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The effect of far-infrared irradiation on selfgenerated periodic and chaotic current 
fluctuations in the post-breakdown regimes of n-GaAs has been investigated at liquid 
helium temperature. In an external magnetic field of 40 na t  the material showed a 
sequence of frequency-locked oscillations being ordered according to the Farey-Tree. 
Depending on the irradiation intensity a shifting and scaling of the bias voltage 
ranges of the frequency-locking states has been observed. 

Chaos theory has become one of the most power- 
ful tools in describing the dynamics of nonlinear sys- 
tems. Besides classical disciplines, nonlinear and chaotic 
transport phenomena in semiconductors show the wide 
spectrum of different types of chaotic behavior. These 
nonlinear spatic~temporal effects have been observed 
by current fluctuations in Ge [1-6], Si [71, InSb [8] 
and GaAs [9-12]. Especially the alternating sequence of 
periodic and chaotic behavior can be treated in terms 
of the circle-map theory. Although the phenomenologi- 
cal theory sets guidelines for modelling the underlying 
microscopic mechanisms, the elementary processes cau- 
sing the observed instabilities are still not well under- 
stood. 

Previous results obtained from selfgenerated current 
fluctuations in n-OaAs epitaxial layers, demonstrate the 
crucial role of an external magnetic field and of the 
free carrier concentration. For vanishing magnetic field 
strength only regular relaxation oscillations occur with 
frequencies up to about 5 MHz, depending on the sam- 
ple and the bias voltage. Applying a magnetic field as 
weak as 10 mT and varying the bias voltage a sequence 
of regular oscillations, quasiperiodic behavior showing 
two independent frequencies, frequency-locking and a 
Ruelle-Takens-Newhouse scenario have been observed, 
occuring in well defined voltage ranges [11,12]. 

In the present study we observed that also far-infrared 
irradiation of the samples affects the nonlinear dynamics 
of the electrons in a very sensitive way. Low power FIR 
irradiation constitutes a linear free carrier generation 
mechanism, whose rate is easily controllable by vary- 
ing the intensity, influencing the nonlinear generation- 
recombination kinetics and transport properties. Our 
measurements show that the overa!i qualitative behavior 
of the time series of the current through the sample and 
the spectral characteristics of the fluctuations remain 

unaltered for different control parameter regimes. How- 
ever, even very low irradiation intensity rescales the vol- 
tage ranges of the above mentioned fluctuations and 
shifts the voltage ranges to higher values. The expe- 
rimental results will be discussed in terms of the circle- 
map theory. 

The measurements have been carried out on n-GaAs 
epitaxial layers. Samples were mounted in the center 
of a superconducting solenoid and immersed in liquid 
helium at 4.2K. The magnetic field was perpendicu- 
lar to the current through a sample and to the sample 
surface, parallel to the [100] crystallographic direction. 
FIR radiation of 337 #m wavelength from a cw HCN- 
laser was guided by a metallic light pipe homogeneously 
irradiating the epitaxial layers. The wavevector of the 
incident radiation was perpendicular to the sample sur- 
face. The intensity stability of the laser was better than 
2 pc. Several samples were investigated yielding qua- 
litatively the same behavior. Experimental results are 
reported for an epitaxial layer of 30 #m thickness having 
a donor concentration of 4.5 x 1014 cm -3 and being 78 pc 
compensated. The electron mobility of the sample was 
10 s cm2/Vs at 77 K. 

Recording the current-voltage characteristic with a 
load resistor of 1 M ~  shows, that at a critical voltage 
of about 0.4 volts impact ionization of shallow donors 
causes a breakdown of the voltage drop at the sam- 
ple leading to an S-type current-voltage characteristic. 
Above that critical voltage oscillations and fluctuati- 
ons of the current arise in distinct voltage intervals. 
In order to localize the regions in the current-voltage 
plane where fluctuations occur, the current-voltage cha- 
racteristics for different FIR powers were recorded by a 
dynamical method [12], displayed in Fig.1. The hatched 
areas in the current-voltage plane indicate the extension 
of fluctuations. Increasing FIR power shifts these areas 
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Figure 1: Current-voltage characteristic for various intensi- 
ties I of FIR exposure, recorded at a fixed external magnetic 
field B = 40 mT. The hatched areas mark the extent of the 
oscillatory regimes measured with a load resistor of 1 MR at 
a bath temperature of 4.2 K. 

to higher currents. These selfgenerated current fluctua- 
tions have been analyzed by time series of the voltage 
drop across the sample. Power spectra were obtained 
by averaging Fourier transforms of 20 independent time 
series, consisting of 2048 data points. 
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In agreement to previous investigations on various 
samples [12], in the absence of a magnetic field the 
system is forming coherent oscillations for currents well 
above the breakdown. Subjecting the sample to a small 
magnetic field may cause quasiperiodic and frequency- 
locking behavior. Frequency-locking denotes fixed com- 
mensurate ratios of two frequencies f l  and f2 occuring 
under variation of a control parameter of the dynamical 
system, where f l / f2  = q/P for small integer values p and 
q. Here the magnetic field B, the FIR-intensity and the 
voltage over the series combination of the load resistor 
and the sample act as the accessable external control 
parameters. In this case the sample was biased in se- 
ries with a loadresistor of 200 kfL Raising the magnetic 
field strength B the voltage intervals showing well defi- 
ned locking states increase [see also 12]. At B = 40 mT 
a sequence of locking states following the Farey-Tree- 
ordering, according to frequency-ratios of 1/2, 2/5, 1/3, 
1/4, 2/9, 1/5 and 1/6 is obtained. Without FIR ir- 
radiation locking at f2 / f l  = 1/2 sets in at the voltage 
of 0.582 volts (f l  = 560 kHz, ]'2 = 280 kHz). The locked 
behavior of the two frequencies ends in an 1/6 ratio at a 
voltage of 0.710 volts (fl  = 1.230MHz, f2 = 205kHz). 

The overlap of two or more locking states on the 
voltage scale causes a ' frustrated'  chaotic behavior [13] 
of the current fluctuations. Therefore a periodic-chaotic 
sequence is obtained by increasing the voltage. Figure 
2 shows the power spectra of the fluctuations arranged 
by voltage. Frustrated chaotic regimes are characteri- 
zed by increased broadband noise in the power spec- 
tra. In Fig.2 proper frequency-locking may be distin- 
guished from chaotic behavior by the existence of do- 
minant  peaks in the spectra. The observed frequen- 

Figure 2: Power spectra of the current fluctuation arranged 
by the voltage across the series-combination of load resistor 
and sample. Bold lines are guidefines for the eye indicating 
both fundamentals fl and f2. 

cies f l  and f2 are indicated in Fig.2, in which pero- 
dic and chaotic states are marked by p and c respec- 
tively. Irradiating the sample by 200 I~W/cm 2, the 
highest intensity applied in the present study, locking 
at f2 / f l  = 1/2 will be achieved at a voltage of 0.68 
volts (fl  = 562 kHz, f2 = 281kHz) and the sequence 
of frequency-locked states ends at 0.773 volts with the 
ratio f2/ f l  = 1/5 (fa = 1.27 MHz, f2 = 254knz).  For 
all FIR intensities ]'1 increases and ]'2 decreases with 
rising bias voltage. 

In Fig.3 the locking intervals ranging over distinct 
voltage intervals are indicated and signed by the corre- 
sponding locking ratios. From Fig.3 it is evident that  in 
dependence of weak FIR of 20 #W/cm 2, 40 #W/cm 2 and 
200#W/cm 2 the overall structure of the locking states 
is shifted to bigher voltages. Also the scaling beha- 
vior and the degree of overlapping are changed under 
irradiation. For weak FIR the voltage range in which 
locking is observed is scaled down. One may depict 
from Fig.3 this scaling-down of the locking intervals for 
weak FIR (Int. = 0.02 mW/cm 2 and = 0.04 mW/cm 2 ). 
The choosen FIR intensities are too weak to cause 
significant photoconductivity. For the most extreme 
case the variation of the sample resistance in the pre- 
breakdown regime is smaller than 0.1 pc at a FIR- 
intensity of 200#W/cm 2. Thus the observed shifting 
and scaling on the voltage scale can not be explained 
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Figure 3: Sequence of frequency-locking states observed wit- 
hin different voltage intervals in dependence of FIR inten- 
sitiy I, under constant external magnetic field B = 40mT. 
The locking states are marked by the locking ratio f2/fl of 
the two frequencies fl and f2- 

by the assumption of a FIR induced change in the in- 
ternal sample resistances. The observed shifting-up in 
voltage of the gross oscillatory behavior and the scaling- 
down of the voltage ranges of frequency-locking on con- 
stant rationals demonstrates that far-infrared irradia- 
tion does not simply increase the free carrier concentra- 
tion in thermal equilibrium. Raising the free electron 
density enhances the impact ionization probability and 
thus a shifting of the current-voltage characteristics as 
a whole to lower voltages is expected. This behavior 
is usually observed by increasing the temperature due 
to thermal free electron generation. Additionally the 
circle-map theory suggests a scaling-up of the voltage 
ranges of mode-locked states as a stronger coupling of 
the two oscillatory processes may be expected from an 
increased number of free electrons. 

The observed phenomena might be caused by the 
same microscopic mechanisms which lead to negative 

fax-infrared photoconductivity in n-GaAs subjected to 
a magnetic field [14]. This effect has been explained by 
the assumption that the free electron concentration is 
depleted by optically induced'free-to-bound transitions 
from the highly populated N = 0 Landau level into donor 
bound states shifted into the conduction band by the 
magnetic field. On the other hand impact ionization and 
subsequent capture of free carriers and oscillatory energy 
relaxation of free carriers have been assumed to be the 
cyclic processes leading to the observed quasiperiodic 
and, depending on the coupling strength of both me- 
chanisms, mode-locking behavior [12,16 I. Oscillatory 
energy relaxation is caused by the interplay of the energy 
loss of high energy electrons due to impact ionization 
of shallow donors and the acceleration of electrons in 
the electric field. Electrons scattered to lower ener- 
gies loose mobility due to enhanced elastic scattering 
at ionizied impurities. Thus the current through the 
sample is reduced and the voltage accross the sample 
increases till the electron system has regained sufficient 
energy to establish the previous impact ionization rate. 
Far-infrared radiation at 337#m generates low energy 
electrons of non-thermal distribution which at first do 
not contribute to impact ionization however they in- 
crease the current and thus reduce the sample voltage. 
Therefore a higher external bias voltage is necessary to 
reestablish the impact ionization conditions being reali- 
zed without irradiation. The gross oscillatory behavior 
however is not affected by infrared irradiation. 

In summary the shifting-up of the frequency-locking 
behavior of the current fluctuations due to far-infrared 
irradiation may be understood in terms of existing mo- 
dels of the electron kinetics and non-linear transport. At 
the present state of investigations it cannot be decided to 
what extent optical free-to-bound transitions and resca- 
ling of cyclic energy relaxations determine the observed 
phenomena. 
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