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The influence of disorder on optical properties of semiconductors is discussed in different models: phenom-
enological model of partially relaxed k-selection rule, spectral density model, and the model taking into
account excitonic effects. These models were compared to experimental spectra of disordered GaAs, where
disorder was generated either by MBE low temperature growth or by implantation of arsenic. Reasonable
agreement between the data and the models was obtained. The analysis of the data supports the view that the
main source of disorder in nonstoichiometric GaAs are the defects resulting from the excessive arsenic, e.g.,
arsenic antisites.
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I. INTRODUCTION

Despite many successful applications, the generally
known and appreciated model of semiconductors based on
the assumption of infinite defectless crystal is an obvious
simplification, since dynamic and static disorder is perma-
nently present in real systems. There are many physical phe-
nomena, such as the quantum Hall effect, whose manifesta-
tion is closely related to disorder and whose theoretical
description requires the breaking of ideal translational sym-
metry to be included. Therefore understanding the influence
of disorder on the properties of semiconductors is one of the
most key issues of solid state physics.

Magnetic III-V compounds, which belong to a wide class
of diluted magnetic semiconductors �DMSs�, can serve as an
example of disordered systems. In such mixed crystals a part
of nonmagnetic cations of the host material �GaAs, InSb,
etc.� is replaced by manganese atoms, thus the understanding
of crystalline disorder is of particular importance for physical
properties of III-Mn-V compounds.1 Recently many theoret-
ical studies claimed the influence of disorder on magnetic,2–4

transport,4 or optical properties5 of GaMnAs, which is cur-
rently the most interesting representative of III-Mn-V alloys.

In the case of GaMnAs incorporation of a significant
amount �over 1 mol %� of the magnetic ions into the GaAs
host is impossible using classical bulk or molecular beam
epitaxy �MBE� growth. This limitation was circumvented by
so-called low temperature �LT� epitaxy, i.e., GaMnAs is usu-
ally obtained at 200–300 °C, while the high purity GaAs is
grown by MBE method at 500–600 °C.6 However, LT-MBE
growth of GaMnAs is a source of additional defects, intersti-
tial manganese �MnI�,7 and arsenic substituting gallium
�AsGa�,8 thus increasing structural disorder of this material.

The most convenient method of investigating the effect of
disorder on the band structure employs optical absorption
studies. Typically the absorption coefficient measured for
below-the-energy-gap photon energies reveals exponential
fall-off, the Urbach edge, while for high energies the square-

root dependence �as in a bulk, perfect crystal� is observed. In
the crossover region one may expect a parabolic behavior

��E� �
�E − Eg�2

E
, �1�

called the Tauc edge. The physical mechanism which stands
behind the Tauc edge is still unexplained. It is believed that
in this energy range the absorption takes place between the
delocalized states disturbed by disorder.9 Lasher and Stern10

proposed the model of absorption spectra in disordered semi-
conductor above the Urbach region, assuming that the ab-
sorption coefficient ��E� is proportional to the convolution
of the densities of states in conduction and valence bands �c
and �v multiplied by the effective matrix element M and the
occupation number factor f�E��− f�E�+E�:

��E� � �
−�

+�

dE��v�E���c�E� + E�

�M2�E�,E� + E��f�E�� − f�E� + E�� . �2�

It has to be stressed that the model is purely phenomenologi-
cal and no derivation of this popular formula exists. Similar
approaches, with different densities of states and different
empirical matrix elements, were used throughout many
years.11–13

Several results of optical experiments concerning the vi-
cinity of the fundamental absorption edge were reported for
amorphous and crystalline, disordered semiconductors.14–16

Also mixed, semimagnetic compounds were investigated,
and in the case of Ga1−xMnxAs epilayers the absorption spec-
trum appeared nearly linear in energy.17 A similar ramplike
edge was also found for pure GaAs grown at low tempera-
tures �LT-GaAs�,18 which leads to the question of whether
the presence of manganese contributes in making the linear
energy spectrum of GaMnAs which is already disordered by
AsGa antisites. Thorough optical studies of GaAs with anti-
structural AsGa defects may be helpful in solving this prob-
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lem. In general there are two ways to obtain arsenic reach
GaAs: low temperature growth or arsenic implantation.19,20

The optical properties of both materials in the below-the-gap
region have been studied intensively due to optoelectronic
applications,21 however, understanding of the above-the-gap
range of the spectrum is still limited.22

In this paper we present the optical measurements of the
fundamental absorption edge of disordered GaAs layers. The
results are discussed on the basis of two developed models of
interband absorption in disordered semiconductors. The first
one is the improved empirical method proposed in Ref. 17
using the partially relaxed k-selection rule �RkR� for single
particle transitions, while the other one is based on the cu-
mulant expansion approximation of the excitonic absorption
edge. Both models are successfully applied to collected ex-
perimental data of the absorption.

II. EXPERIMENTAL

In order to isolate the main source of disorder in
Ga1−xMnxAs we use two types of disordered GaAs samples
without manganese �see Table I�. The first ones were
0.7-�m-thick low temperature GaAs layers �LT-GaAs�
grown on a sapphire substrate in a molecular beam epitaxy
system. The temperature of the substrate was varied in the

range of 250–500 °C. The second group were 2.5-�m-thick
GaAs epilayers implanted with arsenic. At 700 °C they were
deposited with a metalorganic chemical vapor deposition
method on AlAs buffer following “epiready” SI-GaAs sub-
strate. These samples were annealed at different temperatures
in the range of 500–700 °C, then mounted on glass sup-
ports, and finally the substrates were removed in order to
enable the optical experiments in the region of the funda-
mental absorption edge of GaAs. The additional data about
investigated implanted films may be found in Ref. 23.

Typical optical absorption measurements were performed
with a commercial UV-FIR spectrophotometer. The investi-
gated spectral range obtained with the use of a tungsten lamp
covered the photon energy from 1 to 2 eV. The samples were
mounted in the cryostat equipped with a “cold finger” holder
and a helium microrefrigerator providing the temperature
range from 12 to 300 K. For each layer two absorbance
spectra were recorded at ambient and 12 K temperature.

III. RESULTS

A. Low-temperature GaAs

In the upper-row panels of Fig. 1 the absorbance spectra
of LT-GaAs samples measured at 12 K are presented. For the
entire range of the growth temperature Tg there is no signifi-
cant change of the shape of spectra, which �neglecting the
interference fringes� are almost structureless with no appear-
ance of the fundamental absorption edge. For higher Tg
�samples LT4 and LT5� a small kink at 1.8 eV is visible. Its
position and disappearance in experiments made at 300 K
suggest that the kink might be regarded as a weak manifes-
tation of the split-off subband, but strongly pronounced in-
terference fringes, that are present well above the energy gap
of pure GaAs in all LT spectra, make the interpretation of
these remanent structures very tentative.24 One may suspect
two sources of disorder to cause the ramplike shape of the
absorption edge of LT-GaAs samples: an excess of arsenic
and the strain between GaAs layer and the substrate. The

TABLE I. Investigated samples.

Low-temperature GaAs

Name LT1 LT2 LT3 LT4 LT5

Growth temperature �°C� 250 275 300 400 500

GaAs implanted with arsenic

Name IM1 IM2 IM3 IM4 IM5

Annealing temperature �°C� a 500 520 600 700

aAs implanted.

FIG. 1. �Color online� Upper
row: Experimental absorbance
spectra measured at 12 K �black�
and theoretical curves fitted with
RkR model �red� of low tempera-
ture GaAs. An arrow at about
1.8 eV of LT5 panel marks a pos-
sible manifestation of the split-off
subband. Lower row: same as
above for arsenic implanted
GaAs. At about 1.5 eV of IM5
panel an emerged excitonic peak
is indicated by the arrow.
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latter is probably more important in the case of GaAs grown
on sapphire as compared to the samples grown on lattice-
matched SI-GaAs. While the concentration of antisite AsGa
defects are expected to diminish with rising growth tempera-
ture Tg, the strain is rather weakly affected by Tg and remains
even for high-temperature grown films.

B. GaAs implanted with arsenic

The lower-row panels of Fig. 1 show the spectra of im-
planted GaAs collected at 12 K. In contrast to the results
obtained for LT-GaAs, the evolution of the fundamental ab-
sorption edge induced by annealing is clearly visible: the
higher annealing temperature Tann, the spectra become
sharper and for Tann=700 °C the excitonic peak appears
around 1.5 eV. Simultaneously the split-off subband be-
comes more pronounced around 1.8 eV and the magnitude of
absorbance in the entire investigated spectral range goes
down.25

The below-the-gap region of the spectra, although domi-
nated by the interference fringes, shows some additional
component of the absorption, which magnitude increases
with lowering Tann, and finally for as implanted �IM1�
sample forms a distinct tail extending far outside the spectral
range investigated in our paper. This additional contribution
may have both interband or defect origin. As we mentioned
in the introduction, for below-the-gap range one expects to
find so-called Urbach edge, i.e., an exponential dependence
of the absorption on the photon energy, which is resembled
by the tails observed in our study. On the other hand, in
GaAs there is the well known EL2 �AsGa antisite� defect, that
contributes to the absorption of GaAs below its fundamental
edge.26 While at low temperatures the absorption from AsGa
is usually expected to be quenched by illumination with
1.0–1.3 eV light, in the case of our implanted samples no
effect of illumination on the absorption was observed. How-
ever, one should not regard this quenching as a general hall-
mark of arsenic reach GaAs, since in plastically deformed
GaAs a similar below-the-gap absorption band undergoes no
illumination-induced reduction, even though the intensity of
the band rises with the increasing concentration of AsGa
defects.27 The absorbance spectra measured at 300 K show
analogous dependence on Tann as above described data for
12 K, with less visible split-off subband for all epilayers and
with no excitonic peak for the IM5 sample.24

IV. DISCUSSION

In the following section we provide a more insightful dis-
cussion of the observed spectra and their dependence on the
growth or annealing temperature. For that purpose two quan-
titative models of the interband absorption are applied to the
collected experimental data.

A. Model of partially relaxed k-selection rule (RkR)

Szczytko et al.17 proposed an empirical model of absorp-
tion in random media based on disorder induced by the par-
tial relaxation of the k-selection rule.29 Here we improve
their idea of indirect interband transitions with the isotropic

�in the k space�, Gaussian distribution of the change of qua-
simomentum vector

� 2�

�k�
2�3/2

exp	−
�kc − kv�2

2�k
2 
 , �3�

by introducing the �k� parameter describing the change of the
total magnitude of the matrix element M�kc ,kv� in Eq. �2�.
There is no real argument why M�kc ,kv�=M��k� should
be normalized to unity in �k space �as proposed in Ref. 17�,
that is why �k� should equal �k in the general case, especially
for large disorder. For instance, in the limit �k�=�k→� the
distribution given by Eq. �3� vanishes, while the constant,
nonzero value is expected,10,17 which one obtains keeping
finite value of �k� when �k approaches infinity.30 In the op-
posite case of diminishing disorder one can expect �k���k,
thus for perfectly ordered crystal ��k→0� Dirac’s 	 distribu-
tion is recovered by Eq. �3�. It will be shown later that the
correct behavior of M��k� in the limits of small and large
disorder is of particular importance for description of the
absorption data presented in this paper.

Assuming parabolic bands and sufficiently low tempera-
ture that f�E��− f�E�+E��1 �Eq. �2��, the absorption coeffi-
cient in this model is given by17

��E� = A2 2mv�k
2

�2��5/2
2�k�
3�

0

kc
max

dkckc

�	exp�−
�kc − kv�2

2�k
2 � − exp�−

�kc + kv�2

2�k
2 �
 ,

A2 =
2�e2
Ep

6cm0�0nE
,

kv =
2mv


2 �E − Eg −

2kc

2

2mc
�, kc

max =
2mc


2 �E − Eg − F� ,

�4�

where mc, kc and mv, kv denote the effective mass and the
quasimomentum vector of electron in conduction �c� and va-
lence �v� bands, Eg is the band gap energy, F is the Fermi
level energy measured from the top of the valence band, n is
the refractive index, and Ep is the Kane energy parameter
which for SI-GaAs equals 26 eV.28 The above formula is
valid only for a two-band semiconductor, while the energy
structure of GaAs is more complicated. To obtain the absorp-
tion involving the entire valence band one should add the
contributions from all three valence subbands of GaAs with
adequate weights �1: 1

3 : 2
3 for heavy, light and split-off holes

reflecting the transition probabilities at � point of the Bril-
louin zone� taking into account the different effective masses
of carriers and Eg+�SO as the band gap energy value for
split-off subband.31

Although Eq. �4� combines the absorption coefficient
��E� and the refractive index n�E�, the original model of
Ref. 17 does not take into account the mutual coupling of
these two quantities via the Kramers-Kronig �KK� relation
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n�E� = 1 +

c

�
�

0

�

dE�
��E��

E�2 − E2 . �5�

Here we satisfy this coupling by self-consistent calculations
of the absorption coefficient, in each case applying 15 rep-
etitions of the loop consisting of Eqs. �4� and �5�. With this
number of repetitions we provide necessary stability of the
resulting absorption spectrum ��E�, which is then trans-
formed to the absorbance A�E� according to the formula

A�E� = − log10
�1 − r1

2��1 − r2
2�e−�d

�1 − r1r2e−�d�2 + 4r1r2e−�d sin2�Edn


c
� ,

r1�E� =
n�E�/ns − 1

n�E�/ns + 1
, r2�E� =

n�E� − 1

n�E� + 1
, �6�

where both the absorption in the volume of the sample as
well as multiple reflections on the frontiers of plane-parallel
film are included. Note different reflection coefficients r1, r2
for layer/substrate and layer/vacuum interfaces. For the
former the following refraction indices of the substrate ns
=1.75 and ns=1.5 were used in the case of LT-GaAs/sapphire
and implanted-GaAs/glass interfaces respectively.32 The in-
tegral in Eq. �5� cannot be fully evaluated since the measured
absorbance spectrum is available only in the finite range of
the photon energy �Emin–Emax�. Therefore for E
Emin we
put ��0 and the numerical integral is limited to 0 and Emax,
while the contribution from Emax–� range is added as the
approximated value

N�
Emax

�

dE�
�E� − Eg�3/2

E��E�2 − E2�
� N�

Emax

�

dE�
�E� − Eg�1/2

E�2 �7�

assuming for E�Emax the same absorption as for nondisor-
dered system �the scaling factor N provides functional con-
tinuity of ��E� at Emax�. Finally the fitting parameters
are optimized with the least squares method in order to
match the absorbance spectrum of Eq. �6� with an experi-
mental one Aexp: the parameters are varied with the constant
steps �0.005�109 m−1 for �k and �k�, 0.005 eV for Eg� until
the minimum of the following norm:

�
E=1 eV

2 eV

�A�E� − Aexp�E��2 �8�

is reached.
The analysis of the absorbance spectra depicted in Fig. 1

suggests that all the results may be divided into two groups.
The samples IM2–IM5 reveal sharp edge about 1.4−1.5 eV
and clearly pronounced contribution from split-off subband
about 1.8 eV, both typical for low level of disorder, whereas
the spectra of the other six samples �IM1 and LT1–LT5� are
almost structureless “ramps” resembling earlier results of the
absorption measurements in highly disordered crystalline or
amorphous semiconductors.15 On that basis one can ascribe
these two groups to the above mentioned limiting cases of
disorder in the RkR model. The spectra of the samples IM2–
IM5 correspond to �k,�k�→0, which in our case of numerical

calculations must be approximated by the finite values of
�k=0.05�109 m−1 and �k�=0.04�109 m−1, respectively
�Table II�. While 0.05�109 m−1 is the smallest value of �k
providing numerical stability of the RkR model, the value of
�k�=0.04�109 m−1 was obtained from the fitting procedure
applied to the spectra of IM2–IM5 samples. In all four cases
the algorithm returned the same value of �k� �with varying
parameter of the energy gap, Eg�. On the other hand, the
samples IM1 and LT1–LT5 may be well fitted in a limit of
infinite disorder, i.e., �k→� or M��k�=const. We have al-
ready claimed that in this case �k� has a finite value and
together with Eg may be used as a fitting parameter of the
RkR model. In Table II the resulting values of Eg and �k� are
collected for both groups of samples, and the corresponding
fitted spectra are depicted with red color in Fig. 1.

In the case of low-temperature samples one finds theoret-
ical spectra in an overall agreement with the experimental
data, as shown in the upper row of Fig. 1. Neglecting the
interference fringes the ramplike shape is correctly repro-
duced, and the already noted lack of influence of the growth
temperature is confirmed by the parameters collected in
Table II, which show no significant dependence on Tg. The
disorder originating from the strain between LT-GaAs and
unmatched sapphire substrate seems to override defect-
induced relaxation of the interband selection rules, and since
the former source of disorder is independent of Tg, one finds
the ramplike absorption edge not really affected by the
growth conditions.

For implanted and annealed GaAs �IM2–IM5� a reason-
able matching between experimental data and theoretical re-
sults was obtained, with one essential deviation. The exci-
tonic peak around 1.5 eV of the spectrum of IM5 sample is
not reproduced, which is not surprising as the electron-hole
Coulomb interaction was neglected in the RkR model. This
problem will be addressed in Sec. IV B 4 by introducing the
cumulant expansion approximation of the excitonic absorp-
tion edge.

TABLE II. The parameters of RkR model �Eq. �4�� applied to
the spectra of investigated samples.

Low-temperature GaAs

Name �k �109 m−1� �k� �109 m−1� Eg �eV�

LT1 � 1.525 0.880

LT2 � 1.625 0.850

LT3 � 1.635 0.850

LT4 � 1.565 0.920

LT5 � 1.535 0.915

GaAs implanted with As

Name �k �109 m−1� �k� �109 m−1� Eg �eV�

IM1 � 1.580 0.930

IM2 0.05 0.040 1.440

IM3 0.05 0.040 1.440

IM4 0.05 0.040 1.465

IM5 0.05 0.040 1.480
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The comprehensive analysis of the dependence of disor-
der on the annealing or growth temperature is impeded by
the above mentioned fact that samples investigated in this
study represent two extrema of the possible magnitude of
disorder. Nevertheless some general quantitative behavior
may be still rendered, e.g., for the energy gap that obviously
correlates with the annealing temperature. Starting from the
IM5 sample which absorption spectrum exhibits least disor-
der the energy gap is reduced as the annealing temperature
decreases �i.e., the level of disorder is increased�. Unsurpris-
ingly, the renormalized energy gap reaches its minimum for
as implanted GaAs �IM1�, and as seen from the last column
of Table II, the variation of Eg parameter itself may be used
as a measure of disorder. Note that the value of Eg
=0.93 eV for IM1 sample is very similar to those obtained
for low temperature GaAs �0.88–0.92 eV� although LT1–
LT5 samples were produced with a different method. The
same similarity is clearly visible in a comparison of the �k�
parameter, which for IM1 and LT1–LT5 varies in a range of
1.525�109−1.635�109 m−1. Since for �k→� one should
expect a finite �k� in order to obtain �k-independent matrix
element M, the value of 1.6�109 m−1 may be presumably
regarded as an estimate of �k� parameter in the limit of infi-
nite disorder.

B. Model of independent electron-hole pairs

The electron-hole correlation in strongly doped materials
may be neglected due to the screening of the Coulomb inter-
action. However, as shown in Fig. 1, the spectra of implanted
samples need a more thorough approach which would in-
clude excitonic effects. The presented below excitonic model
describes a bound electron-hole pair which is scattered co-
herently by the random potential.

1. Model of disorder

In the effective mass approximation the disorder is repre-
sented by the random field V�r�, which we choose to be
Gaussian, i.e., characterized by its mean value �V�r��V

�which we can put equal to zero by shifting the energy scale�
and the autocorrelation function

W��r − r��� = �V�r�V�r���V, �9�

where �¯�V denotes the average with respect to the configu-
rations of disorder, which should be distinguished from the

thermal average �¯�=Tr�e−�Ĥ
¯ �. The assumption of a

Gaussian disorder becomes exact in the limit of high concen-
tration of weakly scattering centers. It also has to be stressed,
that for such model of random field, the cumulant averages33

of the order higher than two disappear. These features make
our model applicable to the systems with high concentration
of weakly scattering defects, while the well known approach
based on Dyson’s equation34 becomes exact in the limit of
very small impurity density.

The autocorrelation functions in our considerations is
purely phenomenological—Gaussian noise, given by

W�r� = Vr.m.s.
2 exp�−

r2

L2� , �10�

characterized by energy Vr.m.s. and length scale L. In the fol-
lowing we will employ the Fourier transform of W�r� defined

by W̃�q�.

2. One particle spectral density

Let us consider a one band system described by the
Hamiltonian

Ĥ = T̂ + V̂ = �
k

��k�ak
†ak + �

k,k�

Vkk�ak
†ak�, �11�

where ak
† and ak are, respectively, creation and destruction

operators in the basis of Bloch waves, and Vkk� are the ma-
trix elements of the random potential taken between the
Bloch plane waves.

The spectral density function for a noninteracting system
is given by

A�k,�� = ��
n

��̃n�k��2	�� − En��
V

, �12�

where �̃n�k� are the Fourier transforms of the wave func-
tions obtained for different realizations of disorder. This
quantity, which is crucial for our method, can also be ob-
tained from the one particle Green’s function. If we define
the retarded Green’s function as

gkk�
R �t� = − i��t���ak

†,ak�� , �13�

and its disorder averaged counterpart as GR�k , t�= �gkk
R �t��V,

we arrive at the well known expression for the spectral den-
sity

A�k,�� = −
1

�
Im GR�k,�� , �14�

where the Fourier transformed Green’s function appears.
To calculate the disorder averaged correlation function we

will use methods similar to those used in the stochastic dif-
ferential equations theory. The solution of the equation ful-
filled by gR

�

�t
gkk�

R �t� = − i	�t�	kk� − i�
q

Hkqgqk�
R �t� , �15�

can be written as

gkk
R �t� = − i��t�e−i��k�t	T exp�− i�

0

t

V�t���

kk

, �16�

where V�t�=eiTtVe−iTt, T is the chronological ordering opera-

tor and the fact that the matrix T̂ is diagonal in the plane
waves basis has been used to perform the matrix multiplica-
tion.

Now we average the above expression by performing the
cumulant expansion to the second order with respect to V�t�
arriving at
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GR�k,t� = − i��t�e−i��k�t

�	exp�− �
0

t

dt1�
0

t1

dt2�V�t1�V�t2��V�

kk

,

�17�

where �V�r��V=0 has been assumed.
After simple manipulations we obtain the following com-

pact formula;

A�k,�� =
1

2�
Lk�� − ��k�� , �18�

where

Lk��� = �
−�

+�

dtei�teS�k,t� �19�

and

S�k,t� = �
−�

+�

d�
e−i�t + i�t − 1

�2 Bk��� . �20�

The function Bk��� depends on the choice of the disorder
autocorrelation function and is given by

Bk��� =
1

�2��3 � d3qW̃�q − k�	�� − ���q� − ��k��� .

�21�

The form of the time-dependent action in Eq. �20� is well-
known in the probability theory and the resulting spectral
density function belongs to so-called infinitely divisible
distributions,35 so it is positively definite and normalized to
unity �as long as the Bk��� function is positive and suffi-
ciently regular, which is the case here�.

Using the spectral densities we can calculate the disorder
averaged DOS

N�E� =� d3k

�2��3A�k,E� . �22�

Examples of densities of states calculated for the disorder
autocorrelation function given by Eq. �10� are presented in
Fig. 2. The mass of 0.5m0 has been used. The parabolic tail
growing with disorder strength is clearly visible. It is worth
noting, that after plotting the results from Fig. 2 in the loga-
rithmic scale one can see the exponential tail spanning from
three to five decades �depending on the numerical effort�. It
should be stressed that this is not the Urbach tail, but the
exponential tail of the delocalized states.

3. Absorption coefficient-independent particle model

Now we consider a two-band model without interaction,
described by the Hamiltonian

Ĥ = T̂ + V̂ , �23�

where

T̂ = �
q

�c�q�acq
† acq + �

q
�v�q�avq

† avq, �24�

V̂ = �
q,q�

�Vqq�
c acq

† acq� + Vqq�
v avq

† avq�� . �25�

Bands are spherical and parabolic

�c�q� =
q2

2mc
− � , �26�

�v�q� = −
q2

2mv
− � − Eg. �27�

Introducing the two-particle Green’s function g and its dis-
order averaged counterpart G= �g�V defined as

gkkk�k�
R �t� = − i��t���avk

† �t�ack�t�,ack�
† avk��0��� , �28�

we obtain the following expression for the absorption coef-
ficient � as a function of photon frequency in atomic units:

���� = −
4�

nc�V
Im �

kk�

Gkkk�k�
R ���pcv

* �k�pcv�k�� , �29�

where n is the material refractive index, c is the speed of
light in vacuum, V, the volume of the system, pcv�k� is the
interband dipole matrix element between the Bloch states of
the wave vector k and Gkkk�k�

R ��� is equal to the Fourier
transform of the time dependent, averaged Green’s function.

To calculate this quantity we will use the analogous
method as in the preceding section. Apart from the more
complicated structure of the Hamiltonian the only difference
is the appearance of the nontrivial boundary condition for the
two-particle Green’s function, so that the general solution of
the equation of motion fulfilled by the correlation function
can be written as

FIG. 2. �Color online� DOS for the Gaussian autocorrelation
function with L=15 Å and Vr.m.s. ranging from 50 to 300 meV. Dis-
orderless square-root DOS is plotted for reference.
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gR�t� = − i��t�e−iT̂t	T exp�− i�
0

t

V̂�t��dt��
gR�0� ,

�30�

where the matrix multiplication is implied, with all the quan-
tities understood as matrices labeled by pairs of indices, i.e.,
gkk�,qq�

R .
In order to average with respect to disorder the above

expression we assume the separation of the averages of the
boundary condition and the time-dependent part. This ansatz
yields after simple manipulations the following form of GR:

Gkkk�k�
R �t� = − i��t�	kk�e

−i��c�k�−�v�k��teSc�k,t�+Sv�k,−t�

����n̂vk��V − ��n̂ck��V� , �31�

where ��n̂k��V= ��a†
kak��V, from which, using Eq. �29�, we

get the physically transparent formula for the absorption co-
efficient

���� =
16�2P2

3nc�
� d3k

�2��3 � d��Ac�k,� + ���Av�k,���

����nvk��V − �nck�V� , �32�

where the constant value of the interband matrix element
pcv�k�= P has been used.

The last step in our derivation is the approximation for the
disorder-averaged occupation factors ��n̂k��V, for which we
use the standard formula

��nk��V =� d�A�k,��nFD��� , �33�

where nFD��� is the Fermi-Dirac occupation factor. Although
it can be shown that our approach breaks the Kubo-Martin-
Schwinger condition for the correlation functions, the above
expression should be accurate enough when used in Eq. �32�,
where the occupation factors close to the energy shell are
only needed.

The absorption spectra obtained by our method are shown
in Fig. 3. Again the model Gaussian autocorrelation has been
used with masses mv=0.5m0 and mc=0.067m0 which corre-

spond to the valence and conduction band of GaAs. We note
that the effect of closing the gap with increasing disorder,
noticed above in Sec. IV A, is recovered by the model.

4. Excitonic effects

In order to describe the data for the implanted GaAs
samples we adopt a model of excitons treated as composite
particles scattered by the random potential. In the absence of
free carriers they may be represented by exciton creation and
annihilation operators

A�
† =

1

V�
k

��,kack
† avk �34�

and

A� =
1

V�
k

��,k
* avk

† ack, �35�

where the amplitude ��,k is equal to the Fourier transform of
the excitonic hydrogenlike wave function corresponding to
the state �. Defining optical matrix element in this represen-
tation by

pcv��� = �
k

��,k
* pcv�k� , �36�

we may rewrite the expression for the absorption coefficient
in the form

FIG. 4. �Color online� Theoretical �solid line� and experimental
�dotted line� absorption curves for ion implanted GaAs samples
IM4 and IM5. In both cases the correlation length L=7 Å is as-
sumed while Vr.m.s. is equal to 130 meV for IM4 and 100 meV for
IM5 sample.

FIG. 3. �Color online� Absorption for the Gaussian autocorrela-
tion function with L=15 Å and Vr.m.s. ranging from 50 to 300 meV.
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���� = −
4�

nc�V
Im �

�

G�
R����pcv����2. �37�

Here G�
R��� is equal to the Fourier transform of the time

dependent exciton Green’s function

G�
R�t� = − i��t����A��t�,A�

†�0����V, �38�

which is approximately diagonal in the excitonic labels �.
Using analogous cumulant expansion procedure as in the
derivation of the one particle Green’s function in Eq. �31� we
may approximately write

G�
R�t� = − i��t�e−iE�teS�

X�t�, �39�

where E� denotes the energy of the exciton state � while the
complex phase S�

X�t� results from the scattering of excitons
by random potential. The final expression for the excitonic
absorption is then obtained as

���� =
4�2

cnr�
�
�

�pcv����2A��� − E�� �40�

in which A����= 1
2��−�

� eS�
X�t�+i�tdt is the spectral density

function for an exciton in the state �. We have performed
simplified calculations in which we replaced the phase func-
tions S�

X�0, t� for each excitonic state by the electron-hole
pair phase at fixed value of k=k0 corresponding to the in-
verse of the effective Bohr radius of the exciton S�

X�t�
�Sc�k0 , t�+Sv�k0 ,−t�. We have also included in our calcula-
tions excitonic transitions from the spin-orbit valence sub-
band. However, in order to describe the experimental data we
had to add an additional broadening parameter which is due
to the possibility of nonradiative decay via intersubband
transitions.

The results of our theoretical calculations are compared to
the experimental data obtained for the ion implanted GaAs
samples IM4 and IM5 in Fig. 4. Reasonable overall matching
between the experimental data and the model is apparent. In

particular taking into account the electron-hole interaction
allows to describe the features of absorption edge, which
were not recovered by the RkR model �Fig. 1�.

V. CONCLUSIONS

Our optical studies of disordered GaAs epilayers show
that the ramplike fundamental absorption edge seems to be
typical for nonstoichiometric materials, especially for
samples grown with LT-MBE technique. In these systems the
nonstoichiometry results from the well-known antisite AsGa
defect formation. In the case of GaAs implanted with As
ions, we deal with excessive arsenic as well. For both types
of GaAs we obtained reasonable matching of the RkR model
with experimental data. However, the implanted samples
spectra reveal the remnants of excitonic features which sug-
gest a much lower level of disorder. In this case RkR phe-
nomenological description of the fundamental absorption
edge was successfully supported by the microscopic consid-
erations employing the cumulant expansion method which
should be valid in the presence of many weakly scattering
centers.

The similar ramplike absorption edge was observed for
Ga1−xMnxAs layers obtained by the LT-MBE method as well.
Except arsenic antisites, which are unavoidable defects for
low-temperature growth regime, there is the additional
source of disorder in these compounds: magnetic Mn ions.
However, comparing the results of our analysis using RkR
model to the data obtained by Szczytko et al. for
Ga1−xMnxAs we may conclude that the main source of dis-
order and peculiar behavior of the fundamental absorption
edge in this semimagnetic material is related to inherent de-
fects created during LT growth, while the contribution of the
Mn ions is less important.
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