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DENSITY OF STATESIN THE GAP, CONNECTED WITH DIPOLE DEFECTS
INTHE CHALCOGENIDE VITREOUS SEMICONDUCTORS

F. V. Grigoriev, A. S. Zyubin, S. A. Dembovsky

Institute of General and I norganic Chemistry, Russian Academy of Sciences,
Moscow, Russia

It is shown, that defects with significant dipole moments, which has been found out as a result
of quantum chemical modeling of the chal cogenide glassy semiconductors (CGS), giveriseto
atail of density of states, sowly faling down deep into the gap. Under some conditions, the
exact type of the energy spectrum of the charge carriers is determined in the frame of a poten-
tial that describes a dipole field at large distances.
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1. Introduction

Any deviations of the structure of glassy semiconductors from the structure of the appropriate
crystals result in the occurrence of states in the gap. In chalcogenide glassy semiconductors the dis-
tribution of statesin the gap exhibits features specific to discrete [1-3] spectra, and quasi-continuous
one [4-6]. As follows from the anal ysis of the dependence of mobility and conductivity on the dectri-
cal fidd in As,Se; the existence of smooth distribution upon energy of the states near to edges of a
valence band is possible. From the analysis of the hole mobility it results the existence of energy lev-
dssituated at 0.45 eV from the edge of the valency band.

The nature of these states is not quite clear. It is supposed that local defects, which are related
to the changes of chemica bond and coordination, form, as arule states, deeply laying in a gap, with
enough precisdy fixed energy forming a discrete spectrum. In turn, fluctuation in bond lengts, va
lency and torsion angles results in the formation of gap states, whose density N (E) falls down deep
into gap and is characteri zed by a quasi continuous spectrum.

However, the local defect, too, in case its geometry is accompanied by significant fluctua-
tions of potentia, can form group of the states, distributed enough deep in a gap, and near to the edges
of avalence band and conductivity, thus forming a spectrum.

As shown by quantum chemica modeling above mentioned [7], some defects in CGS exhibit
significant di pole momentum, which can play arolein the potentia fluctuation. Though the quantum
chemical modding allows to define the characteristics only of the leves deeply laying in a gap, the
research of fine levels with significant radius of localization by this method is not possible due to the
necessity to use large size clusters. The task to define the energy levds E, of an ectron in adipole
fidd by numerical methods was solved in [8]. Although the dependences E, on distance between
charges that form the dipole were obtained, the kind of density of states of eectronin adipolefiddis
not clear. In [9], the expression for an electron spectrum in the potentia V(r)=-a/r?in quasi-classical

approximation { E, = Ey exp(- % 2/ )} was obtai ned and the wave function corresponding to the exact

resolving of the wave equation in such potential was found.
In the present paper is described in dipole approach the and ytical solving of the problem of
the density of states of the free dectron with the effective mass m which moves in a medium with the
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permittivity €, in the dipole fied. The equation for E,, and under some conditions the true type of
function N (E) were obtained.

2. The problem

The potential energy of interaction of e ectrons with two charges is defined by the expression

Viy = -9 +£, wherer_=r + d/i2,r. = r - dl2and dis the distance between charges. Under
er,  er
the condition |r|>>|d| Viy O- @ dagr =-u(r) , whereu(r) is the part of potential, dependent only on
&

distance, J isthe angle between dipoles and r is the vector directed to eectron (seefigs. 1 and 2).
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_2mE

of an angular and radial part¢/(r) = R(r)®(J,¢) where ®(J, @) satisfies to the equation
(L2 + g cosd)d(3, §) = AD(S, §) 2

L2 isthe operator of a square of the kinetic moment.3 represent the val ues of the angular part of the
hamiltonian. The equation for theradia part of the wave function looks as follows

LR
r? ar )+r +ER=0 ®)

3. The solution for the angular part of the Schrodinger's equation
By operating the substitution x = cosd, x[-1;1], the equation (2) can be written as:
-y -2 +axy= 3y )

The following type of solution of the equation (4) can be expressed as a sum of Legendre
polynomial:

y(x) =Y C,P.(¥) ()

where P,(X) satisfies the equation
(1-x?)P =2xP =-n(n+1P, (6)

After substituting (5) in (4), with the consideration of (6) the following recurrent expression
for C,is obtained:

_ [nCpy . (n+1C,,
Cn(,B+n(n+1))-aLn_1+ o3 W for n>1 @)
where C, = 3‘2a0

Besides should be satisfied the normalization condition:
Slc[ =1 ®
n=1

At large n the expression (7) can be simplified:

Cnn2 - a|:cn—1 + Cn+1—‘ (9)
2 2

The Taylor formulawill be applied:
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C
And as aresult we shall get

1= Cn & Cn' +(/ 2)Cn" +... (10

C,-—C,=0 (12)

The solution of (11) isthe function

=0 45 )+ 47| 0

where | and K are the modified Bessd's functions. Because the condition of convergence to infiniteis
satisfied only by K, finally is obtained the expression for C, at large n:

- n? 7T g P (13
Cy JﬁAKi[M—JD A G ep-T)

In order to find the equation for B, it is necessary to multiply (4) by y* and make the integra-
tion.

Taking into consideration the rdations (5) and (7) the equation for S will be:

-SC 2 gy o2 (B (e = 8 14

Then, one obtains

(a- 1>zxc 20 vg, ﬁZ\ B (15)

2n+1

Let's define

-~ 22n(n+])
A=2 G Snet .

Y] 2 2
B=M|C |~ _
nZ:(:J ol 2n+1
From (10) and (11) one gets:

E (a 1)A (17)

From here follows, that at a =1 f = 0. We must stress, that B cannot take in any case val ues
morethan 2, then , .1 ,3<0.MostIikdy,ﬁbecom&snegativealreadyat a<l.
2

Let's consder an opportunity for the existence of positive S.
In case the basic contribution to the sumin (15) is provided by the terms with large n, the rdation (15)

can be simplified:
(@-D¥nC[ =8
n (18)

or

(@-DxAK f[zi(/za]dx: s (19)
0 4
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If the basic contribution to the integral (19) is produced at large X, it is possible to use the
asymptotic development (13). In this case one géis.

B=(a-)A*Ja (20)
Thereation (20) holds if the maximum of the expression
X2 )

X5 7

isachieved at x>>1, That is possibleonly at %/a >>1. For this reason the expression (20) hardly can

be used for anumerical etimation of S8 inthereal CGS.

Thus we have obtained, that, in every case, for large values a exist positive S values. It is
possible, however to assume from (17), that 8 becomes positive aready at g >1, as follows from
(16), that B < 1 if Cy is not abnormally large in comparison with other C,. It is possible to check up
directly, using ratio (7) that this conditionisfulfilledat g=1andsmal z.

4. The solution for the radial part of the Schrodinger's equation

It isknown, that the solution of the equation
X2y +xy +(x*-v?)y=0 (21)

arethe Bessdls functions J,,(X), and Y, (x)

e ED% (X o J (ST = I, (%)
=S e ) Y“(X)'( sin(m) J “

where
I'(z)= J"[Z_le_t dt istheT - function (23)
0
By substituting X — ix the equation (20) becomes
X2y +xy +(=x*-v?)y=0 (24)

The solution of (3) will be the functions
J, (ix)

IV(X) =T and KV(X) y (25)
i
=71[ 1,09 =1,(%) 26
() 2( sn(w) J 20
Le'swritetheradid part of the Schrédinger's equation (3) as
r’R'+2rR +(-|f|-|g|r?)R=0 (27)
._0°R o _0R
h =, =
where R 32 R i

L et's make the following substitution:



24 F. V. Grigoriev, A. S. Zyubin, S. A. Dembovsky

rR=R (28)
Jr
After transformations we shal | get the equation
R IR G| A)-JEIrR=0 @
It follows, that the solution (21) is the combination of the following kind
1 1
R0) = (Cl (BN +CK ([EJ) - wherev =2 fi-4i3]
Let's consder the case of red order, i.e Im(1)=0,
This condition is fulfilled when:
1
<= 30
1B 1 (30
The asymptotic functions|,, and K, for larger are 1, = iand K, = TLe . From
J2m 2r

these follows that in the solution of the equation must contribute only the K, function because |, does
not fulfil the infinite limit condition. It is aso necessary to satisfy the condition K, ( I|E1|r0) =0
which represents the definition equation for E;,. From the type of function K, it follows that

/‘ El‘rO = 1. For the exacter answer the numerical solution is necessary.
The order of Bessd function will beimaginary:

. 1 1 ~
Now let usdlscussthecase|,8|>z, v—|?/4{,8| 1=iAd Im(A)=0. (31)

Because the asymptote to infinity does not depend on v, we shall consider only K :
2k

B 3 I OV = R O 4112 G (3
KV(\/EF)—ZSm(im)Z[ 2 J k![[ 2 ] F(—i/l+k+1)_[ 2 | T(A+k+)

k=0

At smdl r from al sum it is meaningful to consider only the term with k = 0. As
IN(1+i2) = iz[(i2),one gets

B - 0= 5gng (ﬁr}“ ! {ﬁf}u 1

n(iA)|| 2 AT (=iA) 2 | iAT(A)
(33)

Further, we shdl take into account the following equalities for I function:

F@iA) =Re((iA)) +ilm(r(iA)) (34
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(=) =Re(l (iA)) =1 Im(I" (iA)) (35)

By using the representation

x4 =isin(AInx) +cos(AInx) &

One gets:

< . 7i (Re(I"(.1) cos(/}|n((\/ﬂr)/2))+|m(r(i/1))sjn(/1 In((ﬁr)/Z)))) (37)
V(\/ﬂr) sSiN(i7A)(REX (I (1A)) +Im2(I'(iA))

From the condition of equality to zero of K, in r = ro, wherethe potential becomesinfinite,
is obtained the equation for the energy spectrum of the ectron in the modd potential.

Re(7"(i)) cos(A |n((\/‘E £.)/2)) +Im(I'(iA)sin(A |n((\/\E r,)/2))=0 (39)
From this equation, one obtains

_4 1. Re(I'() ) _ 39

En 2 exp(/‘( arctg[—lm(r(u)j 27m) (39)

Thesimilar expression is obtained in [9] in quasi-dassical gpproximation.

Let us consider the equation (39) for low val ues of the argument in the I function. In this case
is valid the following representation, which can be obtained from [10] by maintaining in the devel op-
ing series only the first order terms.

oy 27 : _
I'iA)= ] Wexp(l(o, 42-arctg(A))) “0)
Further, if iA<<1,
E, = izexp(/]l (0.844 - 2arctgh - 2m)] (41)
fo

From (40) it follows, that the expression for N (E) will take the form:

A
N(En-Eqyy) =——"— (42)
‘ ﬂ-‘ En - Ec(v)

where EC(V) isthe edge of the conduction band (valence band).

5. Discussion and conclusion

The expressions for E, (19) and N(E) (20) are very important. Energy of the ground state,

Eo iz exp(—0.58) , obtained from (40) (we shall remind, that A — 0) is not redlistic, if it is not satisfied

fo
the condition /|E,|r - 0.
However, dready at n = 1 the required condition is observed, and it is possible to use (40)
and (41). A - 0 means what £ should not strongly exceed 1/4, that means in turn, that a should not
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5m* .
U, where 1 is
£m

the dipol e moment (Debye) and ™ js the ratio of the effective mass of the charge carrier to the eec-
m

exceed much the value 1. By substituting the fundamental constants, we get a O

tron mass. For CGS typical values of € are situated in therange 5 - 10, and m’ is lower than m and,
therefore, 1 should be rather large, in order to appear the states with the density described by the ex-
pression (41). So, according to the results of quantum chemical modeling [7], in GeS; are formed de-
fects of hypervaent configuration with p < 20 D, that satisfies to a condition of occurrence of such
states. One observes that around p ~ 20D, 3 can exceed significantly 1/4 and, therefore, the density of
states can differ from that given by (41). In this case we must return again to (38) for getting N (E).
Thus, theloca defect having significant dipol e moment, can appear as alocal level caused by

change in the character of chemical bond, and, also, asa group of states close to EC(V) , with rather

wide distribution upon energy, because (41) is a slowly faling down function. This can explain the
appearance in the expeariment of features characteristic both to discrete and continuous states in the
gap.
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