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The spectrum of interband absorption of light in directgap semiconductors with randomly distributed parallel screw
dislocations is calculated in the region of the quasicontinuous
spectrum of dislocation states near the fundamental absorption
edge. It is shown that the mechanism of dislocational absorption
is related to a local change of the gap width caused by the longrange deformation potential of dislocations. The comparison to
the corresponding results for edge dislocations reveals a series of
common features as well as essential distinctions. The spectral
dependence of dislocational absorption was found to be different
for the different polarizations of light. This presents additional
possibilities for experimental investigation.

Introduction

Dislocations are linear structural defects which are
always present in crystals affecting the electronic
structure of crystals. There is a steady interest in the
bound electronic states related to dislocations, because
a permanent improvement of experimental methods
opens new possibilities to create the given dislocation
structures and to develop the new methods of revealing
the dislocation electronic states.
The deepest bound electronic states related to a
dislocation core may have a radius of order of the lattice
constant. However, there are always numerous shallowlevel bound states. Their radius significantly exceeds the
lattice constant. These shallow states can be considered
in the framework of the effective mass method. The
role of deep and shallow dislocation states varies in
the different physical processes. In optical spectra, the
manifestations of deep and shallow states are spectrally
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separated. The spectrum of shallow states is determined
by the interaction of carriers with the long-range field of
dislocations, which is well described in the quasiclassical
approximation, whereas the influence of the structure of
a dislocation core is insignificant.
To interpret the experimental spectra in
semiconductors with dislocations near the fundamental
absorption edge, the coefficient of light absorption is to
be calculated taking into account that the deformation
field affecting the carrier motion is formed by many
dislocations, in general. In this paper, we investigate the
deformational classical absorption [1], i.e. the absorption
related to a local change of the gap width caused
by the deformation field which is assumed to be a
field of randomly distributed parallel dislocations. This
absorption is found to be polarized and has different
spectral dependences for different polarizations. The
results are compared to the corresponding ones obtained
in the framework of the same approximations concerning
the edge dislocations [1].
1.

Influence of Dislocations on Interband
Absorption

The calculation for edge dislocations [1] has shown
that the spectrum of interband light absorption in
a crystal with randomly distributed dislocations in
the quasiclassical region is characterized by a certain
broadening and consists of three substantially different
regions: (a) ~ !
"g 
 the fundamental
absorption region, (b) j~! "g j 6  the broadened
fundamental absorption edge, and (c) "g ~!  
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the dislocational wing of absorption. The broadening
depends on the basic mechanism of the interaction of
carriers with dislocations and is expressed in terms of a
certain characteristic energy "d , an exponent  , and the
dislocation density  (    "d ).
The characteristic feature of the long-wave wing of
the dislocational absorption is a linear dependence of
the absorption coefficient on the dislocation density.
In this frequency region, the absorption occurs in
the field of every individual dislocation independently.
Therefore, the shape of the dislocational wing does not
depend on the structure of the dislocation ensemble and
is determined by the characteristics of an individual
dislocation and the mechanism of absorption. The wing
of the dislocational absorption is characterized by the
power-law frequency dependence
K (!)  ("g ~!) Æ ;
where the positive exponent Æ is determined by
the mechanism of absorption. The polarization-related
peculiarities of the absorption wing in a semiconductor
with dislocations are discussed by us in [24].
The broadened fundamental absorption edge is the
region where the dislocational absorption continuously
transforms into the fundamental absorption (where the
influence of dislocations is insignificant). In the region
of the broadened edge, the influence of dislocations on
the absorption is maximal. In this case, the absorption
depends nonlinearly on their density  being determined
by the overlapping fields of many dislocations.
As shown below, the general picture of a dislocation
spectrum described above is also valid for screw
dislocations but with other characteristic parameters.
2.

uxz = uzx = b sin '/4r; uyz = uzy = b cos '/4r;
Here, b is the Burgers vector, r; ' are cylindrical

coordinates. All other strain components are zero.
In the presence of the ensemble of parallel screw
dislocations, the electron spectrum is determined with
the Schrodinger equation


For simplicity, consider a cubic direct-gap
semiconductor. The cubic approximation may be also
applied to some extent to hexagonal crystals [5]. The
effect of the strain field is considered within the
framework of the deformation potential method [5] using
the effective mass approximation for the particle motion.
The deformation potential of a screw dislocation for a
simple isotropic band is equal to zero. Therefore, the
threefold degeneracy of the valence band maximum
in the absence of deformations is taken into account.
The valence band in the ideal crystal consists of three
subbands that are generated at the -point (k=0). The
Wannier functions of the subbands are analogous to
the wave functions of atomic p-electrons of the x-, y -,



p^2 ^ ~
+V
= E~ ;
2m

(1)

where the potential energy V^ is the operator of
interaction of holes with the strain deformation field [5]:
0

V^ = @

Changes in Electron Spectrum Caused by
Screw Dislocations
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and z -types with respect to the cubic crystal symmetry
transformations. Therefore, the subbands will be labeled
by the indices x, y , and z . In the ideal crystal, the
x-, y-, and z -directions are equivalent, but, for a given
subband, the direction of the corresponding cubic axis
is selected, i.e. each separate subband is anisotropic.
We suppose that the effective mass is isotropic. In the
approximation of an elastically isotropic medium, the
orientation of the x-, y -, and z -axes may be arbitrary.
The components of the envelope wave function within
the effective mass method form a vector ~ =
f x ; y ; z g. Let Oz be the direction of dislocation lines.
Now we will investigate how the deformation field
of an ensemble of randomly distributed parallel screw
dislocations affects the spectrum of electron states.
According to the isotropic theory of elasticity, the
strain components of an ideal straight screw dislocation
are [6]

a=

N
X
n=1

0 0 a
0 0 b
a b 0

1

A;

u(zxn) D3 ; b =

N
X
n=1

u(zyn)D3 ;

(2)

(n) are the strain tensor components of the
Here, u
n-th individual screw dislocation, N is the number of
dislocations in a crystal, D3 is the deformation potential
constant related to the shear deformation [5]. As the
further calculation shows, the strain fields of screw
dislocations in the model of a crystal considered lead to
local changes of the gap width. It has been shown in [1]
that, in such a case, one may neglect the tunneling effects
when calculating the absorption coefficient and consider
the motion of carriers in the approximation that the
crystal is locally homogeneous and the wave function of
a carrier is a plane wave. The absorption caused by this
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mechanism is called deformational classical according
to the classification proposed in [1]. The equality of the
determinant to zero,


0
a

a
b = 0;


0

b

Æ

where  = E ~2 k 2 2m, yields that the anisotropic
field of dislocations removes the degeneracy at the point and three branchespare formed: 1 = 0, 2 = juj,
3 = juj, where juj = a2 + b2 . They correspond to
zero, repulsive, and attractive potentials of dislocations.
~
The corresponding wave functions are ~ j = ~ j0 eik~r ,
where
0

1=@
0

0

1

0

2 = p1 @
0
2 1

A;

0

1

3 = p1 @
0
2

1

A;

=

1

A;

a
juj ;

=

b
juj :

(3)

Local Value of the Absorption Coefficient

The local value of the absorption coefficient is
determined by the expression

3

2! X X
K=
p~ j  ~e 2 Æ ~!
"0 ncV ~ j=1


k

1
Kk = [K0 (" juj) + K0 (" + juj)]:
(4)
2
To obtain K? , the local value of the absorption
coefficient for ~e?Oz may be at first averaged over
orientations of the vector ~e in the plane perpendicular
to Oz . Then, taking into account (3), the local value of
K? is expressed via the local value of Kk and K0:

1
(5)
K? = K0 + Kk :
2
Obviously, this universal relation preserves the validity
after averaging over the arrangement of parallel
dislocations.
4.

It should be noted that the vector of the dipole
momentum p~ j of the transition from the state described
by the function ~ j0 in the effective mass method to a
state of the conductive band is parallel to the vector ~ j0 .
3.

Taking into account the form of vectors (3), we obtain
the local value of Kk as

"g

~2 k 2

2m



j ;

where "0 is the dielectric susceptibility of a vacuum,
n is the refractive index, c is the light velocity, V is
the volume of a crystal, ~e is the unit vector of light
polarization, and "g is the gap width. The local value
of the absorption coefficient K is to be averaged over
the random arrangement of parallel dislocations. After
this averaging, the crystal becomes a uniaxial medium.
Therefore, it is enough to calculate the averaged values
of the absorption coefficient for ~e k Oz and for ~e?Oz
only, which we denote Kk and K? , respectively. After
calculating the sum over all of ~k , the local value of the
absorption coefficient can be expressed through the light
absorption coefficient in this crystal
in the absence of
p
dislocations K0 (") = R0  (") ", where " = ~! "g .
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Probability Distribution Function

After averaging over a random arrangement of parallel
dislocations, the value of a local
p change of the gap width
(for the states j = 2; 3) u =  a2 + b2 runs in total from
1 to +1. Introducing the corresponding probability
distribution function P (u), we obtain, as a result of
averaging (4),

Kk(") =

Z1

1

K0 (" u) P (u) du:

(6)

In order to find the even function P (u), it is
convenient to consider the distribution function P (u2 )
of u2 = a2 + b2 determined in the interval [0; 1) by the
following formula:

P (u) = jujP (u2 ):

(7)

The function P (u2 ) can be found by calculating some
characteristic function

e

pu2

=

Z1

0

2
e pu P (u2 )du2

at first and then performing the inverse Laplace
transformation
sZ+i1
2
1
2
P (u ) =
epu e pu2 dp;
(8)
2i
s i1
where the overline means the average over the random
arrangement of parallel dislocations. The average value
of the exponent exp ( pu2 ) can be calculated directly by
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factorizing the contributions of individual dislocations.
For this purpose, we use the integral representation

e

pu2

p


=

Z

e

pq2

e 2ip~q~u d2 ~q;

where ~
q is a two-dimensional vector in the plane
perpendicular to the dislocation lines, and ~u = fa; bg
is the vector with the components defined in (2).
Let's introduce the dimensionless variables

p0 = p 2; q~ 0 = ~q/ ;

where
is an energy parameter defined below. The
strokes will be further omitted. Then
Z

2
p
e
=
(9)
e pq e pU d2 ~q;

where U = 2i~
q  ~u/ . The average value of the exponent

pu2

under the integral can be calculated as in [7]:

e

pU

=e

p

PN Un

n=1

=

N
Y

n=1
N



= 1 (1 e pUn )



N

= 1

Z

e

pUn



= e

N

pUn

=

=

pUn  dS

1 e
R

N

! e T;

(10)

pUn  dS ,

where T =  1 e
 is the dislocation
density, N = S ! 1 is the number of dislocations
in a crystal, S is the cross section of a cylindrical
crystal with an axis parallel to dislocation lines, and
Un is defined by the field of an individual dislocation.
In a local coordinate system Un = 2i~q  ~un / , ~un =
f sin '; cos 'g/,  = bD3 /4. Let's choose the
direction of the Ox-axis to be parallel to ~q. Then
Z1

Z2

0

0

T =  d
Z1 

1




e2ipq  sin ' d' =



= 2  1 J0 2pq
0






Z2

0

0

T =  d
988

1

L=A

Z

z 1 J0

0

 

1
z

dz;

(11)

p

where A = 2pq  / . Assuming lN = ln N  1,
where N is of the order of the total number of
dislocations in a crystal, we retain the main term of the
expansion which is proportional to lN for the energy
region juj 6
(i.e. for the spectral region of the
broadened dislocational edge) in (11). Then, defining the
energy parameter in the form
p

=  2lN ;

(12)

we obtain

T = p2 q2 :

(13)



u2
j
uj
P (u) = 2 exp
2 :

(14)

Consequently using (13), (10), (9), (8), (7), for juj 6
, it is found that

Thus, the parameter (12) determines the dispersion
of the local values of the gap width related to
dislocations.
Finally, for the broadened edge region, the light
absorption coefficient Kk (4) becomes
~!
Z "g

Kk (~! "g ) = R0
= R0

p

p

1

~!

"g

uP (u) du =

( );
(15)
where ( ) is the universal function of the dimensionless
frequency:

( )=
=

Z

j j

1
~! "g

p



 2 d;

 exp

:

(16)

The absorption coefficient under the light polarization

d:

In the last integral, there is a logarithmic divergence.
This divergence is eliminated by replacing the upper
limit of integration by the characteristic dimension L
(radius) of the crystal [7]:
ZL

= 2A2




e2ipq  sin ' d' =

~e?Oz is determined from (5).
In the energy region juj  , the approximation
e T  1 T can be used. Then we obtain
P (u) = 2 =(2juj3 ):
(17)
As a result, in the region of the dislocational wing
"g ~!  , the dependence (15) is transformed to
the power-law asymptote

Kk ("g

~! ) = R0


16 ("g

2

~!)3=2

:

(18)
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Fig. 2. Dependence of K?/K k on the dimensionless frequency
Fig. 1. Dependence of the light absorption coefficient in a crystal
p
with dislocations Kk in the broadened edge region in units of R0
on the dimensionless frequency = (~! "g )/ (solid curve) in Burgers vector ~b. The absorption coefficients Kk and K?
comparison to the absorption coefficient dependence on frequency are not only different but also have different frequency
in the ideal crystal (dashed curve) in the same units
dependences as illustrated by Fig. 2. This creates
5.

Discussion

Fig. 1 presents the dependence of the light absorption
coefficient in a crystal with dislocations Kk in the
p
on the
broadened edge region in units of R0
dimensionless frequency
= (~! "g )/ calculated
from (15) and (16) (solid curve) in comparison to the
absorption coefficient dependence on frequency in the
ideal crystal (dashed curve) in the same units.
One can see that, in the case of screw dislocations, the
redistribution of the absorption from the region ~! > "g
to the region ~! < "g is observed. A similar behavior
takes place for edge dislocations [1]. However, for screw
dislocations, the shape of the broadened edge is different
since the distribution function P (u) for edge dislocations
is strictly Gaussian, while function (14) is not.
In the region of the dislocational wing, the expression
for the absorption coefficient for edge dislocations [1]
and that for the absorption coefficient Kk (18) coincide
when taken forÆ equal values of the parameter ,
while K? = Kk 2. At the same time, the analysis
shows that the dislocational absorption coefficient
for screw dislocations in the broadened edge region
exceeds the corresponding absorption coefficient for
edge dislocations when taken for equal values of the
parameter .
What distinguishes the dislocational absorption in
the case of screw dislocations is its characteristic
dependence on light polarization in respect to the
direction of dislocation lines, i.e. to the direction of the
ISSN 0503-1265. Ukr. J. Phys. 2004. V. 49, N 10

additional possibilities to investigate the dislocational
absorption experimentally and to compare the effects of
screw and edge dislocations.
It should be noted that, deeper in the gap, the
discreteness of the spectrum of the transverse (in respect
to a dislocation line) motion of electrons reveals itself,
and therefore the quasiclassical approximation ceases
to be valid. In this case, it is necessary to carry
out a consistent quantum-mechanical calculation of
the localized states in the field of dislocation and of
the contributions of the corresponding one-dimensional
bands to the absorption coefficient. As was shown in
[4], in this region of the absorption spectrum, the
dislocational absorption at the light polarization ~e
parallel to the Burgers vector ~b dominates both for edge
and screw dislocations.

1.

Razumova M.A., Khotyaintsev V.N.

2.

Razumova M.A., Khotyaintsev V.N.

3.
4.
5.

 1992.  34, N1.  P. 142147.
 1992.  174.  P.165174.

// Sov. Phys. Solid State.
// Phys. status solidi (b).

Razumova M.A., Khotyaintsev V.N.

// Ibid.  1995.  188.

Razumova M.A., Khotyaintsev V.N.

// Ibid.  1998.  210.

 P.751760.
 P.791796.

Symmetry and Deformational Effects in
Semiconductors.  Moscow: Nauka, 1972 (in Russian).
6. Hirth J.P., Lothe J. Theory of Dislocations.  New York:
McGraw-Hill Publ. Co., 1968.
7. Krivoglaz M.A. X-Ray and Neutron Diffraction in Nonideal
Crystals.  Berlin: Springer, 1996.
Received 08.10.03
Bir G.L., Pikus G.E.

989

V.N. KHOTYAINTSEV, M.A. RAZUMOVA

ÏÎËßÐÈÇÀÖIÉÍI ÎÑÎÁËÈÂÎÑÒI ÑÏÅÊÒÐIÂ
ÏÎÃËÈÍÀÍÍß ÑÂIÒËÀ Â ÏÐßÌÎÇÎÍÍÈÕ
ÍÀÏIÂÏÐÎÂIÄÍÈÊÀÕ Ç ÃÂÈÍÒÎÂÈÌÈ
ÄÈÑËÎÊÀÖIßÌÈ ÏÎÁËÈÇÓ ÊÐÀÞ
ÌIÆÇÎÍÍÎÃÎ ÏÎÃËÈÍÀÍÍß

íèìè ãâèíòîâèìè äèñëîêàöiÿìè ïîáëèçó êðàþ ôóíäàìåíòàëüíîãî ïîãëèíàííÿ â îáëàñòi êâàçiíåïåðåðâíîãî ñïåêòðà äèñëîêàöiéíèõ ñòàíiâ. Ïîêàçàíî, ùî ïîãëèíàííÿ, çóìîâëåíå äèñëîêàöiÿìè, ïîâ'ÿçàíå ç ëîêàëüíîþ
çìiíîþ øèðèíè çàáîðîíåíî¨ çîíè, ñïðè÷èíåíîþ äàëåêîäiéíèìè äåôîðìàöiéíèìè ïîëÿìè äèñëîêàöié. Ïîðiâíÿííÿ ç âiäïîâiäíèìè ðåçóëüòàòàìè äëÿ êðàéîâèõ äèñÂ.Ì. Õîòÿ¨íöåâ, Ì.À. Ðàçóìîâà
ëîêàöié âèÿâëÿ¹ ðÿä ñïiëüíèõ ðèñ ïîðÿä ç iñòîòíèÐåçþìå
ìè âiäìiííîñòÿìè. Âñòàíîâëåíî, ùî ñïåêòð ïîãëèíàííÿ äèñëîêàöié ¹ ðiçíèì äëÿ ðiçíèõ ïîëÿðèçàöié ñâiòëà,
Ðîçðàõîâàíî ñïåêòð ìiæçîííîãî ïîãëèíàííÿ ñâiòëà â ùî ñòâîðþ¹ äîäàòêîâi ìîæëèâîñòi äëÿ åêñïåðèìåíïðÿìîçîííîìó íàïiâïðîâiäíèêó ç õàîòè÷íî ðîçòàøîâà- òó.
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