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XVJJi-3. Instability of Electron-Hole Plasma in Semiconductor,
Caused by Non-Linearity of Voltage-Current

Characteristics
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It is shown that oscillations in conductivity may appear in the crystal
in which electron and hole components of conductivity are non-linear,
for example, as a result of dependence of recombination cross-section on
electric field. Instability of this kind has resonance character. Conditions
which are necessary for appearance of oscillation are formulated, and
formulas for oscillation frequency and critical field are obtained. Agree
ment between experimentally measured oscillation-period for gold-doped
germanium crystal with hole conductivity and its calculated value is
satisfactory.

§ 1. Theory follows:

If electrons and holes take part simultaneous- G(w)—G
ly in conduction, so that where

a(E)=a„(E)+a^(E) , ( 1 ) f , ,
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then electrical instability may appear in semi-
conductor when a,, and Op depend on external y=2a)E^\
field intensity E. Indeed, if such crystal is Ll+(a>TM,
included in direct current circuit in such a way Self-oscillation
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in discussed system may appear,,

that voltage on the sample is defined by its if the real part of total conductivity ̂  turns into
conductivity (current generator condition), then zero. This takes place at the critical field in
any fluctuation of one of the conductivity the sample, which is equal to;
components, for example a„, will change the
value of a and therefore the value of electric E^^ — (<^n+<^p){'^n+-Cp) ̂
field intensity in the sample, E. As a result, ^ On^nCp+Op^pTp,
the second conductivity component Cp will Oscillation frequency is defined by j=0 and is
change too. Thus, <7„ and Op will be connected equal to:
with each other through field intensity in the ^
sample, and electric oscillations may occur in ^ ~ ytpXp) „ . (<» >
,  . ^ trnPnTp + OpPpTn
this system. Dependence of electron and hole
components of conductivity on field intensity ®xist oscillations if E^r and cd are positive,
may be characterized by non-linearity factors possible if inequalities are carried out

simultaneously:
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Supposing that time dependence of (t„ and (7„, ^ . ,, .. . ..
resulted from field change in the sample, has occurrence of instability may be
relaxation character, then complex conductivity inequalities, namely:
for electron and hole components may be defined l'
as follows: 1' '

^  Among many other possibilities discussed situ-
Gp_p((u)=a„,p( 1 \ ̂ ( 3 ) ation may be realized in a semiconductor, having

\  l+yW„,p/ multiply charged recombination and shallow
where rn,p=relaxation time of electron and hole compensating impurities, for example, germanium
component of conductivity. Using eqs. (1) and with gold and antimony, copper and antimony
(3) total conductivity G{w) may be written as etc..
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When a minority carrier injection takes place
in such semiconductor, electron and hole com

ponents of conductivity may be connected with
each other through field E, because the probability
of capture of electron and hole by charged
centers depends upon electric field E.
In sufficiently strong fields voltage-current

characteristic for hole component conductivity
will be superlinear (j8j,>0).
In the case of electron conductivity situation

is somewhat more complicated than for holes.
It is known that probability of electron capture
by a negative impurity increases with field i.e.
<0. As a result of the absence of theory it is

difficult to determine the sign of beforehand in
case of capture by a neutral center. Both cases
may take place in semiconductor with hole-type
conductivity depending on concrete conditions
(capture cross-sections and S^, ratio, degree
of compensation, etc). Later it will be shown
that j8„<0 in the investigated case of hole con
ductivity.

If ̂ „<0, then condition z„^Tp will be

where -Cp and t„ are life-times of holes and
electrons for discussed model, which are caused

by their capture by impurity centers.
From ratios of eqs. (5) and (7), taking into

account that ̂ „<0, it follows that total differen
tial conductivity of the sample with direct cur
rent (cu=0) and field E=E„ is defined as follows;

G(0) = (op+af)(o-Cnt:p . (11)

By taking into account eqs. (9) and (10) we find
that the differential conductivity of electron
component G„(0) is negative when E—E^r, name
ly G„(0)~—(7j,. Although the differential resis

tance of electron component is negative in an
instability region, total differential resistance of
the crystal remains positive (G(0)>0). Thus, the
above discussed instability is not bound up with
regions of negative differential resistance in the
voltage-current characteristic of the sample.
If )3„<0 and j8p>0, then conductivity electron

component in strong field will have capacitive
phase shift and hole component inductive phase
shift. Such semiconductor in strong field may
be presented formally as parallel circuit whose
resonance frequency is defined by eq. (8), and
the critical field E^r in eq. (7) corresponds to the
field, at which resonance conditions are satisfied.

§ 2. Experiment

Experimental investigation of phenomena di
scussed above was carried out on germanium
single crystals of hole conductivity doped with
gold (Aiu^lO^cm"') and antimony (Asb=8x
10" cm"'). Hole mobiUty at 77°K amounted to
10' cm' sec"' V"'.

As the sample was dumbbell-like (see Fig. 1),
strong field region was placed in the sample
volume and not near contacts. Current contacts

(1,4) and probe ones (2, 3) were produced by
fusing of indium. Contact 5 served as electron
emitter in strong field region and was obtained
by fusing in tin alloy and antimony.

a) Voltage current characteristics
Voltage-current characteristics were measured

at current-generator conditions (i?4 and > Ri-i)
at 77°K. Hard current-generator conditions al
lowed to regulate current and independently.

Figure 2 (curve 1) shows JfE relationship on
the narrow region of the sample 2-3 at 1^=0
(emitter is switched off). Marked curve devia
tion from Ohm's law occurs at fields 10' V cm"'.
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Fig. 1. Measuring circuit. Sizes are in mm.
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Fig. 2. Current Ji (curve 1), hole concentration P (curve 2), hole-capture-

cross-section Sp" (curve 3: xx iVAu=2x lOi® cm-», iVsb =8x 10"cm-'

□ □ iVAu=10i®cm-', iVsb =4x IQi^cm-')
vs. field E.

At fields higher than 10° V cm~° current in
creases proportionally to field intensity square.
Supposing that non-linear behaviour results from
hole concentration change (mobility is constant*)
we may plot the hole concentration p vs. field
relationship (curve 2).

Taking into account that mobility remains
constant the increase of hole concentration with
field growth may be explained by proportional
decrease of the hole-capture-cross-section by
negatively charged gold atoms, 5,". Curve 3
shows relative Sp' change vs. field E.

Absolute values of Sp', obtained by double
injection method^', are plotted on curve 3 too
(crosses and square dots).

Matching the obtained values of the cross-
section Sp~ with relative curve 3 in Fig. 2 we have
5p~=1.5x 10~" cm° when electric field is weak.
Obtained value for capture-cross-section in weak
field comes to an agreement with Sp" values
got by other methods (2.3 x 10"" cm^ °' and
3xl0~"cm2*'. Sp~ vs. field relationship may
be defined as follows:

field in the sample is increased so as to obtain
some value of E, we may note appearance of
regular component in chaotic noise, which in
creases its amplitude and coherence with field
growth, then begins to disassemble and eventual
ly disappears in noise. The point of the most
distinct oscillations (black one) of curve 2 in
Fig. 3, showing total current (/4-1-/5)-field re
lationship when /5=0.3ma, corresponds to field
£•=2x10° Vcm-\ When 2.2x 10°<£< 1.5x 10°
V cm"', oscillations disappear in noise.

Current and voltage oscillograms at pulsed
voltage supply are given in the same Fig. 3.
Oscillations start with current decrease and volt
age increase on the sample. Oscillation period
is 2.5x10"° sec.

Analogous oscillations having the same period
could be obtained when the sample is illumi
nated by integral light from the glow lamp. In
this case emitter circuit was switched off.

Thus, conductivity oscillations of the sample
appear only if:

where £1 is electric field, and m~l. In our case
£i~10°Vcm"'.

b) Conductivity oscillations
When emitter circuit is switched off (^5=0,

and only holes take part in conductivity), oscil
lations are absent up to analized fields £=
7xlO°V cm"'. If the emitter current is kept
constant at a certain regulated value, and the

♦ Usually it is true for not very strong fields.

**'i El i u r ElO'^g^)
Fig. 3. Current J^ (curve 1) and total current

(74-1-/5) at 75=0.3 ma (curve 2) vs. field E. Upper
curve - current oscillogram. Lower curve - voltage
oscillogram.
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1) Both positive and negative current carriers
take part in conductivity. It is not important
how minority carriers are created (by light or by
field).
2) Field reaches some definite value. Let

us consider that the field corresponding to the
most distinct oscillations is critical

V cm"').
If one of these conditions was not fulfilled

then oscillations did not appear.

§ 3. Discussion

From eqs. (8) and (11) one may obtain:

Crn^rt^n~\~^ ^ (12)

In this case using eq. (2) it is not difficult to
show that expression for E„ (7) is simplified and
becomes:

.  (13)
Of Tp Tn

And the period is equal to:

.  (14)
/c

Excluding from eqs. (13) and (14) we shall
obtain:

zz.Y=—
\ fp/ ic

2 ^cr

Ecr + -^

For the case shown in Fig. 3 from curve 2
at point £'c,=2xlO'Vcm~' we obtain a—b.lx
10"®13"'cm~\ G(0)=4xl0®I2"'cm~', yc=0.7 and
from curve 1 for the same field of—d(rpldE=
3.5 X10"' V"'. Substituting all values in eq.
(15) we obtain TItp='3J.

Measured values F=2.5x 10"'sec and rp=l/
Asb • 5'j," • v+=4.2 X 10"' sec (value 5^"=3 x 10" cm'
is taken from curve 3 of Fig. 2 for Ecr='2x
lO'Vcm"'), and yield T/tp=6.
Thus, the calculated value is in satisfactory

agreement with the experimentally measured one
of T/tp-

Best agreement between measured and calculat
ed values may be obtained if one takes into
account hole mobility vs. E relationship (suppose
that scattering occurs on lattice oscillations and
mobility decreases with field growth).
Expression (14) allows to determine t„. It is

equal to 2.7x10"'sec and is less than any of
two times for weak field irrespective of charge
state of recombination center as 5'„°~5„~~10""

cm2". In other words capture probability in
creases with field growth in our case at any type
of capture, so that ratio p„<0 really takes place.

Besides we may show that the voltage-current
characteristic of conductivity due to the electron
component has a negative differential resistance
(Gn(0)<0).

Indeed difference between total and hole cur

rent densities is

Aj=eE(nJi+[ij,p) .

Suppose that quasi-neutrality condition is
realized, i.e. dpTn^tiTp, then the ratio of in
serted electron concentrations for two fields E
and El will be

JL MS. (l^

where b—pphip. Taking £i= 1.5x10' and E=
£'jr=2x 10' V cm"' we shall define Jy correspond
ing to them from data of curves 2 and 1 in
Fig. 3. The values and may be defined
by the same method as Zp and t„. If 6=0.7
then w/ni=0.49. Decreasing of inserted electrons
concentration owing to field growth at constant
emitter current is equivalent to appearance of
negative differential resistance.
Thus, conditions (different signs for and

and Tp>Zn) formulated above as necessary for
existence of such kind of instability are satisfied
and it is shown that conductivity electron com
ponent has negative differential resistance.
From the analysis instability of electron-hole

plasma in p-type germanium is really caused by
non-linearity of voltage-current characteristics
and has resonance character in our case.
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