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The first experimental and theoretical investigations have been made of a helical instability
(oscillistor effect) in p-type Ge under carrier exclusion conditions when a sample is depleted of a
plasma. Such an oscillistor is excited only when the surface recombination velocities on the
opposite faces of a sample (parallel to the current) are significantly different. The threshold and
frequency characteristics of the oscillator have been determined. Calculations have been made of
the excitation criterion and of the oscillation frequency of helical waves under exclusion

conditions.

1. A helical instability (i.e., an instability of the current
in parallel electric E and magnetic H fields, known also as
the oscillistor effect) was first observed in semiconductors
by Ivanov and Ryvkin' who used n-type samples under con-
ditions of injection of an electron-hole plasma. This effect
was explained by a theory of helical waves put forward by
Kadomtsev and Nedospasov.? The effect was subsequently
discovered also in a homogeneous intrinsic plasma in Ge
(Ref. 3): In this case a surface helical wave is excited when
the surface recombination velocity s was sufficiently small
thats< D /d holds, where D is the ambipolar diffusion coeffi-
cient and d is the smallest dimension of the sample trans-
verse to the current.

We carried out the first experimental and theoretical
investigation of the oscillistor effect in p-type Ge under car-
rier exclusion conditions when the sample was depleted of
plasma because of ambipolar drift toward the anode over a
certain distance near the cathode (p*-type contact), known
as the exclusion length L., (Fig. 1). An ohmic contact
played the role of the anode. An instability of the current was
observed (curve 2 in Fig. 2), but only when the values of s on
the wide faces of a sample parallel to the current were very
different (s . >D/d, s_ <D /d). When the faces were sub-
jected to the same treatment (s , =s_ =s), the effect was
no longer observed (curves 1 and 3 in Fig. 2) even at low
values of s and in the absence of exclusion when the role of
the anode was played by a p* -contact (homogeneous intrin-
sic plasma case).

We shall show later that a surface wave could not be
excited in our experiments because of the strong transverse
diffusion in a thin sample. Under exclusion conditions and
for small values of s the oscillistor effect was not excited
because of strong ambipolar motion of quasineutral helical
fluctuations of the carrier density in the depletion region. At
high values of s the exclusion length L., was small because of
rapid surface generation and instability did not occur in the
exclusion region because of strong enhancement of the longi-
tudinal diffusion. The surface recombination processes then
suppressed the oscillistor effect in the homogeneous part of
the sample.

However, fors . >s_, then in the exclusion region the
process of surface generation created an inhomogeneous
plasma with a fairly steep gradient sufficient to ensure
growth of an internal helical wave.* The condition L, >d
should then be satisfied. Below we determine the instability
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criteria and the oscillation frequency for this case when
E|H.

2. Our experiments were carried out on samples of p-
type Ge [T =300 K, n, = 1.7X 10" cm ~* is the intrinsic
carrier density, (N, — Np)/n; = N =0.05-0.1 is the de-
gree of nonneutrality of the plasma in samples of dimensions
0.05X0.4x0.6 cm. The wide faces were subjected to a sur-
face treatment which ensured s , ~10*cm/s and s _ =100
cm/s (Fig. 1).

Figures 3 and 4 showed the frequency characteristics
and the threshold dependences of the oscillistor effect [ criti-
cal magnetic field H,, (U) ] in the case when E||H. The oscil-
lation frequency F was practically independent of the mag-
netic field and increased with U (Fig. 3). This type of F(U)
dependence is typical of strong ambipolar motion of pertur-
bations,® because the phase velocity of a wave along E is
governed by the average ambipolar motion velocity

b.bn NE

o= Bl e

where b, ,, are the electron and hole mobilities; f = 7/7 ;7 is
theaverage valueof thecarrierdensity;a = b,N/(b, + b,).
The oscillistor effect was not excited in fields H <3 kOe
(Fig. 4) no matter how high the voltage U was. This was also
due to this ambipolar motion because in weak magnetic
fields characterized by y., = b, ,H /c<1 the velocity of a
Hall flux causing an instability (between static magnetic and
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FIG. 1. Spatial distribution of carriers under exclusion conditions in a
sample with p* -type contact on the front face. The fields E and H are
directed along the z axis.
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FIG. 2. Current-voltage characteristics of p-type Ge samples obtained
under the following conditions: 1) s, =5s_ =5,.; 2) S, =Snu
S_ =Suin; 3) S, =S_ = S,... Theshading of curve 2 identifies the region
of existence of oscillations with an oscillogram shown as the inset.

transverse electric fields of helical perturbations) is v, «« EH
(Ref. 4) and one of the excitation conditions®v,, > v , is sat-
isfied when H is high irrespective of the value of E (or U).
Figure 5 shows the angular characteristics of the oscillistor
frequency and amplitude (¢ is the angle between E and H).
We shall discuss them later.

3. Let us estimate the main characteristics of a plasma
in the exclusion region if s , >s _ . The lifetime of carriers in
this region is governed both by the usual linear recombina-
tion time 7 and by the time of ambipolar removal of carriers
from the exclusion region (7, ). If 7= L., /2v, <7, thesolu-
tion of the steady-state diffusion equation subject to the
boundary conditions

df s

Ul sy, Y| Ll
dE §=—1_ D (f 1)_07 dg 5=1_— D (f—1)7

where { = x/d and d is the half-thickness of the sample, is of
the form

Sy d
s, ch 28+ (Dp sh 2p) /d’ b= (D)™

f=AchB(1+8), A=

The average value of the plasma density is f= (4/
23)sinh 23.

We can estimate the exclusion length from the condi-
tion of equality of the time 7, and the characteristic time
2d /s, taken to fill a sample with a plasma because of surface
generation:

4dv,
Leyy=—,
Sy
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FIG. 3. Dependence of the frequency F of oscillations of the current on the
voltage U obtained with 3 = 0 in fields 3<H<7 kOe.
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FIG. 4. Threshold characteristics of an oscillistor in the case ¥ = 0, ob-
tained for parallel (O) and antiparallel (@) orientations of E and H.

i.e., L., decreases on increase in s , . Consequently, the pa-
rameter f = (ds, /2D)'/? increases as a function of s , be-
cause the exclusion time 7, = 2d /s , decreases. The condi-
tion 7, €7 reduces to s, > 2d /7~=200 cm/s. The expression
for L., can be written in terms of the current:

4db,buNow

L= sy (FFa) 2 (botby)

(D

wherea = j/en; (b, + b, ),j = 1/S, Iisthecurrent,and S'is
the cross-section area of the sample. For s, = 10* cm/s,
D = 60 cm?/s, b, = 10° cgs esu, and b, = b, /2, we obtain
L., =0.3 cm>d for typical currents at which the oscillistor
effect appears ( j=~0.25 A/cm? U = 40 V-see curve 2 in Fig.
2). Equation (1) is valid for L., < L, where L is the length of
the sample.
Using the condition

E,(L—-L..)+EL..=U,

where E, = a/(1 +a) and E = «a( 7+ a) are, respectively,
the electric fields in the intrinsic and exclusion regions, we
find from the current-voltage characteristic that

4db.bN(1—F)a? ol

Tsi (bl (Gta)® | Ata U. (2)

We can see from Eq. (2) that at low voltages (when the
currents are low and L., is short) the current-voltage char-
acteristic is ohmic and a further increase in the voltage gives
rise to a dependence a « U'2. The current-voltage charac-
teristic of Eq. (2) is in qualitative and quantitative (to with-
in 30%) agreement with the experimental characteristic
(curve 2 in Fig. 2).

In developing the oscillistor theory we shall assume
s_d/D=0,s,d/D>1, L, >d,and that the density profile
is given by f=exp[B(&—1)]. If s, is too high, so that
L., Sd, the oscillistor effect is not excited because of en-
hancement of the longitudinal diffusion.

4. We now determine the dispersion relationship for he-
lical waves in the case when E||H and y, , < 1. We consider
quasineutral (n"=p") potential perturbations
(E'= — Vg') of the density and electric field of the form

A'=A,(z)exp(—iot+ikztiny).
The initial continuity equations and those describing
the motion of electrons (or holes), linearized in terms of

small perturbations of the density NV, and potential ¢,, can
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b FIG. 5. Dependence of the frequency F of oscillations of
the current (a) and of the amplitude A4 of these oscilla-
tions (b) on the angle between the fields E and H. U = 65
V. 1) H=3kOe;2) S kOe.
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be reduced to a system of two equations, the first of which is

.. D1 b, d(ELN,)
N[—Lm—zkb B+ (F+77) = ] R
D, d*N,
T d dg?
bof[ &y 1 df do, ¢ df
—_—t ———— — (B*+%*+iny, =0,
B i
(3)
where N, =n, /n,, k = kd, and % = »d, and
. 1 D,—Dh_i_ df
* d botb, f dE

is the ambipolar electric field.
The second equation (for holes) is analogous to Eq. (3)
and is obtained by the substitutions

D,“’Dh, b,—*—bh, f—*f'{'N
The boundary conditions correspond to the equality of the

electron (hole) flux along the direction of the x axis at the
& = + 1 faces and the surface recombination fluxes:

d dN
be—2t 5D, BB AN, +i%ye (DN, —bofey)
dg dg
aNn,, =1,
={ sedli, 8=t (4)
01 §=—1'

where an analogous condition for holes can be obtained by
suitable substitutions.

We now simplify the derivation of the dispersion rela-
tionship (allowing for the complexity of the equations) on
the basis of the following considerations. Since the instabil-
ity growth rate y,,, governed by the Hall flux in an inhomo-
geneous plasma, and the diffusive damping rate ¥, depend
weakly on the slight nonneutrality of the plasma (in the
main exclusion region f> N), in the calculations we assume
N = 0. The growth rate v, is independent of diffusion (so
that we shall calculate it ignoring the diffusion terms),
whereas ¥, is independent of the magnetic and electric fields
(¥..n €1), so that in the calculation of ¥, we shall assume
that E = H = 0. The velocity of the ambipolar motion of
perturbations in the direction of the electric field, which gov-
erns the phase velocity (and frequency) of a wave, can be
calculated if we ignore the diffusion and magnetic terms but
allow for nonneutrality of the plasma NV #0.

Using these approximations we find that the initial
equation for calculation of the growth rate y,, becomes

dz(PA dqh iﬂﬁb.yhﬁE]

—_— —)F =0
od

2 T (5)

o] G-
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subject to the boundary conditions

de
¢1 l ;_1=0, _‘é = 0.

E=—1
The eigenvalue ( — iw) of this equation determines the
growth rate y;;:

— ER b,ﬁth . ( 6)
T (B +p/4)

It follows from Eq. (6) that for B> 0, then in the case of
parallel E and H left-handed helical waves (kx> 0) are ex-
cited, whereas right-handed helical waves are excited when
the orientation is antiparallel.

The equation for the determination of ¥, is

dN‘ [_ d+E+R? ]N. (7

subject to the boundary conditions

s.d
N =1
dN, | R =t
dg t=xt 01 §=—1-
The dispersion relationship is
—ry th 2ry=s,d/D, (8)

where

ri=(—iod*/D+F+x*)".
If s, d /D> 1, we find that

’{n———(k’+ +I§’) 9

The equation for the determination of the oscillation
frequency governed by the ambipolar motion is

do | 4 o

P dE 3 — (ctf) (B*+#*) @,=0, (10)

(ctf)

where
bV (0+kb.E)
T w(botba)
Integrating Eq. (10) in the interval — 1<£<1, subject to the

boundary conditions

do,
d§ t=x1

we obtain the expression for c:
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c=——ffcp‘dﬁ/jq>id§. (11)
-1 -1
In the case of a smooth profile of ¢, (or f), we find that
¢ = — fand the wave frequency is
b.bukNE 1
0=— (12)

(b +bn)F+BN d’

i.e., the phase velocity of the wave is equal to the average
polar velocity v, and is directed in the same way as the elec-
tron drift.

At the excitation threshold we have ¥, + ¥, =0 and
the instability criterion becomes

kﬁb.yhﬂE D ﬂz
dind.l Ll il [ - NP NS
Fratp/h | d (E Rt 16) (13)

If we assume k = x, then the condition
d
77 (Vat0) =0

can be used together with Eq. (13) to find the wave number
corresponding to the lowest excitation threshold k= (m/
16)5. For this wave number the criterion of Eq. (13) ex-
pressed in terms of the current becomes

b.y,.ﬁd @ (2p+m)>
D  f+a 8

(14)

For s, =10* cm/s, D/d =2.5X10° cm/s, S = 1.4, and
H = 3kOe, the criterion of Eq. (14) is satisfied whenj > 0.25
A/cm?® holds, in good agreement with the experimental re-
sults.

The minimum value of the magnetic field in which the
oscillistor effect is excited is given by the condition
Yu >kv,/dor

>N bh(.‘ﬂ:/2+§) '
() “[ (betba)/28+baN]

Yy (15)

For the parameters given above and N = 0.05, the condition
(15) is satisfied if H > 3 kOe.
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The oscillation frequency at the excitation threshold is
then

b,thG
(1/28+a)? (b, +by)

Fe Re o

= o B (16)
If j = 0.25 A/cm?, then N = 0.05 and we have F~ 15 kHz.

It is clear from Eq. (16) that the frequency increases as
a function of the parameter 3 governing the degree of in-
homogeneity of the plasma distribution. Variation of the an-
gle between the electric and magnetic fields in a sample re-
duces the magnetoconcentration effect which either
enhances the density gradient S in the exclusion region
(negative values of the angle ¥ in Fig. 5a) or weakens it
(positive ). It follows from Eq. (16) that the frequency
rises (negative ) or decreases. The oscillation amplitude
decrease in the range of positive values of ¥ because of a
reduction in the growth rate y,,. At high angles ¥ (Fig. 5b)
the oscillistor effect disappears because of a strong rise in the
diffusion flux.

In the absence of exclusion (when the p™ -type contact
acts as the anode) and low values of the surface recombina-
tion velocity s, a surface helical wave in such a thin sample
may be excited in much stronger magnetic fields and higher
currents than those employed in our experiments. The exci-
tation criterion’ is

b.Eoy>4-3"D/d

and for j = 0.25 A/cm? (E, = 18 V/cm), this criterion is
satisfied if H > 18 kOe holds.

The results obtained demonstrate that it is possible to
develop dynamic methods for determination of the exclusion
characteristics from the frequency dependences of an oscil-
listor.
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