(k)

~

k sin(kr),
27t P p

(10)

where

n(E) =
~ ~

—,a(v) exp[ —EL b(v)/2(],
&El ) 1

h2
L 2mL2 ) (4)

where 0 is the system volume. In what follows, we con-
sider two forms for the electron-phonon interaction. First
is the deformation potential interaction, ' which re-
lates the electron energy to local dilations and compres-
sions of the crystal, which occur in the presence of longi-
tudinal acoustic vibrations. For this case,

a(v) = [(1+ 16v) —1] / [(1+ 16v)
+7]9/2/(225/2~2)

b(v) = [(1+16v) / —1] / [(1+16v) / +7] / /2, (6)

i/2
E(k)=

i i
kA,

(2pOidg )
where p is the mass density of the crystal, and A is the
deformation potential parameter. From this form of the
interaction, we obtain

and

v = E/EL, . — (7)

hA2 1
W(r) = dk coth(hck/2k~T) k sin(kr),

2pc 27K' p p

(12)
The energy E is measured from the band edge, that has
temperature dependence due to the disorder as well as
other effects that we do not attempt to model. We show
in what follows that the Gaussian model gives a good rep-
resentation of the correlation function TV in the phonon
case.

In the present work we consider the electron-phonon
interaction in the adiabatic approximation. That is, we
regard the ionic displacements as giving rise to a static

where c is the longitudinal sound velocity and we have
assumed linear dispersion, cuA.

——Ck.
In III-V semiconductors the bonding is partially ionic

and we must also consider that the electron interacts with
the dipole fields that arise &om the relative displacement
of the anion and cation. This leads to an interaction of
the electron with the longitudinal optical phonons
with
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F(k) = 4~i
~ 'y~o ) + (13)

where m is the optical phonon frequency, Q is the recip-
rocal screening length, and p is the coupling constant,

47I qE~ Ep)
(14)

where ~0 is the static dielectric constant and e is the
dielectric constant at frequencies that are large compared
to cu . In this case we obtain

ever, coth(RuI, /2k~T) ~ 2k~T/hcuI, and the T depen-
dence will come outside of the k integration. Thus, for
T ) hcuI, = 8~, ( will be proportional to T. We, there-
fore, expect that a linear dependence of Eo on T will be
a general behavior at high T. However, the detailed form
Eo ——a coth(hcu&/2k&T) is characteristic of a system in
which the dominant electron-phonon interact;ion is with
optical phonons. This is likely to be the case for systems
with strongly ionic bonding, such as AgBr (Ref. 21) and
alkali halides, 22 for which measurements have shown this
behavior.

W(r) = ]6~2g2Q 1—coth(Ru /2k~ T)
2pcuo 27r2r

A: k3
x („. . .sm(kr). (15)

When more than one type of electron-phonon interaction
takes place, their contributions to W(r) are additive.

We can see that Eq. (3) does not give linear (Ur-
bach) exponential behavior for the one-electron density
of states in general. Indeed, the function b(v) behaves
like v / for v « 1 and v for v )) 1. However, Sri-
trakool et Ol. have shown that for values of I such that
v = E/E~ 1 (e.g. , L 5 A. and E in the experimentally
accessible energy range), the exponent b(v) is linear in v,
b(v) v. Linear behavior of the exponent b(v) will be
observed when the logarithmic derivative

din�

(b(v))/dv
is close to 1. This gives a value of vp = 3/2. Expanding
b to first order in v —vo gives a slope parameter of

IXI. RESULTS

A = 7.0eV,
p= 5370kg m

=537x10 s
= 10.82)

~p ——12.53.

Using the elastic constants quoted in Ref. 23 we obtain

c = 5.11 x 10 cm/s (20)

In Fig. 1 we show our results for W(r) over a range of
temperatures using the electron-phonon interaction pa-
rameters for GaAs. In this case W(r) is the sum of terms
of the type given by Eq. (12) for longitudinal acoustic
phonons and that given by Eq. (15) for longitudinal op-
tical phonons. We use the parameters

2(

(dbms

jd

9~3EI,
(16)

and we take as the lattice constant, a = 5.654 A. Figure
2 shows the Gaussian fit of the form (e ("~ ) to W(r),
where

( = W(0)
This is the definition used in the subsequent analysis.
The parameter Eo is often found to have a temperature
dependence of the form

Eo(T) = ncothi ( Ru~ 'l 0, 10—

GaAs

where u& is a typical phonon frequency. We show sub-
sequently that the correlation length I, and, therefore,
EL, is essentially independent of temperature, being pri-
marily determined by the lattice spacing through k .
Thus the temperature dependence of Eo is determined
by the temperature dependence of (. For the dispersion-
less model of optical phonons we indeed have

0.05

( oc cothi f
(2kgT)

as shown in Eq. (15). However, for phonon spectra
without a gap, it will be important to account for dis-
persion at low temperatures. In this case, as in Eq.
(12), the factor coth(Rui, /2k~T) cannot be taken out-
side of the k integration, and the simple form, (18)
for f(T) will not hold. At high temperatures, how-

10

FIG. 1. The correlation function W(r) = (V(r)V(0)) of the
disorder potential V(r) due to electron-longitudinal (12) and
electron-optical (15) phonon interactions in GaAs for temper-
atures 10K, 210K, 410K, 610K, and 810K.
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FIG. 2. Fit of a Gaussian function to the calculated corre-
lation function W(r) in GaAs at 410K.

citon in this system has a binding energy 3 meV and a
radius 10 A. . Thus, the electron moves in a field that
has large fluctuations over lengths that are very short
in comparison to the energy and length scales relevant
to exciton binding. Under these circumstances the con-
ventional picture of a &ee Wannier exciton must clearly
be modified. However, these considerations do not fully
justify neglecting electron-hole correlations as has been
done in the present calculation. Indeed, an exciton peak,
although substantially broadened, is clearly seen in the
data of Ref. 19 for temperatures up to 185 K. We,
therefore, take the point of view that the present calcu-
lation is valid at room temperature and above, where no
sign of an exciton peak is observed.

Turning to Si, in Fig. 3 we show the density of sates,
calculated from Eq. (3), in the tail below the conduction
band for crystalline Si. In this case we have calculated (
and L &om (21) and (22), using the deformation poten-
tial interaction, Eq. (12). We have used the parameters,

and

L = -2W(0)/W" (0). (22)

A = 11.3 eV,

p = 2.33 gm/cm,
c = 8.4 x 10 cm/s,
a = 5.43 A. (23)

We see that the Gaussian gives an excellent representa-
tion of the actual W(r) In ca. lculating the density of
states we use the Gaussian model for R', allowing us to
take advantage of the results of Sa-yakanit2o for this case.
The two parameters ( and L are extracted &om the full
W as indicated above. It can be seen &om Fig. 1 that
the correlation length is not strongly dependent on the
temperature. In fact, our numerical values are constant
at L = 2.9 A. to within l%%uo over the whole temperature
range from T = 10 K to T = 810 K.

We would like to comment on the relation of our cal-
culated W to exciton formation. From Fig. 1 we see that
even at 10 K, the electrons move in a potential field that
fiuctuates in magnitude by + —40 meV and becomes

uncorrelated on a length scale of 5 A. , whereas the ex-

El. is calculated using m* = l.lm, . In this case ((T)
was approximately three times larger, but I = 2.7 A. in-
dependent of temperature. In Fig. 4 we show the Urbach
energy parameter Eo as a function of temperature. In
Ref. 16 a value of Eo = 7 meV was found at a tempera-
ture of 200 K, which is less than but consistent with our
result of Eo 12 meV.

According to Eqs. (4) and (16), the greatest broad-
ening will occur for the heaviest band. Accordingly, in
Fig. 5 we show the density of states extending above
the heavy hole band of GaAs. This band will have the
widest tail and thus make the dominant contribution to
the observed Urbach tail. Figure 6 shows the resulting
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FIG. 3. Density of states in the band tail of the conduction
band in Si.
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FIG. 4. The Urbach tail width parameter Ep(T) due to
electron-longitudinal phonon interactions in Si at tempera-
tures 10K to 810K.
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FIG. 5. Density of states in the band tail of the heavy-hole
valence band in GaAs.

FIG. 6. Urbach tail width parameter Ee(T) in GaAs due to
electron-phonon interactions at temperatures 10 K to 810 K.

Urbach parameter as a function of temperature. Our
calculated value of Eo is generally smaller than what
has been observed in optical absorption experiments in
GaAs. Eo has been found to be in the range 7—9 meV at
room temperature, whereas our calculation gives Eo 3
meV at room temperature. At temperatures above room
temperature, our Eq is linear in T, with a coefBcient
AE/b, T = 0.75 x 10 2 meV/K. The results of Ref. 18
indicate that Eo changes &om 7 to 14 meV as T varies
from 24 to 600 C, giving a coeKcient of variation of 0.14
x10 2 meV/K. This is only a rough estimate since the
data of Ref. 18 do not show a systematic temperature
dependence of Eo, and in particular the data at T = 700
'C seem to show a smaller Eo than those at T = 600 'C.
In Ref. 17 it was found that Eo varied from 9+ 1 meV at
32 C to 10+ 1 meV at 456 C. Over this temperature
range we predict a variation of Eo of 4 meV which is not
inconsistent with the data.

Eo is often modeled as the sum of a thermal part and
a structural part. If we take this approach, the above
comparisons would seem to indicate that a substantial
part of the observed Urbach energy Eo in GaAs is due
to structural disorder. Thermal disorder then results in
a small variation of Eo with T.

IV. CONCLUSIONS

We have considered a model for the temperature de-
pendence of the Urbach tail in semiconductors in which
the electrons move in a random field due to the pres-
ence of thermally excited phonons. This field gives rise

to a tail of states in the one-electron density of states.
In this way we are able to make a connection to pre-
vious theories of the Urbach tail in heavily doped and
amorphous semiconductors. In this formulation the dis-
order is characterized by its mean squared fluctuation (
and its correlation length L. We find that the correla-
tion length is essentially independent of temperature, so
that the temperature dependence of the Urbach param-
eter E0 is determined by the temperature dependence
of (, Eo being proportional to (. ( is, in turn, related,
via the electron-phonon interaction to a Brillouin zone
sum of the squared phonon amplitudes. For dispersion-
less phonons, this results in a temperature dependence of
Eo of the form

Eo oc coth(ku /2k~T). (24)

However, this form is not general. In particular, for
acoustic phonons, where dispersion is important at low
temperatures, this form will not hold. At high tempera-
tures a linear dependence of Eo on T is expected to be
general.

Using the electron-phonon interaction parameters as
input, we have calculated the Urbach parameter Eo as a
function of temperature for crystalline Si and for GaAs.
For Si, we find that the temperature dependence is large
and that the absolute value of Eo(T) at room temper-
ature is somewhat larger than the observed value. For
GaAs, we flnd that the temperature dependence is much
smaller with Ep(T) increasing by only 4 meV between
32 C and 450 C. We interpret this as signifying that the
measured Eo in GaAs is largely due to structural disor-
der, with a small temperature variation due to thermal
displacement of the ions.

' Present address: Department of Chemistry, University of
California, Berkeley, CA 94720.
F. Urbach, Phys. Rev. 92, 1324 (1953).
J. D. Dow and D. Redfield, Phys. Rev. B 5, 594 (1972).

J. J. Hopfield, Comments Solid State Phys. 1, 16 (1968).
J. D. Dow, Comments Solid State Phys. 4, 34 (1972).
J. Tauc, in Amorphous and Liquid Semiconductors, edited
by J. Tauc (Plenum, London, 1976), Chap. 4.



ANOMALOUS URBACH TAIL IN GsAs 1783

G. D. Cody, T. Tiedje, B. Abeles, B. Brooks, and Y. Gold-
stein, Phys. Rev. Lett. 47, 1480 (1981).
D. Monroe and M. A. Kastner, Phys. Rev. B 33, 8881
(1986), and references therein.
V. Sa-yakanit and H. R. Glyde, Comments Condens. Mat-
ter Phys. 13, 35 (1987).
I. M. Lifshitz, Adv. Phys. 13, 483 (1964).
M. V. Kurik, Phys. Status Solidi AS, 9 (1971).
N. I. Vitrikhovskii, Yu. P. Gnatenko, and M. V. Kurik,
Urk. Fiz. Zh. 15, 842 (1970).
R. S. Crandall, J. Non-Cryst. Solids 358@36, 381 (1981);
Phys. Rev. Lett. 44, 749 (1980).
W. Sritrakool, V. Sa-yakanit, and H. R. Glyde, Phys. Rev.
B 33, 1199 (1986).
S. John, C. Soukoulis, M. H. Cohen, and E. N. Economou,
Phys. Rev. Lett. 57, 1777 (1986).
H. Miyazaki and E. Hanamura, J. Phys. Soc. Jpn. 50, 1310

(1981).
C. H. Grein and S. John, Phys. Rev. B 39, 1140 (1989).
M. K. Weilmeier, K. M. Colbow, T. Tiedje, T. Van Buren,
and Li Xu, Can. J. Phys. 69, 422 (1991).
M. B. Panish and H. C. Casey, Jr. , J. Appl. Phys. 40, 163
(1969).
M. D. Sturge, Phys. Rev. 127, 768 (1962).
V. Sa-yakanit, Phys. Rev. B 19, 2266 (1979).
S. Strassler, W. R. Schneider, and J. Wullschleger, Phys.
Lett. 42A, 177 (1972).
H. Mahr, Phys. Rev. 125, 1510 (1962); 132, 1880 (1963).
K. Fletcher and P. N. Butcher, J. Phys. C 5, 212 (1972).
W. Zawadzki, in Handbook on Semiconductors, edited by
T. S. Moss (North-Holland, Amsterdam, 1982), Vol. I.
J. M. Ziman, Electrons and Phonons (Clarendon Press, Ox-
ford, 1960).


