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Nonlinear Oscillations and Chaos in Electrical Breakdown in Ge
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Self-generated nonlinear oscillations and chaos are found in the conductance of liquid-
He-cooled fa,r-infrared photoconductors made from ultrapur e Ge. Complex behavior in-
cludes a period-doubling cascade to chaotic oscillation with increasing applied electric
field, quasiperiodic oscillation, frequency locking, and intermittent switching between
modes of oscillation. A rate-equation model is presented which includes impurity impact
ionization and space-charge injection.

PACS numbers: 72.70.+m, 05.40.+j, 05.70.Ln

The performance of many semiconductor de-
vices is limited by the onset of instabilities or
breakdown at high electric fields. Recent advanc-
es in the theory of nonlinear dynamical systems' '
have been successfully tested' ' in a number of
important experimental systems drawn from hy-
drodynamics, chemical reaction kinetics, lasers,
Josephson junctions, "and driven diode circuits.
However, relatively little work has been report-
ed for semiconductor devices. ' The examination
of semiconductor instabilities' from this new per-
spective should provide a deeper understanding
of the operation of practical semiconductor de-
vices in nonlinear regimes.

We report here the observation of nonlinear os-
cillatory instabilities and chaotic behavior due to
impurity impact ionization in cooled extrinsic far-
infrared (FIR) Ge photoconductors' "with shal-
low acceptor concentrations o - 10"to 10"cm '.
These devices provide useful models for the
noise performance of doped extrinsic Ge FIR pho-
toconductors with a- 10"to 10" cm ', made in
an identical manner, which are among the most
sensitive detectors in this wavelength region. In
addition to oscillatory instabilities, we find that
the conductance of ultrapure Ge devices exhibits
complex behavior including the period-doubling
route to chaos, quasiperiodic oscillations, fre-
quency locking, and intermittent switching be-
tween different modes of oscillation; all of which
can be important sources of spectrally sharp and
broadband noise.

We studied eighteen devices from four different
crystals of p-type ultrapure Ge, fabricated at
Lawrence Berkeley Laboratory, "with the follow-
ing characteristics: crystal 463, a —2.5&, 10'
cm ', dislocated, conduction along (100); crystal

150, a-10" cm ', dislocation free, (110); crys-
tal 295, a-2x 10" cm ', dislocation free, (110);
and crystal 374, a-10" cm ', dislocated, (100).
Dislocated crystals have shallow (10-11meV)
acceptor levels due to 8 or Ga impurities while
undislocated crystals have deep (72 meV) levels
due to divacancy-hydrogen complexes" in addi-
tion. The compensation ratio is estimated to be
d/ a0. 1 to 1, where d is the donor concentration.
Samples were cut to sizes 0.5&0.5x 8 mm' to
roughly 20x 20& 8 mm' and electrical contacts
made with use of B-ion-implanted p' layers
which remain metallic at liquid He temperatures.
Two or more contacts were fabricated either on
opposing faces or along one side of each sample.

Electrical measurements were made at temper-
atures from T = 1.5 to 4.2 K at which few impur-
ities are thermally ionized. External visible and
FIR radiation were excluded by cold metal shields.
A blackbody radiator with adjustable temperature( 30 K located inside the shiejd served as a tirne-
independent source of FIR radiation, which de-
termined the hole concentration, typically P —10'
to 10' cm s The dc current-voltage (f-T') curves
for each sample were measured under constant
applied voltage or constant current. In both cas-
es the dc I-7' curves were identical, with no hys-
teresis or reentrant regions, and had the follow-
ing characteristics, typical of FIR photoconduc-
tors': at low average fields E &0.5 V/cm the I-V
curves were linear (we define E = V/L with L the
contact separation), and for moderate fields 0.5
V/cm & E &E„ I cc 1's where p - 2; the magnitude of
I in both cases scaled with FIR illumination inten-
sity. At a critical average field E,—3 to 40 V/cm
depending on sample characteristics, the current
abruptly increased by several orders of magni-

1983 The American Physical Society 825



VOLUME 51 PH YSICAL REVIE LETTERS g9 PUGUsT 1983

f ]d E wel 1 below the bre~d w
cillation in I t becomes, the osci

I(t) remains oscil-. 1 d)' the current tracen Fig.
ger repeats itself,atory in app earance but no ong

Thlbnd the Phase Pse ortrait forms a roa
ion is clearly dis incd t ct from thechaotic oscilla ion i

h' h accom-and current noise w iclow-level br oadban
sam le at higherb akdown of the entire samp e apanies bre o

pp
bifurcation diagram

ce of instabilities is shown in Fig. . i
1 t onically plottingas roduced by e ec r

while sweeping the app ie vo
Ththe horizontal axis. e

imes evident in Fig. 2

1 eriodic to perio —wo
imes of oscillation are evi

ram is similar in some respec
2a uadratic one- im

From Fig. an n. 2 d similar bifurca ion i
tes of the scaling parameter,obtain estimates o

'th theory, '= 2 7 to be compared wi= 1.5 and 5=
closeand 5=4.67. We do not expect clo

b rve only two periodent because we observe oagreemen,
the experimental map

S(f) computed fromower spectraA series o p
th same condi-records of the currrrent l(t) under e

Fi s. 3(a) tos Fi s. 1 and 2 are shown in igs.
3(b) fi d e iod-3

the frequency- locking
om aring 3(a) and w

er eriod doubling. Peri-
-2 transition of e r

~ ~

n t 1 manner as shown
ther than a simple peri

n the conventiona mod 4 occurs in
a 1 data wein Fi . 3(c). From these aand simi ar

12 2p(2)he average spectral power ratio
'

h the theoretical"=14 dB in goo gd a reernent wit e
d tic one-dimen-2"-'=13.2 dB for the quadra ic on-

f chaos appears in spec-sional map. The onset o c ao

,t(h5tkhteyh&J
l(t)

""'-""
-cI I ( t )/dt

(a)

(b)

n" of shallow 1lt of impact ionization
E

tude as a resu o i
els in the entire sample.

~ ~

h ld d f ldwell-defined thresho av
lnce G(t) =I(t)/V(t) for constantE (E„the conductance G t =

tion becomes time depen en,
field E a series o pwith increasing i

tabilities is observedmore compi lex oscillatory insta i i i
H For average fieldscies f (10 kHz. ora ow q

the local field F. (x) can excee
as a result of spatial inhomogene-

ity produced y
in ection, causing instabil-or s ace-charge injection, cau

racter of these in
oth dc current an c vsimilar for bot c

f the external cir-and is essentially '
pinde endent o e

e bias. The pat-t e of current or voltage ias.cuit and type o
d

' a given sample var-tabilities found in a giv
nd FIR 11ied with contact geometry and i

as describe d below.
ea 1 f a period-dou-p ear examp e o a

nto chaotic oscillations isng
f Fi s. 1 to 3 for crys ain the data of igs.

't e plotted in Figs.hase portrait are pp
i i 11(a) to 1(d) fo dc oltage ias

r e dc fields 8 &E,. In ig.increasing average
it a ears to be a simp e ple eriodic os-pp

anied by instrumen acillation accompa
field increases the symmethe appli d

a eriod- dou e
Atin Fig. 1(b), and to period four in ig.

(c)

(ci)

illi I Ii iii fil
IJ [ 'I

Vl ii ~i r, i, ii
l il I II

IJ I,
I min

Q- ~i 8%

~)fan

+~p' .„' V

'C' . . ~ ,~

r current I(t) and phase portrait,~ ~

msec ~ (d) 10 nA, 5 msec. am(c) 5 nA, 5 msec;
0.4x 1 x mm,

of one 1 x 8 mm~ face.mm~ at opposite en s o one

dia ram of current minima IFEG. 2. Bifurcation diagram o
T =4.2 K, for"for sample 463A at T =vs applied voltage t" or

f the entire sample18.4 V; breakdown orange t/'=11. 1 to
occurred at p&

—20 V.

826



VOLUM E 5 1, NUMBER 9 PHYSICAL REVIEW LETTERS 29 AUcUsT 1983

-8

~ lo 12.

i012

~ lolO~
LLJ
CL
(/3

~ lP-10
LLI

0 i-8
I I I I I I

f(Hz)

FIG. 3. Power spectra $(f) computed from I(t) for
sample 463A at T =4.2 K with applied voltage increasing
from (a) to (e) (eee Fig. 2).

tra Figs. 3(d) and 3(e) primarily as a rising level
of broadband noise which eventually covers the
sharp peaks due to periodic oscillation; note the
absence of low-frequency noise of the form S(f )

~f ', t-I
The performance of doped extrinsic photocon-

ductors is typically limited by noise at frequen-
cies below 10 Hz. From Fig. 3 and power spec-
tra data on many other Ge samples we find a hi-
erarchy of noise sources: The periodic oscilla-
tory instability, Figs. 3(a) to 3(c), is not associ-
ated with excess broadband noise; chaos, Figs.
3(d) and 3(e), produces moderate levels of broad-
band noise spectrally flat at low frequencies; and
intermittent switching between modes of oscilla-
tion (e.g. , period 3 and period 4) produces large
levels of low-frequency noise" near f -1 Hz,
when present (see below).

The majority of Ge samples studied displayed
complex behavior, which often took the form of
coupled nonlinear oscillations. Period doubling
followed by chaos was observed in twelve of eight-
een samples, taken from all four crystals; quasi-
periodic oscillation at two incommensurate fre-
quencies was found in four samples; evidence of
frequency locking was found in six samples; and
intermittent switching between different modes of
oscillation was found in three samples. All Ge
samples studied displayed a simple oscillatory
instability above a threshold average dc field 2, .
For low FIR illumination intensity (p (10 cm ')

a9~/ a t =y (cl —cl ~ ) +p K (0 —0~ ) —p i 0~,

ap/at + (pE )ap/ax

=an„!Bt—(ep. ie)p(p+d-g„),
aE'at =J„., t e —(e)J./e)pE.

(2)

In Eq. (1) y determines the hole generation rate,
and K(E) and y(E) the rates of impact ionization
and recombination" ",' a and d are the concen-
trations of shallow acceptors and donors. Hole
flow and space-charge injection are determined
by Eq. (2) where p, is the mobility and e the di-
electric constant. Equation (3) describes the dis-
placement current in Maxwell's equations, with

J,„, the external current density.
Without injected space charge Eqs. (1) to (3)

have a spatially uniform solution for which P (t)
=n, (t) —d, and Eq. (2) reduces to Eq. (1). Linear
stability analysis of Eqs. (2) and (3) about steady-
state values p, and E, yields an oscillatory insta-
bility with frequency f,'=epE ,p,a(dv/dE)e /'4w'&

when the local field E (.i.) )E„because of the in-
ductive na, ture of the impurity discharge. Under
our experimental conditions we calculate f, —10
kHz, and we propose that the fast smooth oscilla, -
tions in our samples are produced by this mech-
anism in spatially localized high-field regions.

At low temperatures and low FIR illumination,
the quantity of spa. ce charge in the form of ex-
cess holes injected into the sample and trapped
on ionized acceptors typically exceeds the total

the conductance G(t) developed periodic sharp
spikes; the frequency of this relaxation oscilla-
tion increased with FIR illumination from values

f, (10 ' Hz to f,-10' Hz. For moderate FIR il-
lumination intensity (P - 10 cm ') the conductance
developed a smooth periodic oscillation with fre-
quency f,—10' to 10' Hz as shown in Fig. 1(a);
for large E the excursion in G (t) became quite
large and approached the average value. These
instabilities are similar to spiking and oscillatory
transients (hook anomaly) which limit the per-
formance of extrinsic photoconductors. '

We propose the following rate-equation model'
as a physical explanation for the oscillatory in-
stabilities described above. This model is based
on impact ionization of charge stored on shallow
acceptor levels, and space-charge injection. "
For a one-dimensional sample geometry, the con-
centrations of holes p(x, t) and ionized acceptors
a„(x,t), and the local electric field E(x, t) are
given by (neglecting diffusion terms for simplici-
ty)
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charge associated with free holes. " Dielectric
relaxation determines the spatial distribution of
trapped space charge, which accumulates very
near the injecting contact. " By decreasing a in
Eq. (1), trapped space charge can shift the break-
down field E~ to lower values, "producing a re-
laxation oscillation. As a~ approaches zero,
Ba~/Bt becomes positive [Eq. (1)j and an impurity
discharge occurs. This process repeats with a
period determined by the time to reload the ac-
ceptors, -1/p, r-0.01 to 100 sec under our ex-
perimental conditions, in agreement with the
periodic spiking we observe. Complex instabil-
ities are produced in many physical systems' by
the interaction of two or more nonlinear modes
of oscillation. In our system these can be slow
relaxation and smooth modes of oscillation of a
single spatially localized discharge, or of two or
more separated discharges. Analytic and numer-
icat. work on simplified spatial models for Eqs.
(1) to (3) is in progress. "
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