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ELECTRICAL DC CONDUCTIVITY OF AMORPHOUS
SEMICONDUCTORS BY QUASICLASSICAL
APPROXIMATION

STEFAN BARTA*, PETER DIESKA*, DRAHOSLAV BARANCOK**,
Bratislava

The quasiclassical model for the energy spectrum of an electron with randomly shifted
bands in a randon potential is suggesfed. On the basis of this model the ‘expression for dc
conductivity is derived. The theoretical results are compared with experimental ones .
obtained on some chalcogenide glasses and on amorphous Ge and Si.

3JIEKTPONPOBOIUMOCTh AMOP®HBIX NMOJAYNMPOBOOHUKOB
PR MOCTOAHHOM HATIPSIXEHHHM B KBA3HKIACCHYECKOM
MPUBINXEHHHA

PaccMaTpuBaeTcs KBa3MKIaccHdeckas MORENs A IHEPreTHIECKOTO CHEKTpA 31eK-
TPOHA CO CJTYYaHHO CIBHHYTHIMH 30HAMH YPOBHEN IHEPTHH B CY4aiHOM MOTEHIUANE.
Ha ocose 3Toit Monenn nonydeHo BripaxeHue AN YAETbHOM 3NEKTPONPOBOIUMOCTH.
TIpoBORMTCA CPaBHEHHE TEOPETHUECKHX PEIYNHTATOR C IKCIEPHMEHTANBHBIMA HAHHLIMH
O XaNbKOFEHHBIX CTEKNAX U aMOPMHBIX TEPMAHUH H KPEMHHA.

L INTRODUCTION

In our recent paper [1] one possible approach to the calculation of the density of
states of an electron in a random potential was presented. Starting from the
assumption that a one-particle potential can be written as

Qﬁﬂv”Q»Aﬂv.TQwﬁﬂv, . AHV ’

where U,(r) is a periodical function and U,(r) is a stationary random function
(defined by a multigaussian distribution function), the quasiclassical density of
states as well as the first and the second quantum-mechanical corrections have been
calculated. The results numerically obtained show that in certain ranges of
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dispersion of the random potential 7 and the noﬂ.o_wﬂ.mo: _oamr.ﬁ L n.:»:..-
tum-mechanical corrections can be ignored. This conclusion is the mam.nnzm point in
the present paper, in which the quasiclassical model i:.: randomly mrwrma bands is
suggested and the expression for dc conductivity is derived. The n_nm:a:nm_ results
are compared with experimental results obtained on some chalcogenide glasses and
on amorphous Ge and Si.

1I. MODEL WITH RANDOMLY SHIFTED BANDS

The density of states is given by the relation

M y+ix

: e®Z(B)dp y>0. )
278 Jyi

g(E)=
With respect to the above conclusion the statistical sum Z(f) is written in

a quasiclassical form:

Z,B)= @w:u [[ exe (- p1E.) + Uy @) akar &)

Thus the local density of states (per unit volume) we can write
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For a Gaussian distribution of potential, its mean value is

— H %8 IMN\N‘|~|I v Oum ﬂ
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x [exp (~BIE(R) + nED dkapas.

This mathematical formulation implies the following interpretation: For every
valite of the parameter £ the expression represents the energy om. an a._anoF Thus,
for all values of the wave vector k a band is obtained ir_wr is m:_mma. m.qu the
“crystalline” band by a value of £. Such a band .._m formed with a probability equal

to L e-#2 we wish to point out that all such states are delocalized, and their

V2n ) . . .
dynamics in external or some additional (due to the differencies cﬂino:.am.m_ Eﬁ
real crystals) fields is similar to the dynamics of the Bloch electron. In principle, in
a non crystalline matter some localized states can be formed, ~.oo. However, :_mma
existence can be proved by a precise use of quantum mechanics only. From this

X (5)
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vo:.w of view the .n:mmmn_mmmmom_ approximation is very rough; however, it still can
provide some basic informations about the nature of non-crystalline matter.

II. DC ELECTRICAL CONDUCTIVITY

For the n.m_o_:m:oz of the dc electrical conductivity sm start from the model of
mutually mr_ﬁaa bands. In the following it is important to realize that the dynamics
of an electron is taken similar to that of the Bloch electron. :

. After mnv_.v::m the effective mass approximation, the conductivity tensor for one
w..:a of carriers can be obtained from the solution of the Boltzmann equation: :
e [ A 3
4’ | me kk k) wm

Here, f, denotes the Fermi distribution function.

If the relaxation constant does not depend on the direction of k, the relation (6)
can be simplified :

o=

dk . (6)

s\

o=- wmﬁmuN\KNS* u‘ e1(k) WI\M. de , ©)
where €=} AN«NN .
In our case, itis E=E,+¢+ n& , thus
o [ 3

3E a7 @ANlm..|m|m3vQN.

After expressing the delta function in ::.omnm_ form, the relation (7) yields

_16me* V2m* [r+= 1 af,
38 ) mﬂ: ¢ wm e’r(e)exp[
~B(EstetEn))dedzdf. (8)

The formula (8) n.ovnnmmaa a conductivity corresponding to a band shifted by n&
from the “crystalline” edge of the forbidden band with the energy E,.
The mean conductivity is obtained after averaging with respect to £

o=

oo L6mENV2Zm* 1 e = e o
3n° mmb.x hn h e 3 eXP [~ B(Eo—e)+n°f7/2] X
)]
X £**1(¢) dzdedf .

This can be calculated only if we know the dominant scattering mechanism and the
related relaxation constant. One should here realize that so far only the ideal
non-crystalline state has been studied. However, in the real case some additional
defects, which cause scattering, are present. For illustration, we shall further
consider two types of scattering: scattering on charged centres, and scattering on
acoustical phonons, the relaxation constant being 7.=75¢** and =756 "%,
respectively.
Let us denote

~@§NN~<N§*H<+§ “8 m m\c Nn
,u_l I N |m+ \Nx 5
(e 3 2ai by Jo € 30 &P [P+ wF2P (10)

x % £ ¢~ dedzdf .
(t]

After performing integration over f, the relation (10) can be rewritten as

’

Am,v u;am MNS* NJ\WM\B :5,% ﬁ, ea Tm va %T ::‘

E,—E,
X,Q\N+:~A:|IA.\m|‘~..wv du ,

where

dx .

1 S_—
e ==
#.(v) I'(v+ Ch 1+e

When taking the relaxation constant in the form z(¢) = 1,¢’, the mean conductivity
is

(o)=10(€") . . (12)

For carriers scattered on acoustical phonons the relation (12) becomes

~@.§.N~/\M\M 2 = 2.2 m.clmm
o) = = (kT N% exp [— 1/2(kT/n)Y1’] Folu——"—")du.
ta) 34 ,\N§A V1. Pl DA kT v
(13)

The summation of electron and hole contributions yields the total conductivity
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where AE=E_—-E,, OE=AE/2 - (E, — Ey). o
Analogically, for scattering on charged centres one obtains:
| 7 - AE JE
64Vrme® (kT) kT2 5 A _ Illv
(o) = vl: & exp ﬁlw Aﬂ.v :Q . Vm. F,lu kT ' +
- 1s)
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For a full determination of conductivity we must know 9@. temperature
dependence of the Fermi level shift 6E = E(T). It can be determined from the
electrical neutrality condition

n=p. (16)

The concentration of electrons — n and holes — p can cw nm_.oc_mﬁma from the
density of states (5), using again the effective mass approximation:

52 = - kT\2 AE %Imv
:HhSMaAm.v \.a oxnﬁlwAﬂJ :N_ Fia(u—spmt+mm)du, (1)

wa(KT\Y? [~ kT\? A AE  OE . 18
HH&.S%\NANWV \‘ oxvﬁlmAmuv =NH_ F.» :I.IN\QN,+»‘~JV du (18)

Putting (17) and (18) into (16) an equation for 6E is obtained:

= ST AE OF |
b P Tm Aﬁ g ?m;.ﬁ;?su»ﬂ|mv| : 9
i AE  SE\] , _
ISnu NW\J_\NAQ IN\AIINJ.*.\«N..VW du=0.

. IV. NUMERICAL ANALYSIS AND DISCUSSION

The expressions (14), (15) were numerically evaluated, using the temperature
dependence of the Fermi level shift 6E =0E(T) numerically calculated (from
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(19)), too. In Figs. 1 and 2 the families of
scattering are shown. No essential qualitativi
ratios m¥/m* and T../T,, were varied within the interval 0.1—S5. Fj
a qualitative conclusion that in the h

evident, e, g. from the experimental resu
glasses CdTI, As, and DcGe,As; [4]. For a fixed value of temperature the v

0 5 10 . 3«\._' TA.___ -

Fig. 1. The electrical dc conductivity vs 1/7 for

scattering on acoustical phonons, using various

values of parameters n and E=0.8eV. The

curves (a) to (f) were calculated (from 14) for the

following values of n:0.01,0.05, 0.06, 0.07,0.08
and 0.1 eV.

o vs 1/T plot) at low temperatures are
Its obtained on amorphous As,Te, [3], on

olay]
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Fig. 2. The electrical dc conductivity vs 1/7 for

scattering on nrm_,wna centres using various

parameters n and E=0.8 eV. The curves (a) to

(f) were calculated (from (15)) for the following

values of p : 0.01, 0.02, 0.03, 0.04, 0.05 and
: 0.06eVv.
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Ino vs 1/T curves for both types of
¢ differences were obtained when the
gs. 1 and 2 yield

alue of



Fig. 3. The electrical dc conductivity vs 7~""* for
scattering on charged centres at low temperatures
for different values of 5 ((a) — 0.062 eV, (b)
—0.064 eV, (c) — 0.066 eV, (d) — 0.068 eV, (e)
— 0.07 eV). The numerical computations were
carried out with the parameters AE=1.1 ey,
myim;=3,1,, /7, =1.

10 R S
on ﬂ.\.TA._J .

effective activation energy increases with decreasing 7, whereas the conductivity
decreases. Assuming that the decrease in 7 is due to annealing, these facts are in
a qualitative agreement with the experimental results obtained on some chal-
cogenide glasses [S—7]. Annealing treatment on amorphous Ge and Si [8—10]
gives also such a display of conductivity curves as in Figs. 1, 2. For a given value of
n and of other parameters a certain low temperature exists, in which the theoretical
results behave like o ~exp (To/ T)" with T, € 7x 10° = 10° K. Such behaviour is
generally observed on amorphous Si and Ge [8—12]. However, some principal
problems arise if one would attempt to interpret these experimental results within
the framework of our simple model. Neglecting quantum-mechanical corrections
the states in the gap are delocalized. On the other hand, the T~"* law was proposed
by Mott [13], who assumed the model of hopping electrons between the localized
states near the Fermi level. On the idea of localized states near the Fermi level
other more rigorous theoretical approaches are based, too (e. g. [14, 15]). The
experimental results in papers mentioned above are interpreted in this sense. The
simultaneous measurements of dc conductivity and ESR at various annealing stages
show a good correspondence if the ESR spectra are interpreted in the sense of
localized states near the Fermi level [16]. Consequently we feel that the interpreta-
tion of low temperature dc conductivity of amorphous Ge and Si on the basis of our
simple model is somewhat schematical. But a qualitative agreement between the
model and the experimental results indicates that experimental observation of the
T law only does not provide sufficient evidence for localized states near the
Fermi level.
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