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The solution of the kinetic equation for semiconductors with a narrow conduc-
tion band in strong electric fields is of interest in connection with the study of
the properties of organic crystals, whose band widths at ordinary temperatures,
as calculations show (1), are of the order of k,T. The electrical conductivity in
such semiconductors in strong electric fields must have a number of special fea-
tures. These features are connected primarily with the fact that current carriers
located in the lower half of the band have a positive effective mass and behave
as electrons, while in the upper half of the band they behave as holes.

As the electric field increases, the energy acquired by an electron between two
collisions also increases. The magnitude of the acquired energy is determined by
the relaxation time of electron-phonon collisions. For relatively small electric
fields, the displacement in the distribution of current carriers in the band, which
disturbs its symmetry, is proportional to the field, and in this region the electri-
cal conductivity obeys Ohm’ s law. There exists, however, a critical electric field
at which the transfer of energy to the lattice becomes too slow and the electrons
“heat up.” In this case a further increase in the electric-field strength leads to
an accumulation of carriers in the upper half of the band, and their distribution
again becomes symmetric owing to the narrowness of the bands. The return to
symmetry in the carrier distribution at fields exceeding a certain critical value
leads to a decrease in the current with increasing field. This result is given in
(?), where an asymptotic solution of the kinetic equation for large fields was
obtained for a narrow-band model with a truncated quadratic dispersion.

In the present work a solution of the kinetic equation is obtained for crystals
with a narrow conduction band under the following assumptions:

1) For the current carriers, a spectrum calculated in the nearest-neighbor
approximation is used.
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2) It is assumed that the gap A between bands is considerably larger than
the energy of the electric field

eFa < A, (1)

where a is the distance between nearest neighbors; for this reason interband
transitions are excluded from consideration. It should be noted that for organic
crystals A ~ 1 eV; therefore for them condition (1) is satisfied practically at all
fields.

3) It is assumed that the band width W is smaller than the energy of optical
photons fiwy,

W < hwy, (2)

and therefore interaction with optical vibrations is not considered. In addition,
we shall assume that the electric field is not so large as to strongly change the
wave function and the spectrum of the carriers in the

zone

eFa < W, (3)

which for organic semiconductors corresponds to fields £ <5 - 10° V/cm.

The solution of the kinetic equation will be obtained for the case of a one-
dimensional chain; however, the generalization of this method to the three-
dimensional case presents no difficulty.

The spectrum of current carriers for the model of a one-dimensional molecular
crystal in the nearest-neighbor approximation has the form

e(k) = %W(l — cos ka). (4)

Here the band is shifted in such a way that its bottom is at k = 0.

The basic scattering mechanism, taking into account assumption (2), is scat-
tering by intermolecular acoustic vibrations. If the nonequilibrium distribution
function is sought in the form

ny, =ny + Any, Any =i vy, (5)

where ng)) is the equilibrium distribution function, x(e;) is the function to be
1 0e(k)
found, and vy, = —
ound, and v, = +— -

phonon collision operator can be written as follows

is the velocity of the current carriers, then the electron-
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(O, /0t = — 1 xvp /7. (6)

Since in the case of narrow bands the relaxation time 7 is a smooth function of
the quasimomentum & (%), 7 may be regarded as constant. For the change in
the number of particles in the state k& under the influence of the electric field,
we then obtain

on ony, dk eE , .
<67tk)field = TJE = _k,OiT“EfO) [”k + (X )v, — X vpkoT — xm lkoT] , (7)

where

_ 1 0%(k) Ox(e)
1 _ ’_
)= e akor, X T o

Substituting now (6) and (7) into the stationarity condition
(Ony,/Ot) g + (O, /Ot )1 = 0,
for the spectrum (4) it is not difficult to obtain the basic equation
Xsin z — asin z — arxvg sin® z + x vy sin z + yvp cos z = 0. (8)
Here the notation introduced is

Wa. U_kOTa_
2h =

7)0:

o eET
kT

By the change of variable x sin z = u, equation (8) is reduced to the form

vy . 1 sin z
w—Lsing— — | u— =0.
vp avyp U

Its general solution is

1
u(z) = — exp {—Uocosz— Z] {/exp {UO cos z + Z] sin z dz+

U U ovp U Uy
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+C’exp[ coszz]}.
Up QU

Taking into account that

n§€0> = ny exp [—Uo(l — cos z)} ,
Ut

we find An,

Wa U 1 z U
Any, =ng——€xp |—— —exp |—— exp |—cosz+ — | dz+
2h vy | Lop vy U Uy

+ Cexp [_MH (9)

The constant C' is determined from the condition of conservation of the number
of particles:

ZAnk =0.
k

Passing here from summation over k to integration, we obtain an equation for
determining C'

1 s s

exp [z] dz/exp {UO cos z + Z] sinzderC'/ exp {—i} dz = 0.
v S avp U avp . av
(10)

v
Expanding in the first term of (10) the exponential in — cos z, we obtain
vr

™
/ exp {—Z} dz/exp [UO cos z + Z} sinzdz =
| avp Up av

T

> (v /v " z
Z o/T /exp [_CLUT:| F2p(z)d2+

p=0

o~ (vo/vp) z
+Z -1 | exp vy Fy, 1(2)dz,

p=1

where F,(z) = /exp [—Z] cos” z sin zdz has the form (4
avp
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1 z 1 explz/avy] 2p +1
F. - _ - 2p+1 T
2p(2) 2p+1 {eXp { avT] ST avp 2% Z —s

S=

-1
1
[ cos(2s + 1)z + (25 + 1) sin(2s + 1)2} } ,
avp

X [(C;T>Q+(2s+1)2

1 z 2p\ exp|z/avy)
F = _—{_ i 2p =
op-1(2) o { exp [avT] cos™ z 4 (p) 920 +

1
[ cos 2sz + 2ssin ZSz] } .
avyp

Substituting the expressions found for F,,(2) and Fy, ;(2) into the original
integral, it is not difficult to see that it is equal to zero. Hence it follows that
also C'= 0.

2
1 explz/avy] = [ 2p 1
- -t L4 - 4 2
+avT 22p-1 Z p—s avy s

s=1

For the current we then obtain

2

j= ZeAnkvk = nge Z—T exp { } Z UO/UT /_ exp [_ajT] sinz F, (z) dz.

k —

From the form of the functions F,(z) and Fy, ;(2) it follows that only one
term, the last one in Fy,(2), with s = 0, will not vanish after integration. Thus,

X

2
j:’rLe OZ ’UO/’UT 1 1 1 2p+1 L +1
0 vy £ (2p)! 2p+1avp 222\ p avy

T
.2 Yo Yo awp Yo
X sin“zdz exp | —— | = 2wenqvpexp |— | ——=I; | — | .
Zﬂ p[ UT] 00 p[ UT] 1+ (avp)?™! (UT)

Here I, (vy/vyp) is the Bessel function of purely imaginary argument.

Taking now into account that the concentration of carriers in the band is
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n= ang()) — ”0/ exp [1}0(1 — cosz)] dz = ngyexp [UO} orl, <%> ,
k —7 v v v

T T T

we obtain the final expression for the current

Wa? Er I, (W /2k,T)
= ne? L 0=/ 11
j S (6E7a>2 Io(W /2koT) (1
h

If one plots the dependence of the current density j on F, it will have a maximum
at E=F where E, .. is found from the condition

max?

eF ..Ta/h=1; E, .. = h/era, (12)

which, for example, for anthracene and naphthalene crystals corresponds to
fields E ~ 3-+5-10* V/cm. Of principal interest, of course, is the inverse problem
—the determination of the relaxation time from the position of the maximum
on the current-voltage characteristic

T =h/eE, .a.

We note that E, . is at least an order of magnitude smaller than the value of the
field at which condition (3) is violated. Thus, one may hope for an experimental
determination of the relaxation time.

Relation (11) is not difficult to generalize to the case of a three-dimensional
rectangular lattice

2Wﬂai E,1, Il(WM/QkJOT)

I = o 14 (B, ma, /h)? 1o(W, [2keT)

(,LL: 17233>7 (13)

where 7,, W, and a, are, respectively, the relaxation time, the band width,

and the distance between nearest neighbors in the direction pu.
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