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We have modelled the highly non-linear dynamic phenomena which·arise in 
Gunn diodes by interaction between the internally generated domain mode 

and an external microwave signal. As the frequency of the microwave 
signal is changed, a devil's staircase o~ frequency-locked oscillations 
develops, interspersed with quasiperiodic solutions. Period-doubling 
and other forms of mode-converting bifurcations can be seen in the 
interval of some of the steps. At higher microwave amplitudes, determi-· 
nistic chaos arises. The transitions to delayed, quenched, and limited 
space charge accumulation modes are followed. 

1. Introduction 
Instabilities in dissipative systems can give rise to a wealth of com­
plex non-linear phenomena including (i) cascades of period-doubling 
bifurcations, (ii) frequency-locking between an internally generated 

oscillation and an external signal, and (iii) various types of determi­
nistic chaos. The study of these phenomena has attracted a rapidly 
growing interest during the last decade, and examples of chaotic beha­
viour have· been reported for a number of electronic circuits(l), in­

cluding circuits involving semiconductor devices such as tunr.eling< 2 l 
and varactor diodes(3). In these studies, the active element has usual­

ly been charaqterized by means of a time-independent current-voltage 
relation. In no case, it appears, has the extended nature of the device 
or its complex internal dynamics been taken into account. 

Based upon a relatively detailed model for the formation and propaga­
tion of subsequent high field domains, the present paper describes the 
highly non-linear dynamic phenomena which can occur in a periodically 
driven Gunn diode. A map of the distribution of behavioural forms in 
parameter space is obtained by simulating the model with a large numbe1 
of different amplitudes and frequencies for the external signal. 
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2. The Hodel 
It is well-known that n-type GaAs and a number of other compound semi­

conductors can exhibit self-sustained current oscillations in the mi­
crowave range when the applied drift field exceeds a characteristic 

threshold valuel41. Due to inefficient energy relaxation, the electron 

gas heats up to very high temperatures, and a transfer of carriers from 

the high mobility conduction band minimum to a set of low mobility 
satellite valleys takes place. If. this transition is fast enough, a 

bulk negative differential conductivity may arise lSI. The spatially 

homogeneous electron distribution then becomes unstable, and propagat­
ing high field domains are formed. In the external circuit, the forma­
tion and propagation of these domains give rise to current oscillations 

with a typical frequency of 7-9 GHz for a 12 vm sample. 

The Gunn effect has been extensively studied both by simplified analy­
tical methods(6) and by numerical techniques(?). In particular, Cope­

landiS) has shown that the presence of a microwave signal of sufficient 
amplitude and frequency can suppress the domain formation and produce 
an alternative mode of operation for the Gunn diode which is referred 
to as limited space charge accumulation (or LSA-) mode. 

To understand the dynamics of domain formation and propagation in the 

presence of a microwave signal we have developed the following model: 

The current density j = j(t) is assumed to consist of drift and 
diffusion terms for each of the two groups of electrons, i.e. elec­
trons in the central conduction band miriimum, and electrons in the 
upper valleys. In addition we have included a displacement term which 

expresses conservation of charge. Thus 

j 
an1 an2 

n1ev1(F) + n2ev2F - eDnl-ax- eDn2-ai + 
ap 
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at 

Here F = F(x,t) is the local electric field as determined from 

Poisson's equation 

ilF 

ox 

nl = n1(x,t) and n2 = n2(x,t) are the local electron concentrations, 
with subscript 1 for electrons in the conduction band minimum and 
subscript 2 for electrons i11 the upper valleys. e is the elementary 

(1) 

(2) 
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charge and e the static dielectric constant. The relative dielectric 

consta.nt er = 12.5 for GaAs. The diffusion constants and the upper 

valley mobility are assumed to be Dnl = 200 cm2/s, Dn 2 = 8 cm2/s, and 
p2 = 320 cm2/vs, respectively. For the thermal equilibrium electron 

concentration we have used n0 = 2·1015jcm3. 

Approximate, analytical expressions for the velocity-field characteri­

stic Vl(F) of the e~ectrons in the conduction band minimum and for the 
equilibrium fraction n2o(F)/n0 of electrons in the upper valleys have 
been derived from the detailed Monte Carlo calculations reported by 

Fawcett et al.(9) We have here assumed an intervalley deformation 

potential of 1•109 eV/cm. Intervalley equilibration of the electron 

distribution is expressed by 

( 3') 

with a relaxation time of ~ = 2·lo-12 sec. 

As boundary conditions we have used 

and (4) 

where L = 12 pm denotes the length of the sample. To facilitate the 
domain formation we have assLl'med that there is a slight (0.1%) enhance­

ment of the specific resistance in that 1% of the crystal which is 
closest to the cathode end. Finally, we have applied the normalization 

condition 

J
0

1
F(x,t)dx = Vext = L·Fdc(l + Asin(2nft)) 

~here Fdc = 4.0 kV/cm is the applie§ de-field. f and A denote the 

frequency and relative amplitude of the external microwave signal, 
respectively. 

3. Simulation Results 

(5) 

Simulation with the above model has revealed a large variety of diife­

rent modes of behaviour, depending upon the values of A and f. As 
examples the following figures show the 2:1 frequency-locked solution 

obtained for A = 0.20 and f = 12.5 GHz (fig. 1), the 4:3 frequency­
locked solution obtained for A = 0.20 and f = 10.0 GHz (fig. 2), and 
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the chaotic solution obtained for A 0.56 and f 30.0 GHz (fig. 3). 
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Figure 1. Onset of a 2:1 frequency-locked solution upon application of 

a microwave signal of amplitude A = 0.20 and frequency f = 

12.5 GHz. By comparison with the undisturbed domain mode it 

is observed how the domains adjust their time of formation 

and their speed of propagation so as to entrain with the 
microwave signal. The upper panel shows the temporal varia­
tion of the current density and the applied field. The lower 

panel shows the propagation of domains through the crystal. 

By means of a large number of simulations \ole have determined how the 

type of solution varies with the amplitude and frequency of the applied 

microwave signal. This has provided the phase diagram in figure 4. In 

this diagram, Arnol'd tongues of frequency-locked behaviour are seen to 

arise in intervals around all rational ratios of the external frequency 

to the internally controlled domain frequency. Most evident are the 
1:1, 2:1, 3:1, 4:1, 5:1, and 6:1 tongues. Between these tongues there 

are tongues where 3:2, 5:2, 7:2, 9:2, 5:3, etc. entrainment takes 
place. 

With increasing microwave amplitudes, the tongues broaden. Since it is 
easier to delay domain f6rrnation and to reduce the speed of domain 

. propagation than to speed-up these processes, the broadening is most 

significant on the low-frequency side of the tongues. In the region 



506 

,--... 
N 

E 
E 70 

:? 60 WlJ ........... 

~ 
50 

iii 40 
z 30 w 
0. 20 
1- 10 z 
w 

0 0::: 
0::: 0.0 0.2 0.4 0.6 0.6 1.0 
:::> TIME (nsec) 0 

1r r:rrr r:rrr ~ 
Figure 2. Stationary 4:3 frequency-locked solution obtained for A = 

0.20 and f = 10 GHz. To keep in step with the microwave 
signal, the domain mode must delay the formation of every 
third domain. 
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Figure 3. ·Phase-plot of the chaotic solution obtained for A = 0.56 and 
f = 30.0 GHz. In the neighbourhood of this solution we find a 
variety of complex solutions produced by period-doubling and 
mode-conversion of simpler frequency--locked solutions. 
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where the tongues start to overlap, various forms of period-doubling 

and mode-converting bifurcations take place. A more detailed investiga­

tion of the region between the 3:1 and 4:1 tongues, for instance, has 

revealed the existance of 13:4, 10:3, 14:4, 7:2, 11:3, and 8:2 frequen­

cy-locked solutions. 
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Figure 4. Phase diagram showing the distribution of behavioural forms 

as function of the frequency and amplitude of the applied 

microwave signal. Interspersed with the Arnol'd tongues of 

frequency-locked behaviour one can find quasiperiodic 
solutions. 

As the microwave amplitude approaches 60-70% of the applied drift 

field, a transition to delayed and quenched domain modes occurs at 

relatively low microwave frequencies while at higher frequencies LSA­

mode is obtained. 

4. Conclusion 

A closer examination of the interaction between the internally gene­

rated domain mode and an external microwave signal in GaAs Gunn diodes 

has revealed the existence of a great variety of complex non-linear 

dynamic modes of behaviour. While on one hand illustrating the univer-
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sal phenomenon of entrainment in non-linear dynamic syste~s, the de­
tails of the Arnol'd tongues also reflect the parameters of the model 

in a relatively sensitive manner. One of the parameters which is most 

difficult to obtain experimentally is the intervalley scattering time. 

By comparison with our numerical calculations, experiments with perio­

dically driven Gunn diodes may thus be useful in determining of this 

parameter. 
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