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A many-valley semiconductor with nearly intrinsic conductivity is considered. B is shown
that carrier pinch and strongly rectifying current-voltage characteristics are exhibited by

samples which are thin compared with the extended electron-hole recombination length if
the conditions on the surfaces are strongly asymmetrical andthe conditions of the Sasaki
effect obtain, The direction of the pinch is determined by the direetion of the current and
by the dependence of the intervalley scattering time on the carrier heating. I this time
is a nonmonotonic function of the average energy, i.e., if the Tanomalous® Sasaki effect
[1] occurs in a certain range of fields, the direction of the pinch changes and the forward
and reverse branches intersect in the current-voltage characteristic |I| = F(lE}). Under
strongly asymmetrical swxface conditions, carrier accumulationoccurs in a sample if
carriers are driven against a surface with a low recombination velocity; in the opposite
case, carrier depletion is observed. If the sample is depleted of carriers, negative dif -
ferentiul conductance may be observed even in the special case when the recombination
time increases with increasing field intensity.

1. In the investigations [1-3], detailed theoreti-
cal and experimental studies were made of the
piuch effect that accompanies the passuage of an
electric current through a plate made of an intrin-
sic anisotropic semiconductor in slectric fields
that do not heat the carriers, hvestigations were
teit made {4-6} of an electric pinch in many-valley
semiconductors with ag, induced anisotropy. Ih [4]
the anisotropy was induced by the intervalley re-
distribution near the surfaces [7] and was im-
portant only if
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where L is the mean free path in intervalley scat-
tering. On the other hand, in {5, 6] the anisotropy
was induced by carrier heating by an electric field
("Sasaki anisotropy" [8)), a theoretical analysis
being made only for the special case when the sur-
face relaxation rates are low [A] (these being the

conditions under which the experiment in {6] #as
performedy.

In the present paper we consider the case (as.
in |5]) when the anisotropy is induced by the heating
effect of an electric field and show that the current-
voltage characteristics of samples made of a many-
valley semiconductor with an almost intrinsic con-
duction are rectifying in such an electric field if
two conditions are satisfied, namely, the samples
are thin compared with the extended electron -hole
recoiwbination length and the conditions at the sur-
faces are strongly asymmetrical, If the second
condition is fulfilled, we find that, as in {3}, ac-
cumulation of carriers occurs if the latter are
driven to a surface with a low recombination ve-
locity and depletion takes place in the opposite
case, Negative differential conductance is possible
if there is carrier depletion even in the special
case when the recombination time increases with
the field, If the intervalley scattering by impur-
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Fig., 1. Approximate form of the current-voltage characteristics

of thin samples (1, 2) for y > 0 and y< 0 and a thick sample (3).
a(E.) = 0, The sections with negative differential conductance in
curves 1 and 2 are realized under the conditions given in the text.

ities occurs in a definite range of fields (this is the
ranomalous® Sasaki effect [9], i.e., the intervalley
scattering time has a maximum as a function of the
mean energy [10]), the direction of the carrier
pinch changes ata certain critical field (correspond-
ing approximately to the maximum of the inter-
vailey scattering time) and the forward and re-
verse branches intersect in the current-voltage
chuavaceeristic |I| =f (| E]) (see Fig. 1).

4. We zhall consider a homogeneous semicon-
ducioy with aliost intrinsic conduction (n &~ p), a
many-vailey electiron spectrum, and single~-valley
isotropic holc spectrum? (for example, germanium
and silicon, in which the hole anisotropy is small
‘compared with the electron anisotropy) in an elec-
tric field that heats the carriers, The sample is
a planar infinite slab of thickness 2d (—d =y =d);
the electric current flows along the x axis, and the
electzon conductivity is anisotropic in the xy plane,
We shall consider a semiconductor for whici

L> L, (2)

where is the recombination length [whereas Iy
may attain several millimeters [3], L does not ex-
ceed a few microns [11] and the condition (2) can
be readily satisfied]. We shall consider the case
when the anisotropy is induced by intervalley re-
distribution during heating and one can ignore the
intervalley redistribution due to the surfaces [11]
and the carrier pinch due to this redistribution [4]
(since d 5 Ly » L),

We shall assume that the induced anisotropy
is amall and that the contribution to the heating
that depends o the y-dependent fleld component Ey
can be neglected, The thermal current can then be
ignored and the mobility and diffusion coefficients
as well as the recombination and intervalley scat-
tering times, all of which depend on the heating,
can be assumed to be independent of y, If the con-
dition (2) is satisfied, the intervalley redistribu-~
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tion is completely determined by the heating and
can be found from the condition of balancq.of the in-

P

tervalley transitions (see Appendix) &

Ry = 1' ’ 3
péf’ 6

where n,, is the electron density in valley o; Ta
is the intervalley scattering time for electrons in
valley a; and A is the number of valleys.

The electron j,, and hole Jp currents can be
expressed in the form?

dp

Ju, § == —Dis, By — Dy, i E’;s (4)
dp
Ip i =pupBi— Dy gy (5)
where
*, ] %
2‘ tﬂpsl’t 2 TGD(“I:
az=) az=]
U, g =", Dy =7, - (6)
‘t“ ':.
o==] a==1

”i‘ﬁ) and D(icl? are the components of the mobility

and the diffusion tensors of the electrons in valley
@; pp and Dy, are the hole mobility and diffusion co-
efficient, respectively,

Under steady-state conditions the hole density
distribution along the sample

1 oL ¥
P =pi 5 [1 +W(cle D Cpe Lr)] (7
can be found from the continuity equation

d%p @ eE, dp p  p
Dgm+3 o7 Pay —<t+=, =0 (8)

and the boundary conditions at the surfaces:

dp

a ek,
U lymga T T 7T P (£4) 25,10 (£4) Fsf, 15 =0. (9)

Here, pj is the equilibrium hole density for Ey = 0;
7 i8 the field -dependent recombination time; 74 =
T (Ex = 0); s4 and s, are the field-dependent re-~
combination velocities at the surfacesy = % d,

Sg,z= 81, 2Ex = 0):

1Allowance for hole anisorropy does not lead to qualitatively new

effects.
2As already mention€d, we are neglecting the thermal current.
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[ (1)==[-—1S+ + -;~ (——S,s,f_ —~ 8,1
+3 Stk g Sta) Johasd
+ [1 (22, + 5_)+ ;—(2s]s, — 8,8yt — 8._a;

+-;- S,fa + -%— S./+¢1]sh agf,’ (11)
Cotn) =[ 18, 47 (8155 + s,
— 308,y — eSS ) oh a8
+[—1 (2ay 4 8.) + % (_2s,sz+ 8,800, 4 S_ay

1 o
= 5 oS~ “;“ u,S.J+)]sh aB. (12)

Knowing the carrier distribution along a sample,
we can readfly calculate the total current:’

44
Ipe=e S (Jpe— Jns) ¥
—e
Cy238h a;8 - Coay sh agf
B

—24E e 18y +bn, 20} Py o {1 — L 3y

3. We-proceed to analyze the expression (13)
in the case of large |y | (large | y| can be readily
realized even for small ¢ in samples with large
1y [3)).

If the recombination velocity is high at the
surface y = +d:

Sye= o, |7imax @ B> 1, (14)

then carriers are accumulated in the whole of the
- sample for y > 0 and

T (14285 (s +B)

I,==2dEze (py 4 by, 22) Pt'ﬁ UTF2185 (15)
As 84—~ 0 we have
Le=20Ee by + e, ) i (h +B B (15Y)

It follows from Eq, (15') that for f, « 8/ the
current per unit thickness is the same in a thin
sample as In a thick sample.! This is because in
this case the surface does not furnish carriers

‘Tetms ~0
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for the interior. If f, >» 8/ v, the current per untt
thickness in a thin sample is larger by a factor of
vf, /8 than in a thick sample:

8% #p P, 22

I ==ep; T, mp,p,' eyEYisign E, (15™)

o<

and, as a rule, the current-voltage characteristic
is superlinear, Indeed, even in the special case
when an N-type characteristic is observed for thick
samples when p,E t~ E, (a>>0), the character-
istic is superlinear for thin samples when
%%p,,,yE, ~E. and ¢ >'1 + . The N-type char-
acteristic disappears because the surface furnishes
many carriers for the interior. I should be noted
that if the recombination time and the recombination
velocities at the surfaces are independent of the
heating, then fy= f=1 « g8 /7y.

If the condition (14) is satisfied, then y < 0,
carrier depletion occurs in a crystal, and

|
« BSh4B24 gl

I,=2dE.e (P’p+}"}l, ::)Pd'{; S+ 2030 (16)

As 8y~ Owe have

{Bp +8a, 2 g F 8, yy) /. fy
' Fpltu, zy (’ + _Z-:?E sign £z (17)

epy
1,==2—;;—d

¥ [see Eq, (17)]

(p + e, 22) (l"p + tta, yg)
Mpln, oy

o« g-twithg >0, (18)

then for f,/28% < 1 or for f,/28% ~ (1/E)n with

n > 0, the current-voltage characteristic 1s N-type,
Note that the condition (18) is always realized at

the beginning of heating, when up Xy/“n, yy -
creases with the fleld, and the condition for f, can
be easily satisfied if f, <1 or if s,/D increases .
with the field. Here, the dependence of T on E i3

of little significance since the number of carriers
in the volume varies as T because of recombination
but their removal from the Interior means that their
total number vartes as 1/1} = 1/Dr. Thus, if the
conditions at the surfaces are strongly asymmetri-
cal, the current-voltage characteristic in the case
of a pinch under the conditions of the Sasaki effect

2 are omitted since it i assumed that q {s smali.

AThe characteristic length with which the sample thickness s
compared is Ly = Lp/[(1 + yB/ =~ y |1, the extended recom-

- bination length.
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Knowing the carrier distribution along a sample,
we can readily calculate the total current;?
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this case the surface does not furnish carriers
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for the interior. If £ » 8/ v, the current per unit
thickness in a thin sample is larger by a factor of
vfo /B than in a thick sample:
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and, as a rule, the current-voltage characteristic
is superlincar. Indeed, even in the special case
when an N-type characteristic is observed for thick
samples when p &t~ £, (a>0), the character-
istic is superlinear for thin samples when
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3, P~ £, and o > 1+ a, The N-type char-

acteristic disappears hecause the surface furnishes
many carriers for the interior. It should be noted
that if the recombination time and the recumbination
velocities at the surfaces are independent of the
heating,'then fij= fa=1 « 8 /vy.

If the condition (14) is satisfied, then y < 0,
carrier depletion occurs in a crystal, and

1
. B8 4B2+5 )

I,=2dE,e (Pp'*‘“n,z:) P-"{;Wm‘r« ‘ (16)

As §;—~ O we have

Jo=2 e:r,- a2 (l“p + B4, z2) (“‘p + e, yy)
0 . Bpltn, zy

(1 3 %%E)Sig" E,. (17)
E [See qu (17)]

(P‘p + By, zs) (P’p "“ Bu, yg)
P‘pp‘n, zy

(18)

« E-dwithg >0,

then for f, /282 < 1 or for f,/28% ~ (1/E)n with

n > 0, the current-voltage characteristic is N-type.
Note that the condition (18) is always realized at
the beginning of heating, when up xy/“n, yy i~
creases with the field, and the condition for f, can
be easily satisfied if f, =< 1 or if s,/D increases
with the field. Here, the dependence of r on E is
of little significance since the number of carriers
in the volume varies as 1 because of recombination
but their removal from the interior means that their
total number varies as 1/L{ =1/Dr. Thus, if the
conditions at the surfaces are strongly asymmetri-
cal, the current-voltage characteristic in the case
of a pinch under the conditions of the Sasakl effect

2 are omitted since it is assurned that q is small.

$Terms ~a
AThe characteristic leagth with which the sample thickness fs
compared is Ly = Lp/((1 + y2#/2—| y 11, the extended recom-

bination length.



