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A study is made of the importance of the random field when the conduc-
tivity of a disordered semiconductor is determined by the delocaliza-
tion of some of the bound carriers., The random field weakens the volt-
age dependence of the current.

1. INTRODUCTION

It has repeatedly been pointed out that it is virtually impossible to pro-
duce ordinary heating of the free-carrier gas in a disordered semiconducto be-
cause of the short mean~free path. There are then the three possible mechanisms
responsible for the deviation from Ohm's law in such a material:

1. Delocalization of some of the carriers, which lie in not very deep dis-
crete levels in the absence of the voltage. (By delocalization here and subse-
quently is meant the passage of a carrier to a state 1lying above the bottom
of the conduction band, which does not necessarily coincide with the classical
one).

2. Direct action of electric field on the jump probability.

3. Electron redistribution over the local levels in response to the field
(this is sometimes called heating of the localized carriers).

Here we consider the first of these mechanisms, although the general argu-
ments on the random field apply also to the second.

It 1s usual to calculate the delocalization probabilility in interpreting the
data, as this 1s responsible for the change in shape of the fluctuation potential
well in a homogeneous field, when the field strength is then equated with

E:_V: (l)

where V 1is the potential difference across the specimen, L is the length in the
current direction, and v is the unit vector in that direction.

Such a procedure 1is justified in application to a sufficiently large speci-
men without a random field, since the possible inhomogenelty of the field in such
a specimen is related only to boundary effects. However, random band curvature
may occur if there is random fleld in the material, i.e., the specimen may be
internally inhomogeneous [5]. The spatial scale of this inhomogeneity is large
by comparison with the characteristic localization radius (which justifies the
technique used In solving the gquantum-mechanical part of the problem), but it is
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small by comparison with the dimensions of the specimen (the specimen is macro-
scopically homogeneous). Also, the random field of itself does not of course
produce the resultant current (whose density is proportional to the eleetric po-
tential gradient VF), but all the same it appears in the Hamiltonian, which means.
that the delocalization probability must be calculated on the effective field:

oy
= VU—"0e. (2)

Here e is the absolute electronic charge, which in future is taken as 1, U(x)

is the potential energy of an electron in the random field (normalized in such

a way that the mean is zero), and &g(x) is the change in potential associated

with the voltage V. The function U({x) may also have a nonelectrostatic part

U/(x) due for example to the deformation interaction between the carriers and

the random density variations (in what follows it is assumed that U1 is dndepen- .

dent of V; in principle, we could incorporate this dependence within the frame-
work of the approach, but it only results in some complication in the symbols):

UAx) = — gy (%) -1+ Uy (%). (3)

Here qi(x) is the random electrical potential in the specimen for V = 0, and
the total potential is -

¢ = @y - . ()

When we use (2) we must bear in mind two circumstances.

Firstly, by U(x) is meant only the smooth part of the random field (in the
above sense), which does not produce fluctuation levels of the relevant type.

Secondly, the smooth fluctuations in the random field cannot of themselves
cause carrier delocalization 1n the absence of the external field, We incorpo-
rate this via the corresponding normallization factor N in the expression for )
the observed current density. We have in mind experiments in which direct mea-
gurements are made of the potential difference across the specimen and the cur- .
rent, and the current density can be written as

i=N{c(F+8¢—U, Vdp—TU)VF). (5)

Here the <> denote averaging with respect to the random field, while ¢ is the local
conductivity; the mean value of o would determine the observed conductivity in the ab-
sence of the random part VF. The dependence of oon the first and second arguments is .
related to the corresponding statistical and dynamic factors. The explicit form
of N may be given subsequently. :

2. BASIC EQUATIONS: APPARENT-NEUTRALITY APPROXIMATION
We write standard equations to determine the forms of g¢(x) and F(x):
div j = 0; ’ (6)

vz‘Po:L:‘[”o*n(Fu':—‘Po“"Ul)]; (7)



Vztp=4—:—[lzo-rz(F—i~q>—U1)]. - (8)

Here & is the dielectric constant of the specimen, while FO is the electrochemi-

cal potential (constant in space) for V = 0, and my=<n(Fo+g—U,) >} n, is inde-

pendent of the coordinates by virtue of the macroscopic homogeneity. The bound-
ary conditions to (6)-(8) are standard and are therefore not written out here.
We combine (7) and (8) and use (4) to get

‘?2 G(P = i:— [no (Fo - Po— Ul) —n (F - P — Ul)]' . (9 )

Equations (6)-(9) simplify considerably for a homogeneous specimen (go=0),
whose dimensions are large by comparison with the screening length. Then the
condition for local neutrality n = N, is met 1in nearly all of the specimen and

(1) follows from this. The author is indebted toM. I. Kaganov fordiscussion of this
point). In the materlals considered here, local neutrality does not apply (even
for V = 0). However, we can assume that here also there will be no substantial
charge redistribution in the bulk of the specimen on applying the field. This
is termed the apparent-neutrality approximation. In fact (9) has a solution that
satisfles the necessary boundary conditions:

8 == — OF == — x (10)

(the x axis is taken in the current direction).

Equation (6) is also satisfied, because <<o>=const in a macroscopically ho-
mogeneous specimen; however, it i1s not in general guaranteed that the more gen-
eral equality of (6) is obeyed, which contains an unaveraged expression for the
current density at each point in the specimen. For this reason we speak of an
approximation, not of an exact solution. : :

Under the conditions of (10) we have from (2) for e = 1 that
E=—~TV9+VU. (11)

It is not necessary to calculate the last term on the right in (11), because
the above formulation implies that this 1s a random function, whose statistical
characteristics are assumed to be known,

3. CURRENT DENSITY EXPRESSION

We consider the first of the mechanisms stated in Section 1 and assume that
only free carriers are involved in the current transport that arise by delocal-
ization (the FO level lies sufficiently far from the edge of the gap for mobil-

ity). Then the expression for the local conductivity in (5) should be put as

O=n, p=pn(F,—U)W(|E]). (12)

fr

Here n and Uy are the concentration and mobility of the free carriers, n is

fr
the concentration of the localized carriers and W 1s the delocaliation probabil-
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ity. (One can represent the local conductivity of a polycrystalline semiconduc-
tor in analogous form, where the current flowing is limited for example by ran-
dom barriers at the boundaries between the crystallites. Then the function W
will determine the probability of passage through the barriers.) For definite-
ness we assume as follows (the relationship is due to the form of W):

a~exp{—l-§o'—}, (13)

where EO is a constant. A relationship of this type has been used in various

studies [1], and in [2] it is said to be obtained from the quantum mechanical
scattering for an electron in a Debeye potential well in a certain fileld range.

Here E:aiiTr4,where T is the temperature in energy units and r, is the screen-
a 2 0 O

ing radius. However, for what follows 1t is unimportant what are the reasons
for the origin of (13), and this is considered as illustrative. The guantity EO

is strictly speaking also random. However, in order not to complicate the prob-
lem by introducing additional arbitrary elements we consider it simply as a pa- i
rameter. Further, the system of localized carriers is degenerate under the above
conditions and therefore the dependence of n on FO - U is not exponential. There-

fore, we obtain with exponential accuracy as follows by combining (5) and (11)-
(13):

j~{exp

ot l
]/'/2,.-’1.2 — WL = (T Up l
o exp LZUL 4
| Eﬁ ) {2 av

The last cofactor on the right in (14) is simply the normalization factor N wrlt—
ten for this particular case. For brevity we will not write this out and under-;
stand its presence. ;

4. RANDOM-FIELD AVERAGING

It 1s convenient to perform a Laplace fTransformation in order to carry out
the averaging on the right of (14) on the basis

VLY — QVIL S (VU = (15)

Flp) = Trﬂt”zwodt, (16)

o

where Rep>0; then ;

f~ ofmf (p)exp(pV*/'L?) B (p) dp, (17) .

where ;
B(p) = (ew{~2Lp2 + p(UF}). (18)

The mean value of the exponential appearing here is the relevant characteristic
of the random field. 1In order to illustrate the essence of the situation 1t 1s.
sufficient to consider a gaussian field (which however is frequently realized in



Table 1 : |

Values of A{B) for ¢ = 1

AB)

i} Af) Tam expB—1 1 exp(p08 —1) | expp®5 — 1y
1,00 7,00 1,00 0 1,00 1,00
1,10 7,03 1,004 1,11 1,08 1,05
1,25 7,20 1,03 1,28 1,22 1,13
1,50 7,56 1,08 1,65 1,47 1,25
1,75 9,44 1,35 2,12 1,76 1,38
,00 10,4 1,49 2,72 2,10 1,51

Table 2
Values of A(B) for ¢ = 0.5
AB)
f Al A exp B—1 | exp®®8 —1) | exp(p®5 — 1y
1,00 4,64 1,00 1,00 1,00 1,00
1,25 4,89 1,05 1,28 1,22 1,12
1,50 5,38 1,16 1,65 1,47 1,25
1,75 5.86 1,26 2,18 1.76 1,38
2,00 6,56 1,41 2,72 2,10 1,51
2,50 8,76 1,89 4,48 2,95 1,79
3,00 11,2 2,41 7,39 4,09 2,08

situations of experimental interest). Then the distribution & (VU) for the vec-
tors VU is given by [3]

3\ 3 (T U2
g‘(E)z(‘mw) eXp{_. i, ]
where
2=_;'<(VU)2> (19)

is one of the basic parameters characterizing the field (the definition of (19)
differs from that of [3] by the factor 1/2). Then

RN
ST T

(l__;_%p)w

We introduce the dimensionless parameters B, A, and c and the dimensionless vari-
ables of integration z and T by putting

(20)

B(p) =

. L -3
B=VILE, &=-"Tt—=cp
(21)
S o
p:LLzzfm f—TI;

We get




j~ { dvd (@) P YT, (22)
b
where

“+x
| exp|— Az - iz(1 — 1))
)= j"dz . (23)

For x» + 0 (no random field) formulas (22) and (23) give as would be expected
that

j~exp(V:LE,). (24)

On the other hand, for 31 (very weak external field) the exponential de-
pendence vanishes and our formulation becomes of no interest. We deliberately
restrict consideration to the case €1, and then, in contrast to the case a»1,
the singular point under the integral in (23) plays no role, and the function
(1—ire)¥? may be considered as comparatively slowly varying, and with exponential
acecuracy

i~5dvexp{ﬁ[vr_—ﬁ—‘3ﬂ;—mﬁ]]£fl(ﬁ)‘ (25)

The integral on the right in (25) has to be calculated numerically. However,
without calculation it 1s clear that the random field weakens the field depen-
dence of the current density relative to (24).

Tables 1 and 2 give values for A(B) derived by numerical integration for
two values of ¢, and comparison is also made of A(R) for various values of B
with the result that would be obtained from the exponential formula (24), and
also from the empirical formula sometimes used [4] j~exp[V/Ve")], Vo=const,0<<m<1.
We see that the field dependence of 1ln j glven by (25) is close to the square-
root in type for p<?2 and ¢ = 1 or ¢ = 0.,5. It is likely that appropriate fit-
ting of ¢ would give a value of m close to 0.8 (in accordance with the results

of [4]). However, as the above assumptions are of model character we refrain !

from such adjustment and merely make the above conclusion of nonmodal character.
Also, this still applies for various nongaussian random fields, e.g., for the
regular random field of general form [5].

The author is indebted to A. G. Mironov and I. P. Zvyagin for reading the
manuscript and valuable discussions.
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