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We shall derive in this paper the current-voltage characteristics of semiconductors in
the presence of the pinch effect, as functions of different carrier-scattering mechanisms.
The equation describing the contraction of an electron-hole plasma, assuming n, *n =

h
n >> N, has in cylindrical coordinates the form (1]

: r
dn . dme 2 Hebn(Bet my) " nlpgruy) rdr=
7 % 2 5 P ; e h
elht Yh He ° (1)
be + 1y

—,]— g(P—g)r'dr'=0.

Do rp+ Dpue
Here n is the electron or hole density, Ni is the density of the charged impurities, e is
the electron charge, ¢ is the velocity of light, ue,h and De,h are the mobilities and
diffusion coefficients of the electrons and holes, Ez is the constant electric field, and P
and g are the recombinetion and generation rates, respectively.

A strongly non~equilibrium plasma with n >> Ni can be obtained with the aid of two
photon absorption or injection. We shall assume the recombination to be either linear in
the concentration, P = n/1, where t is the carrier lifetime, or else quadratic P = Yn2.

To find the dependence of the current on the field it is necessary to find the function
n(r) for the different scattering mechanisms that determine the electron and the hole
mobilities. It is impossible to solve (1) in a general case. At low generation and re-
combination rates, the third term in (1) can be discarded when determining the n(r) de-
pendence, but it must be teken into account in the determination of the average density n.
The conditions for the smallness of the third term of equation (1) in the case of linear and
quadratic recombination are, respectively,

c? dme gy (g + ) E

, y<< . (2)
c?

r>>

dmepguy (pg + #;,)Ezﬁ

For InSb at T ~ 100°K, By lO5 cm /V-sec, My v th cm /V-sec, and L ~ 100 V/em con-

dition (2) assumes the form t >> 10 /n sec and y << 10 chssec Y1 it is recognized that
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in InSb we have [2] © ~ 10-6 - 107" Bec and y s 10 “cm sec-l, condition (2) seems quite
realistic.

1. DNondegenerate electron-hole gas. The scattering of the carriers by phonons (3, h],

and by one another [5] was investigated earlier. We consider the case of combined scatter~
ing, when the electrons are scattered by holes and the holes are scattered by phonons. It
has been shown both experimentally (6] and theoretically [7] that this mechanism predominates
% =3 (T~ 200°K). In this case the mobility of the
electrons is inversely proportiocnal to the concentration [8], and the mobility of the holes
is constant.

in InSb at concentrations n > 10

Taking the foregoing into account, we obtain from (1)

i 2 £
n(r)=—:fﬁr,___(l+_’7)2____ RJ #h 1 =g
r.
(1+ng — 2 (3)
e -
—_— e uhEZ ———
~E-\/"’RZBE' Ba-i-c—-i.’-(?— ’ ! =2cR\/7fﬁkT

Here a is the radius of the pinch and I is the current through a sample of radius R.
All quantities pertaining to linear and quadratic recombinations will henceforth be desig-
nated by the indices (1) and (2)

1 - 2
i) =gr R 1-\/)ﬂh__' ()
=R%8 3nR8gu, | -

In formulas (3) and (4), ﬁe is the mobility at the average concentration (the superior
bar denotes quantities determined at the average concentration), and consequently ﬁﬁe does
not depend on the average concentration. Expressions (3) and (4) are valid in the case when
the radius of the pinch is smaller than the radius of the sample, i.e., in fields Ez > B
where n(Ezc) = uh/ﬁe. When R~ 10°% cm and & & lO15 em (l 2) & 10 V/em.

It follows from (3) and (4) that in the case of linear recomblnation the pinch effect

zc?
we have L

leads to saturation of the current (when the carriers are scattered by phonons, we obtain
Ohm's law), and in the case of quadratic recambination (I ~ h l) we obtain a decreasing.
characteristic vhen E, > E_ (2) (in the case of scattering by phonons we get I v E l)

2. Degenerate electron-hole gas., The degeneracy changes the picture of the pinch

effect radically: the Einstein relation must be replaced by the relation D = (2/3)(eF/e) U,

where Ep is the Fermi energy, and the mobility becomes dependent on the Fermi energy and con-
sequently on the concentration[9]), uw =1 (n/ﬁ)2Q/3, where q assumes different values for
different scattering mechanisms. In this case it is impossible to solve (1) analytically

at certain values. However, all the qualitative relations can be determined. Let us in~

troduce the dimensionless variables

22
ne‘E T )2
Ya(n/n)50a) ta(l-q)——— i‘i_ﬁ"___,, 33+%,2
7 Tk2e-D L. ’
e
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where n o=n (r =0); Ny Hys and €pg 8YE the concentration, mobility, and Fermi energy in

(5)

the absence of a field, nél) = g1, and n£2) = ¢§7_.
In the notation of (5) Eq. (1) reduces to an equation without parameters and with

boundary conditions Y(t = 0) and 1 and Y'(t = 0) = - 1. Its solution is a certain numerical

function (independent of any parameter), which vanishes when t = tq ~ 1, From this, using

(5), we obtain, accurate to numerical coefficients of the order of unity

6/49-5
7 =gr, FD~ n2YE_/EQ)) N (6)

The radius of the pinch, the maximum concentration, and the total current take the form

a (I~R(E, /E(Y 3/02@0= DY | () 51 (E /€N (1-29),
) = el 1)41/(1-2
P laR2ea () G, + ) EQL(E/EQD)T/07 240, )

a(:)m. R(Ex/Eﬁ))“/“‘"s) , a2~ n@NE_/ER) )6/(5= 4q) ,

12, 7R2en@)i_  + F;.Q)Eﬁ’(fz/’f(xzc’ )1/(4«;—.5). (8)

From (5), (7) and (9) it is readily seen that q # 1, 1/2, 5/4. From formulas (7) and
(8) we see that the field E(l 2) is the critical field at which aq = R, The results are
valid if it is possible to introduce a pineh radius, i.e,, when aq < R. This condition (1)
imposes limitations on the field: in the case of linear recombination, for we have L < h
for g > 1/2, end E, > E (l)

Thus, depending on the scattering and recombination mechanism, we can obtain different

for negative q or g < 1/2,

dependences of the total current on the applied field., In the case of scattering by acoustic
(1) 1/2 (2) -1/7

-1/2 ~ E and I -1/2 ~ E « In the case of scattering of
electrons by holes or scattering of holes by phonons (the hole gas is non~degenerate),

1 2 -1
q =0, we get I(O) ~E_, and IO( ) v E, /5 (

phonons, q = - 1/2, we have I

this result was obtained earlier in [10]). In
the presence of quadratic recombination, we obtain a decreasing characteristic when

£, > 5 (8 59) 10 v/em at T~ 100, R v 1071 cm, and n. ~ 103 en™3). A really de-

z ze zc 0
creasing characteristic should apparently signify instability of the current.
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