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For the spherically averaged Hamiltonian approximation an accurate nonvariational calculation is re-
ported of the energies of the one-dimensional bands split off from the edge of the valence band by the

shear strain fields of screw dislocations in various cubic semiconductors.

The calculation gives

significantly greater binding energies for holes than previous variational calculations and also a different
order of the first two levels when the ratio of light- and heavy-hole masses is less than 0.19. The calcula-
tion was performed on the basis of the effective-mass and deformation-potential approximations. This
approach is justified because the resulting binding energies are much smaller than the energy gaps. The
results may be used for the interpretation of various dislocation-related phenomena such as lumines-
cence, absorption, microwave conductivity, and combined resonance (a kind of electric-dipole spin reso-

nance).

I. INTRODUCTION

Bound states for electrons and holes at dislocations in
semiconductors can originate from three main factors:
long-range strain and electric fields of the dislocation;
dangling bonds and defects in the dislocation core; im-
purities and intrinsic defects in the vicinity of the disloca-
tion. In principle, different experimental techniques exist
to distinguish between the three types of dislocation
states,! but the results are not always conclusive.

In the present paper we will be interested in dislocation
bound states arising from the long-range strain field.
These states form a set of one-dimensional (1D) disloca-
tion bands split off from the valence- and conduction-
band edges.

This set of 1D-dislocation bands is responsible for a
wide range of the dislocation-related phenomena such as
dislocation photoluminescence and cathodolumines-
cence;! ¢ dislocation light absorption below the intrinsic
absorption edge;”® dislocation conductivity and mi-
crowave conductivity.’ 1!

Theoretical calculations of the energy positions of the
1D-dislocation bands can be divided in two groups. The
first group consist of the quantum chemical calculations,
which take into account the discrete atomic structure of
the crystal. At present the result of these calculations are
contradictory and strongly depend on the approximations
made and parameters chosen.!? ™!

The second group consists of the variational calcula-
tions made in the continuous media approach,®™?%’
which is based on empirical effective-mass and
deformation-potential approximations. Both these ap-
proximations fail in the vicinity of the dislocation core,
but the approach seems to be justified for shallow 1D-
dislocation bands arising from the dislocation strain field
because the characteristic size of the resulting wave func-
tions is larger then dislocation core and therefore core
should not affect these states strongly.

Previous theoretical calculations of the structure and
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the energy positions of the 1D-dislocation bands in the
continuous medium approximation were mainly restrict-
ed to the case of electron bound states with few excep-
tions! 2127 where hole bound states were also con-
sidered. This is because of the fact that valence band in
cubic semiconductors has a complex structure and con-
sists of subbands of light and heavy holes and thus the
variational calculations of hole binding energies becomes
very complicated and their accuracy is rather low.

However, the hole 1D-dislocation bands can play an
important role in the various dislocation-related optical
phenomena and may also be responsible for the disloca-
tion conductivity in p-doped crystals.” !

In this connection, of special interest is the case of
screw dislocations in direct gap semiconductors where
the strain field has only shear components and no disloca-
tion bound states exist for electrons in the continuous
medium approximation. In this case the 1D-hole disloca-
tion bands should provide the main contribution to the
shifts of the dislocation-related optical lines with respect
to the band gap and also to the capture cross section of
volume excitons into dislocation bound states. It may be
noted, for example, that the low-temperature Y, catho-
doluminescence line in ZnSe has been found in associa-
tion with screw dislocations.?®

In the present paper a highly precise nonvariational
method is suggested for calculation of hole binding ener-
gies and wave functions at screw dislocations in cubic
semiconductors. This method is based on a direct finding
with an iteration procedure the four solutions of corre-
sponding Schrodinger equation, which are finite at dislo-
cation line and then making a linear combination of this
solution which possesses the correct asymptotic behavior
at large distances. Actually this method is a generaliza-
tion of the method,?® which has been successfully used for
highly accurate nonvariational calculations of hole bind-
ing energies and wave functions at shallow acceptors.

Using this approach we have found that hole binding
energies at screw dislocation are much greater than previ-
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ous variational calculation!® 2! gave and the order of the

first two levels is also different when ratio of light- and
heavy-hole masses is lower than 0.19.

The calculation was made in the continuous medium
approximation assuming that the hole states are rather
shallow in comparison with the band gap and possess,
typically, binding energies of a few tens of meV.

The spherical approximation was used for description
of the deformation field of screw dislocation and hole
dispersion law. If necessary the nonspherical terms in the
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Hamiltonian can be also taken into account by using per-
turbation theory.

II. GENERAL HAMILTONIAN

We start by writing down the Hamiltonian for holes in
the strain field of the screw dislocation according to the
continuous medium approximation.

The hole kinetic energy H, can be described by the
Luttinger effective-mass Hamiltonian*

1
HOZ ?n?[(}’1+%y2)p21_272(p3‘s£ +p3S)%+p3S3)—473(pxpy {sty} +pxpz {Ssz} +pypz {SySz } )] ’ 1)

where p=—i#V; S; are 4X4 matrices of the hole spin projections, corresponding to hole spin §=3;
{S;S;}=(S;S;+5S;S;)/2 and I is unit matrix; y,¥,,73 are parameters introduced by Luttinger, and m is the free-

electron mass.

According to Ref. 31 the potential V(r) for hole interaction with an external strain field has the form

V(r)z_(a+%b)2 uii1+b2 u;S2+2d /vV3 > u;{S;

i>j

where u;; is a strain tensor which depends on the hole po-
sition coordinate r, a, b, and d are deformation-potential
constants. The signs of Hy and V(r) in (1) and (2) corre-
spond to positive hole energies.

In the following we will use spherical approximations
for the description of the valence band and for the hole-
strain field coupling. Performing the spherical averaging
of (1) and (2) by the method suggested in Ref. 32 it is easy
to obtain a spherically symmetrical effective Hamiltonian

H=Hy+V(r),
1
Ho=5;[<h+%h)pzl—27(p8)2], 3)

Vir)=—(a+3b")3 u;I+b" 3 u;{S;S;} ,
i iLJj

where ¥ =(2y,+3y;)/5 and b'=(2b +V'3d) /5.

For a screw dislocation which lies along the z axis, the
strain tensor for an isotropic continuous medium is well
known (e.g., Ref. 33),

S;} s v)

Br,
u,‘z(r)ZuZ,((r):4 7
’T; )
rx
u, (r=u,(r)=— a2

where r=\/ r,f-l—ry2 is the distance from dislocation axis
and B is the modulus of Burgers vector (we use the capi-
tal letter in order to distinguish it from deformation po-
tential b).

Using the explicit forms of matrices {S;S;} given in
Ref. 31 we obtain the expression for potential-energy
operator,

0 —r_ 0 O
=3B T 000 5)
=320 o o r_|° (

0 0 v 0

where r. =r, tir,.
The explicit matrix form of the kinetic-energy operator
is

(vi—2y 2+ (v +yp_py 3 —i2V3ypp_ 5 V3ypZ ; O
L | i2V3yppy s vty Rl (yi—yipopy s 05 Virpl

0T 2m | V3ypi s 05 (ry 2y ity —vp_ps s i2V3vpp

, (6)

0; V3yph s —i2V3yppy ;s (1i—20p2 ity py
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where p . =p, tip,. H'=UYHU , (8)
The full Hamiltonian, which is the sum of (5) and (6), h Uand y(r) h he f
possesses an axial symmetry and therefore the projection where U'and x(r) have the forms
of the total angular momentum J on the z axis generates exp[i(M—2)¢]; 0; 0; O
J,=M as a conserving quantum number which can take ] : .
only half-integer values =1, 3, £3, ... . _ 0; exp[i(M—3)¢]; 0; 0
The Hamiltonian possesses also a translation symmetry U= 0; 0; exp[i(M+1)¢]; 0]
along the z axis and therefore p, is a conserving quantum 0; 0; 0; exp[i(M+3)4]
number as well. 2
Thus, the general form of the wave function is Mp ©
) Mp, X327 (r)
exp[z(M——%)¢]X3/2 (r) M,p,
[ ¢] ( ) M,p( ) Xl/z (r)
exp[i(M—1) Xl/ | X = oumy, ,
‘I/M,Pz(r’z,‘p): A ip,z/# _ o X=1,(r)
exp[i(M~+3)p1x -1 /(r)
Mp X- 3/2(")
exp[i(M+3)dIx_3/,(r)
P ¢ 372 and )( *Pz(7) satisfies the equation
The Schrodmger equation for the four-spinor radial ,. Mp M,p
H (r)=E (r) .
part )( *’z(7) of the hole wave function can be found by X =By ) (10)
the unitary transformation, U, of the Hamiltonian (3) Using the relations
J
iat
prexpliaglf(r)=explila+1)¢] \p.+== \f(r),
(11)
. _ . iati
p-expliag]f(r)=explila—1)¢] |p,——— |f(r),
where p, = —i#0d/0dr, we can easily find, from (6) to (10), the unitary transformed form of H as
2
'=—21; p}A—’—h—p,B+fi—c+p3D+zpzp,F+pZﬁG +%—Q, (12)
where g =(V3Bb' /41)'/? is an “effective charge” and the explicit forms of the 4 X4 matrix 4, B, C, D, F, G, Q are
yi+ty O V3y 0 yi+vy 0 2V3yM 0
0 y,—y 0 Viy 0 Y1i—y 0 2V3y(M+1)
A= V3y 0 y,—y 0 |’ B= —2V3y(M —1) 0 Y1~V 0 ’
0 Viy 0 y+vy 0 —2V3yM 0 vty
(i +y)(M—3)2 0 —V3y(M+L)(M—2)
0 (Y= )M —1)? 0 —V3y(M+L(M—2)
C =
VI (MA LM —2) 0 (71— (M +LY 13
0 —V3y(M+L)(M—2) 0 (y1+y)(M+3)7?
(y1—27) 0 0 0 0 —2V3y 0 0
0 (y1+27) 0 0 2\/37, 0 0 0
b=\ 0 (y;4+27) 0 » F=1 9 0 0o 23|’
0 0 0 (y1—2y) 0 0 —2V3y 0
0 —2V3y(M—1 0
4 ) 0 —100
—2V3y(M—3) 0 0 -1 0 00
G= 0 0 0 2IymM+3| €70 0 01
0 0 2V3y(M+1) 0 0 0 10
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Because of time-reversal symmetry of the Hamiltonian
(12) the solutions of (10) with M <0 can be found from
those with M >0 by application of the time-reversal
operator

0O 0 o0 1
— 0O 0 —10 _ *
M,p, o M,—p,
-1 0 0 O

Thus, in the following, we will restrict ourselves to
considering only states with M > 0.

Because the heavy-hole subband provides the main
contribution in the hole binding energies at screw disloca-
tion, it is convenient to use the corresponding effective
atomic units of distance r;, momentum p,, and energy
Ry* (the effective Rydberg), which are given by the for-
mulas

2
# # muq
ro= — = — , R *—= > (15)
0 mhq2 Do ro y Zﬁz
where m, =m /(y,—2y) is the mass of the heavy hole.

In these units the Schrodinger equation (10) for four-
. . . M,p
spinor radial part of wave function Y “*(r) takes the
form
(H"+e)x""*(x)=0 (16)

where x =r /r, is the distance in effective Bohr radii and
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The corresponding Hamiltonian H"' is
2

2
H'" = 1 az—ﬁi—£+D Pz
Y1~ 2y ax* x 0x «x Po
G
LplPe ]2 ] 20
ox X x

III. WAVE FUNCTIONS
AND BINDING ENERGIES

In the present paper we will be interested in the hole
binding energies at the centers of 1D-dislocation bands
and thus will put p, =0 in (17), but the method to be con-
sidered for solving (16) at p,=0 is also applicable for
p,7O0.

First we would like to note that the four solutions of
(16) which are finite at x =0 can be found in the form

P ()= (x)+ ,(0)In(x) + 3(6)In(x) + dy(x)In¥(x) |
(18)

where the four-spinor functions ¢;(x) are analytical at
x =0 and can be expanded in series of powers of x
¢i(x 2 f(z) n (19)

The substitution of (18), (19) in (16), (17) at p, =0 leads

e=—E/Ry* is hole binding energy measured in effective  to the following recurrence relations between four-spinor
Rydbergs. coefficients f ,(,”:
T(M,n)f\V=(y,—2yNefiL, —2Qf Y )—[(2n —1) 4 +B]f P =24,
T(M,n)f\P=(y, —2y)(ef,,_ —2Qf,§211 )—2[(2n —1) A +B1fP—64f",
(20)
T(M,n)fV=(y, =2y Nef, =203 )—=3[2n —1) 4 +B1f¥,
T(M,n)f,=( 7’1“27’)(€fn—z—2an—x) ,
where T(M,n)=n(n —1)A+nB+C. 0)ey=0, T(4,1)e;=0,
In order for the spinor coefficients f.” to become zero L 1 23)
when n <N, it is necessary that det{T(M,N)}=0. The T(3,1)e,=0, T(3,2)e,=0,
direct calculation with the use of (13) gives and also four four-spinors go, g1, &1, g, such as that
det{T(M,n)}=D,D, , (21) goT(%’0)=0 , g T(L, D=0
(24)
where T,1)=0, g,T(3,2)=0.
D, =(yi—4y)[n*—(M—3)?][n*—(M+1)],
(22)

D, =(y}—4y)[n*—(M—1?][n*—(M+3)] .
Thus the determinant is equal to zero when n=M —3,
M—I M+I, M+3forM=3

A special case is that of M =1 when det{T({,n)} has
two single roots when n =0, n =2 and one double root
when n=1.

Let us start with this special case.

Because det{T({,n)} =0 when n =0, 2 and has a dou-
ble root when n =1 we can find four four-spinors e, ey,
€,, e, such that

TABLE 1. Spinor coefficients f.” of four solutions of
Eq. (16) for radial part of hole wave function.
X x)=S e x4 fPIn(x) + £ PIn%(x) + fPIn’(x)}, for

the case M= ——, pz—O [Coefficients a,, b,, ¢,, d, and factors
ki, k,, k3, k4 should be found from recurrence relations (20).]

Solution 1 Solution 2 Solution 3 Solution 4
'(ll) an b’l cn dn
2) 0 0 k,a, kqa, +ksib, +k,c,
3 0 0 0 kik,a, /2
4 0 0 0 0

n
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The explicit forms of these spinors are

0 1 0 0
1 of o 2V3y
90: O ’ e1: 0 » 81: l » e2= O ’
0 0 0 Y =71
(25)
0 1 0 0
1 o o 0
80— 0l 81 0l g1 = 1! 82 0
0 0 0 1

To solve (16) we also will need the matrices T“l(%,n)
in order to use (20) for recursion finding f.\”. These ma-
trices are well defined for n >2 when det{ T'({,n)}50 but
for n =1, 2 we need to introduce an additional definition
of T“'(%,n) because the usual inverse matrices do not ex-
ist in these cases.

We like to define the T—l(%,n) in these cases in the fol-
lowing way:

ay,=0, a;=0, a,=e,,
a,=T '(1,n)[(y,—2y)ea, ,+2Qa, )] forn>2;
by,=0, b;=e,;,

b, =T L,n)[(y,—2y)Neb,_,+20b,_,)] forn>1;

14 967
0 0 0 0
To(1,1) Tp(1,1)
D2 D2
—1 —
UL D=, o o 0 , (26
T42(%71) TZZ(%"]»)
D, D,
T3;3(5,2) B T5(4,2)
DI Dl
1
0 0 0
T(1,2)
—11 =
R I EY Ty1(3,2)
D, D,
0 0 0 0
@)

The four solutions of (16) can be taken in the forms
(18), (19) with f!” shown in Table I, where four-spinor
coefficients a,, b,, c¢,, d,, found from recurrence rela-
tions (20), are

co=0, c¢;=¢;, (28)
¢, =T NLm{(y,—2y)Nec, ,+2Qc, | )—[2(n—1)4+Blk,a,} forn>1;
do=e, , d,=T '(L,n){(y,—2y)Nec,_,+2Qc,_)—[2(n—1)4 +B](ksa,+k3b, +kyc,)— Ak k,a,} for n>0,
and the factors k,k,,k;,k, should be found from conditions

(g,l(y =2y Nec, _,+2Qc, _1)—[2(n —1)A+Blk,a,)=0 for n=2,

(g, |(y,—2yNec, _,+2Qc, 1) —[2(n—1)A +B](k,a, +k3b, +k,c,)— Ak k,a, )=0 for n=1,2, (29)

(8,1(y1—2y)ec, —,+2Qc, _1)—[2(n—1)A +Bl(k,a, +k3b, +kyc,)— Ak kya,)=0 for n=1.

Thus, for case M =1, p, =0 we have built all four solutions XM’p"i(x), where i =1,2,3,4 is the solution number, of the

Schrodinger equation (16), which are finite at x =0.
Now let us consider the case of M = 3.

In this case det{T(M,n)} has a single root when n=M—3, M—1, M+

(M (M)

spinors e\™, g™ which met the conditions

T(M,n)e™=0, gMT(M,n)=0

are

, M+3, and corresponding eight four-

[SIES

(30)



Y. T. REBANE AND J. W. STEEDS 48

14 968
1 0 V3y(4M?>—1)
oM 0 oM ! oM — 0
M—3/2 0|’ *M—1,2 0| “M+122 ._2(7,1_|_7,)(2M_1) ’
0 0 0
0 (Y1 —Y)(M =372 —(M—1)?]
an _ [V3YIMM +17-1] M 0 (31
eM+32~— 0 > 8M—-327 V3y[4M +1)2—1] ) )
—2(y;—y)2M +1) 0
0 0 0
(M) = UM =3 = (M43 7] (M) 0 (M) 0
EM-1127 0 » 8M+127 (1| 8M+1127 g
—V3y(4aM?*—1)? 0 1

In order to find the solutions of (16) we will also need matrices T~ (M, n), which are well defined for n > M +2 but

additional definitions should be made forn=M +3, M+ 1, M —1.
We like to define T~ (M, n) in these cases in the following way.

Forn=M+2,
T3;,(M,n) 0 B T3(M,n)
1
0 — 0 0
. T22(M,n)
T (M.n)=| 1 (M,n) . Ty (M,n) (32)
D, D,
0 0 0 0
Forn=M+1,
1
0 0 0
T“(M,n)
0 T4(M,n) _ Tyu(M,n)
D, D,
-1 —
0 _ T42(M,n) T22(M,n)
D, D,
Forn=M—1,
T33(M,n) —T13(M,n)
- _ 0 0 0 4
T (Mm=| 1 (Mn) s Tuttm (34)
D, D,
0 0 0 . —
T44(M,n)

The four solutions of (16) for the case of M Z% can be taken in the forms (18), (19) with f ,(,i) shown in Table II, where
four-spinor coefficients a,,, b,, c,, d,, found from recurrence relations (20), are
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TABLE H[w Spinor coefficients f.” of four solutions of Eq. (16) for the radial part of the hole wave
function. x X(x)=3*_x"{fP+ fPIn(x)+ fOnXx)+ f(In*(x)}, for the case M > 3, p,=0.
[Coefficients a,, b,, c,, d, and factors k, k,, k3, k4 should be found from recurrence relations (20).]
Solution 1 Solution 2 Solution 3 Solution 4
o a b i @z
(2) 0 kMaM kKMaM+ kMM kMaM+ kMpM+ kMM
(3) 0 0 kMiMaM /2 (KMEY + kMM aM 2+ KYEMDM /2
P 0 0 0 kMeMkYaX /6
aM=0 forn<M+3, aifi3p=eys,
aM=T" M,n)[(y,—2yNeaM ,+2QaM |)] for n>M+3;
bnAIZO forn<M+%, b){‘{l+1/2=eilM_z.l/2 s
bM=T"YM,n){(y,—2y NebM ,+20bM |)—[2(n —1) A +Blk¥aM} for n>M+1;
(35)

M_ M — (M
cM=0 forn<M—1L, M . =e ),

cM=T"'M,n){(y,—2yNecH ,+20cM |)—[2(n —1) A +B)(k¥aY+k¥bM)— 4k ¥kYa)} forn>M—1;

— M — (M
d,llu_o for n<M—% ) dM._:;/z—e}w_):;/z N

dM=T"YM,n){(y,—2y N ed} ,+20Qd} )

+[2(n—1) 4 +Bl(k¥aM+kYpM+ kY M

)— A[(KYEY + kMM )aM 2+ kYYD M)}

forn>M—3;

and the factors k¥, k3, k¥, kM, k¥, k¥ should be found from the conditions

(gM|(y,—2y)ebM ,+20bM | )—[2(n —1) 4 +Blk¥aM)=0 for n=M+3;

(gM|(y,—2y NecM , +20cM ) —[2(n —1) A +Bl(k¥aM+ kb M)— AkYkYaM)=0 for n=M+1, M+3;

(gM|(y,—2y NedM ,+2QdM | )—[2(n —1)A+Bl(k¥a X+ kYoM + Kk YcM)
X A[YEY + kY a2+ kKD M) =0 for n=M—1 , M+1, M+3.

Thus we have found a recursion procedure which al-
lows us to obtain for case p,=0 all four solutions
XM'p”'(x)« of the Schrédinger equation (16) which are
finite at x =0 (i =1,2, 3,4 is the solution number).

In order to get the eigenfunctions of (16) and corre-
sponding energies of bound states we need to make a
linear combination of )(M’Pz"(x) which decreases at
X =00,

. . M,p_,i(as) .

The four asymptotic solutions y "~ (x) which de-
creases at x = oo can be obtained directly from (16) in
the form

M,p_,i(as) _ —n;x
x P x)=x 12 s, (37)

where 7;=1,=Ve, n=n,=V ely,;—2y)/(y,+2y),
and four four-spinors s; are

1 0 V73 0

0 -3 0 1
$ = V3| 527 0 s 83 11’ %% |o

0 1 0 V3

. . . M,p,,i .
The linear combination of x 2 '(x) decreasing at
x = oo exists only for such energies € when eight eight-

spinors VKkx), k=1, ...,8, which are determined as
M,p,,i M,p_,i(as)
) X T P(x) 4 z (x)
Vix)= 3 Mopai , Vitdx)= 3 Moy ias)
ox X dx
i=1,...,4, (39
become linear dependent at x = .
This condition can be written in the form
detW(x)=0 when x = o , (40)

where W (x) is an 8 X8 matrix W (x)=VXx), and sis a
spinor index of V*(x).

Actually (40) is the quantization condition which al-
lows to calculate the hole binding energies and wave
functions with high accuracy using the recursion pro-
cedure described above.

Applying this approach we have calculated the binding
energies of the six deepest hole levels at screw dislocation
whose quantum numbers are M =1, n=0,1,2; M=3,
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n=0,1; M=2, n=0, where n is a radial quantum num-
ber.

In this calculation we have approximated the infinite
sum in (19) by the finite sum of 70 first terms and the
x = oo in quantization condition (57) was approximated
by x =10/V'e. These approximations provide the accu-
racy of the binding energies of about 1%.

The results of this calculation for various ratios m; /m,
of the light m; and the heavy m, hole masses are shown
in Figs. 1 and 2. A comparison of the results with the
previous variational calculation!® shows that for case
m;=m, our calculation gives for the main states corre-
sponding to M =2, n=0 and M =1, n =0 binding ener-
gies only greater by a factor of 1.07. But for the case
m;/m;, =0.1 the hole energy levels have been found to be
significantly deeper than those given in Ref. 19. For the
state with M =2, n =0 the binding energy is 1.58 times
greater, and for the state with M =1, n =0, 2.43 times
greater.

We also have found that for m; /m, <0.19 the order of
the two deepest levels with M =2, n=0and M =1, n=0
changes and the level with M =1, n=0 becomes the
main bound state.

The results of the calculation of binding energies for
various cubic semiconductors are shown in Table III and
the parameters used in the calculation of the effective
Rydbergs value are shown in Table IV.

It can be seen from Table III that the hold bound
states in all cases are rather shallow and, therefore, the
continuous medium approximation, used in this paper,
was justified.

We have also used the spherical approximation to the
hole dispersion law and an isotropic dislocation strain
field. Further improvement of the precision of our calcu-
lation of the binding energies could be achieved by taking
into account the anisotropic terms in the Hamiltonian (1),
(2) by use of perturbation theory.

The anisotropic part of the Hamiltonian (1), (2) has
only nondiagonal matrix elements between eigenfunctions
of the spherically averaged Hamiltonian (3) being

1.1

-
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nonzero and thus the perturbation should lead to an addi-
tional increase in the hole binding energy for the main
bound state.

A comparison of the hole binding energies for Si and
Ge given in Table IIT with the results of previous varia-
tional calculations?®2! (26 meV for Si and 8 and 12 meV
for Ge) shows a significant increase in the corresponding
energies due to a more precise solution of the
Schrodinger equation with the spherically averaged
continuous-medium-approximated Hamiltonianan (3) in
this paper.

Experimental binding energies for holes at screw dislo-
cations found from measurements of the dislocation-
related Hall effect for Ge (Refs. 34-36) and the
dislocation-related microwave conductivity for Si (Refs.
10 and 11) are 35 and 80 meV, respectively.

For ZnSe the hole binding energy 163 meV can be ob-
tained from the energy of the screw dislocation-related
photoluminescence line (2.60 eV) and the screw

TABLE III. Hole binding energies for two deepest bound
states E(M=1,n=0) and E(M =2, n=0) at the screw dislo-

cation in various semiconductors.

Compound E(M=1,n=0) (meV) E(M=3,n=0) (meV)

Si 37 39
Ge 20 19
AlSb 62 53
GaP 33 34
GaAs 36 34
GaSb 24 21
InP 46 42
InAs 18 13
InSb 27 17
ZnS 32 30 .
ZnSe 53 50
ZnTe 63 58
CdTe 72 62




48 HOLE BOUND STATES IN THE DEFORMATION FIELD OF . ..

14 971

TABLE IV. Parameters used for calculating the effective Rydberg values Ry* for various semicon-
ductors. The experimental values for deformation-potential constants were taken from the review arti-

cle (Ref. 40) and the Luttinger constants were taken from Ref. 41.

Compound B (A) b (V) d (V) b (V) 7, Y2 V3 y  m;/m; Ry* (meV)
Si 3.84 —22 —51 —2.65 422 039 144 102 0.35 60
Ge 400 —23 —50 —265 134 425 569 5.11 0.135 44
AlSb 434 —14 —43 —205 415 415 101 175 0.085 152
GaP 385 —18 —45 —228 420 098 166 139 0204 67
GaAs 400 —20 —54 —267 7.65 241 328 293 0.132 80
GaSb 431 —18 —46 —231 118 403 526 477 0.107 55
InP 414 —20 —50 —253 628 208 276 249 0.114 106
InAs 428 —18 —36 —197 19.7 837 9.23 889 0.052 46
InSb 457 —20 —50 —253 351 156 169 164 0.035 72
ZnS 382 —07 —3.7 —156 254 075 109 095 0.144 69
ZnSe 400 —12 —49 —218 377 124 167 150 0.115 124
ZnTe 431 —18 —46 —231 374 107 1.64 141 0.140 135
CdTe 458 —12 —54 —235 529 1.89 246 223 0.085 174

dislocation-related exciton activation energy (57 meV),
suggesting that the electron binding energy at screw
dislocation is negligible.?

It can be seen from Table III that the present calcula-
tions significantly improve the agreement between theory
and experiment but a discrepancy still exists. The
disagreement may arise from neglecting the anisotropy
and dislocation-core-related effects in present calculations
as well as from the impurity and point defect contribu-
tions to experimental binding energies.

IV. CONCLUSIONS

In this paper, accurate nonvariational calculations
for the spherically averaged continuous-medium-
approximated Hamiltonian have been made of hole states
bound in the shear strain field of screw dislocations. The

corresponding binding energies were found to be rather
small and comparable with the binding energies typical of
shallow acceptors.

low-temperature dislocation-luminescence phenomena in
pure semiconductors because of the very large capture
cross section for carriers in dislocation strain fields*> as
well as in various one-dimensional electronic-transport-
related phenomena such as dislocation conductivity and
microwave conductivity’ !! and dislocation combined
resonance (a kind of electric-dipole spin resonance).” ~3°
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