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Propagating high-electric-field domains in semi-insulating GaAs: Experiment and theory
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Semi-insulating GaAs exhibits, at a field of about 1 kV/cm, a strong non-Ohmic conduction and negative
differential resistance and is consequently suitable for the investigation of nonlinear systems and deterministic
chaos. In this paper we explain both experimentally and theoretically, how the homogeneous electric-field
distribution loses its stability in favor of a stable, propagating, high-electric-field domain. Furthermore, we
provide detailed information about the microscopic structure of the steady-state domain and we explain that the
onset of chaos is related to the interaction between subsequent dofs4ih63-18207)05324-1

I. INTRODUCTION In the following we briefly describe the basic physics of
nonlinear transport in semiconductors. In these materials the
Application of a constant voltage of about 1 kV to semi- current density for a spatially homogeneous system is given

insulating(Sl) GaAs results in current oscillations caused bybY the product of the free carrier densityand the carrier

the formation of a high-field, high-resistance traveling do-drift velocity v, which in principle both depend on the elec-

main. This experiment is a very simple example of a nonlin-'iC field E. If the applied voltage is very low, the usual Ohm
law applies, withhn=ny andv.<E. For larger voltages the

ear systenthere nonlinear resistancnat, for high values of ! .

an external control parametérere the bias voltageleads to ~ d€Pendence ai andv. on E is more complicated and there

spontaneous symmetry breaking and organizes in cohereft®Y be_a region of electnc_ field in Whlths_decrea_\smg fqr
cheasng (0j/9E<0), i.e., negative differential resis-

structures. For increasing bias voltages these structures bg- . .
come complex and the associated current passes from tin%nce(NDR)' Then the homogeneous charge-density distri-

independent to periodic oscillations and finally reaches £’Ut'on IS unstable against a sma_ll random density fluqtuatlon
and switches to a space- and time-dependent solution. De-

chaotic behavior. Most experimental work on nonlinear phe- ending on whether the NDR curve is S or N shaped, the

nomena has been done on hydrodynamics systems or chen : ) ; oo
cal reactions™ Semiconductor materials in high electric ormation of current filaments or traveling high-field do-

fields have been studied only occasionally in this context aNS will take place. If the typical velocity of the domain is

but, despite the excellent material technology and the relativ%Omp"’lr"’lble o the electron drift velocity the instability is due

ease of electrical measurements, these studies have n (2 drg‘t norjllngarltty GUeG/t;i<(0_) Sl;Cht an the wel!ékngwn
reached the state of maturity of the other systems. The mai hunnth on;]alng 'T' y;()je S gl'gat.er z r(tar?uengl S fn
reason for this state of affairs is that a complete descriptio € other hand, slow domain velocilies on the orger ot some
of the experiment requires the knowledge of the local distri—cm/S are rela_ted t.o a generatgclqlrecomtl);natlon ???nllneanty
bution of current and electric field. They cannot be simply(‘?gi)’?llf;o) Itlkll(e 'rr‘] tﬁl GaAs]: p—hGe,' CgSe, dand th
inferred from measurements at the contacts only because tNé ¢ . I\{en I ;)hug N Spet(;]' |cdmec ;nlsm f?%e.n g on the
nonlinearity leads to inhomogeneous and time-dependerﬁ‘[‘a enal, in all those cases the dependence oh E IS due
current and field distributions. In more commonly studied 2 redistribution of electror®r holey bgtween conduction
systems such as hydrodynamic instabilities or chemical rea<é—Or valence ban_d and bound s_tates, which reduces the num-
tions the analogous local quantitié@mperature, pressure er of free carriers. The detailed local measurement of the
flow, and concentrationgan be made visible mére easily " electric field presented here for SI GaAs will allow the de-
In a recent papérit has been shown that, by use of an ter_rIT_1f|1nat|orl 0; E[?]'.S red|str|put|on OT cr:jarge% I In Sec. ||
electro-optic technique, it is possible to measure the local, € rest ol this paper Is organized as Tollows. In Sec.
time-dependent field distribution in SI GaAs at high voltagesWe present th? experimental details |n.clud|ng a descrlpthn
and to show directly domain formation and propagation. InOf the electronic structure of GaAs _and in Sec. Il the experi-
this paper we have employed the same technique, but ental results regarding the relation between electric field
have improved the spatial and temporal resolution. Furthe@tm: current, t?_e dog'a”l]l fo_rmgtlon,l\:;md the c:omatT] steiady-
more, with a rigorous theoretical analysis, we explain in deState propagation. Finaly, In Sec. IV we analyze the struc-
tail the formation time and the propagation velocity of theture of a propaggtlng_ stgady—state domaln' to obtalp 'the free
domains and how to relate those experimental quantities tBnd trapped carrier d'St_”bqt'onS’ the trapping coefficient de-
the underlying material parameters. Finally, we show hoV\pendence on the electric field, and the relation between do-
the transition from Ohmic to periodic and eventually to cha-man velocity and material parameters.
otic behavior takes place. These experiments and their analy- Il EXPERIMENT
sis are believed to open the way to a study of chaotic behav- '
ior of SI GaAs at high voltages since we can quantitatively The experimental setup is similar to that described in Ref.
define the most relevant underlying properties. 5 and is briefly outlined below. The experiment is based on
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the longitudinal electro-optic effect of a BEIO,; (BSO)
crystal to transform a voltage distribution in a phase shift of
light (Fig. 1). The crystal has a transparent electréideium
tin oxide) on the front and a dielectric mirrofmaximum
reflectivity of 99.8% at 780 njnon the back and it is put
with the back side on top of the sample. An expanded polar-
ized laser beam from a 780-nm diode laser enters the crysta
through the transparent electrode and is reflected back by the
mirror through a beam splitter and an analyzer. Grounding
the top electrode of the BSO, the phase shift induced by the
voltage difference between the two sides of the crystal,
which corresponds to the voltage distribution on the sample,
is recorded as a light intensity distribution on a charge
coupled device camera and is digitized with a frame grabber.
The relation between voltage and light is determined through
anin situ calibration and thus does not rely on any material FIG. 1. Experimental setup. The arrows indicate the light polar-
parameters, providing a resolution of the system of 10 V. Aization that changes as a function of the voltage on the surface of
homemade electronic controller allows us to synchronize théhe sample. The symbols have the following meaning: DL, diode
laser source and the readout of the camera with the currefaser; P, polarizer; BS, beam splitter; BSO, electro-optic crystal,
oscillations and to control the number of active lines in theS, sample;A, analyzer,C, cameraR, resistor; PS, power supply;
camera. Decreasing the number of active lines reduces tHC. personal computer. The front of the BSO is covered with a
amount of redundant information and increases the timénhdium-tin-oxide layer used as a transparent electrode and the back
resolution of the system up to 100 kHz. with a dielectric mirror.

Liquid encapsulated CzochralskLEC) GaAs is used

since it is a suitable semiconducting material for our inves-, — 63 n/v s and p=7.0x 10’ Q cm and we have pro-
tigation because its high resistivity implies high applied volt-\ijed them with two NiAuGe contacts 8 mm apart for

ages and the current oscillations have low frequency. BOt@ample(b) and 6 mm apart for sample) and annealed for
facts make the detection of the time-dependent voltage pr 0 min at 430 °C

file easier. The high resistivity is caused by the trapping o
conduction-band electrons in the EL2 midgap dortors,
which compensate the residual shallow dof@mmcentration
Np) and acceptotconcentratiorN,) charges® EL2 defects

are double donors, which are neutral when occupied by an The experiment has been performed on all the three

electron and singly or doubly charged when ionized. Thesamples, which showed the same qualitative behavior.
doubly ionized level is not relevant for the compensation.tqrefore only the results obtained for samg are
Therefore, at room temperature the Fermi level is pinned hown '

the energy of the EL2 traps, which are partially ionized an The current as a function of the bias voltagsg. 2

in equilibrium with electrons in the conduction band via trap- hibits th h - T ind d f
ing (coefficientC,) and emissior(rate X,,). Both shallow exhibits three characteristic regions: time independent for
P n n oltages below/,,, periodic oscillations fol ;<V<V,s,

donors and acceptors are fully ionized and they are relevant S )
only as charge background. The trapping coefficient i&nd chaotic in time fol/3<<V. Figure 2 shows the peak and

strongly enhanced by the electric fiéf® leading to the valley value o'f the currgnt .signall as a function of the applied
depletion of the free electrons in the conduction band and t§0ltage and, in the periodic region, the value of the funda-
a growing number of trapped electrons in the EL2 levelsmental frequency. Fov <V, the current is proportional to
(ngLp). Thus, with increasing electric field the number of the voltage and thus the behavior is Ohmic, with the same
carriers is reduced, increasing the resistivity and causingesistivity as the original slab. The electric-field distribution
N-shaped NDR28° One model explains the field-enhanced is homogeneous, except for a small region near the contacts,
trapping in terms of a configurational barrier of 60 meV duewhere the depletion layer enhances the resistiitje pe-
to a multiphonon capture process that requires an electrigodic region can be further subdivided in two pafis;,
field of about 0.5 kV/cm to be overcomi2The other model <V<V,, andV.,<V<V,.3) separated by a drop in the cur-
proposes an enhanced capture of hot electrons ih trley ~ rent fundamental frequency &.,. In both parts the fre-
that occurs at about 3.0 kV/cffiIn any case, the NDR in SI  quency is growing superlinearly, from almost 0 to 15 Hz in
GaAs is a well established phenomenon and is responsiblée first one and from 4 to 12 Hz in the second one. The
for the slow domains studied in this paper. frequency drop corresponds to a qualitative change of the
We have used three samples, obtained from two differenturrent signal. In the low-voltage part it consists of a single
(1000 LEC-grown single-crystal GaAs wafers with different spike over a constant background sigfilg. 3, curvea),
contact characteristics. Samgly has been obtained from a while in the high-voltage part, two different spikes are re-
slab with mobility ©=0.66 nf/V's and resistivityp=3.1  peated periodicallyFig. 3, curveb). WhenV; is exceeded,
X 10" O cm, with a thickness of 0.5 mm. Two linear Au the current signal remains time dependent, but with an erratic
contacts have been evaporated 8 mm apart without any afehavior, which makes it impossible to define a fundamental
nealing. Samples(b) and (c) came from a slab with frequency'23(Fig. 3, curvec).

Ill. RESULTS
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VOItage (kV) FIG. 3. Current signal as a function of time. The applied voltage

is 2.00 kV for curvea, 2.35 kV for curveb, and 2.80 kV for curve
FIG. 2. Current signal as a function of the bias voltage. TheC-

continuous-line with squares is the minimum and the dotted line
with circles is the maximum of the current. Fg V., the sample A. Periodic propagation
behaves Ohmically, fov ., <V<V.; periodic spikes in the current . .
appear, and fov>3</03 tr;:ele currenisispstill osciIFI)ating, but not peri- qu applied \./OItageyC.l<.V<V°2 (F'.g' .4)’ when th? cur-
odically. In the periodic regime, the oscillation frequency has beed €Nt 1S low, a h'gh'?'?c"'c'f'e'd domain is propagating fror‘_n
plotted (diamonds. the anode, where it is formed, to the cathode, where it dis-

FIG. 4. (Color) Electric-field profile of a domain propagating in the sample as a function of position and3ir@ot) and current signal
as a function of timgcontinuous ling The anode is at=0.0 cm and the cathode isxat 0.8 cm. The spike in the current corresponds to
a constant electric-field distribution. The measurement has been performed on &anbdsed withV=1.0 kV.
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appears. The domain remains parallel to the contact and trdomain remains in a good approximation Gaussian for every
voltage profile does not depend on the distance from th@pplied voltage, in contrast with Gunn domains, which, for
edge. Thus, for a complete description, it is sufficient to plothigh voltages, are flat topped.

the electric field, obtained by differentiating the voltage pro-
file, as a function of the distance from the andBiy. 4). The
domain is propagating with an approximately Gaussian For bias voltagesV ,<V<V. the periodicity is no
shape and the periodic spikes in the current signal corrdonger due to the repetition of domains with the same dimen-
spond to an almost homogeneous field during the process 8f°N: but to two alternating domains with different dimen-

annihilation of one domain and the creation of the next one.s'onS[F'g' %@)]. The arrival of a domain corresponds to a

. . _current spike and thus a single period in the current signal
The domain does not travel across the entire sample W'tﬁonsists of two different peakig. 3, curveb). The bifur-

. i ) "Eation in the electric-field pattern does not correspond to a
stead it reaches a steady-state configuration only after a trap;,rent frequency doubling because of the complex relation

sient time and length i.n which it grows and simultgqeouslybenNeen the domain velocityand thus the current fre-
slows down. We describe the electric-field peak position as fuency and the domain dimension. If the voltage is in-
function of time (Fig. 5 with the function Xpea=71(vo  creased further, the current is clearly aperiodic and no evi-
—vg)[1—exp(-tm)]+vqt, where 7 is the domain forma- dence is found for subsequent bifurcation indicative for
tion time, vy is the domain initial velocity, andy is the  routes to chaos. The observed distribution of electric fields
steady-state domain velocity. The quality of the fit to the datashows that domains with different sizes appear consecu-
and the values of the fit parameters are shown in Fig. 6 fotively, but that at each moment only one domain is present in
different applied voltages. the sample. This can be seen in Figb)9 where, at every

The drastic change in the sample behavior arolig time, the electric-field distribution has only one maximum,
corresponds to a bifurcation in which the spatially homogewhich defines the domain position. The reason why the cur-
neous solution loses its stability while a new stable solution'ent oscillations become aperiodic can be inferred from Fig.
with lower symmetry, emergésEor applied voltages larger 9. Which shows that the extension of the transient length for
than V., a homogeneous electric field is in principle still Increasing voltages becomes comparable to the extension of
allowed, but every fluctuation is amplified and the system idh€ sample length foK'=Vc,. Thus, forV>V;,, the do-
driven to the stable configuration corresponding to a stead)ma'ns. are nqt able.to reach a steady-state configuration and
state domain propagating with constant velodit§. The are still growing Whll_e t_he_,-y reach the cathode._T_her_efore, the
propagating domain is completely stable only in an idealgrowth of one domain is mfluenc_ed ,by_the annihilation of the
L L ; I revious one and the two domains’ sizes are strongly corre-
infinite sample, while in our case it has to be annihilated a

) . o . ated. This process leads to chaotic oscillations in the current
the cathode. During this process, the electric field outside thﬁ']rough thg recursive interaction between successive do-

. grows to maintain the voltage d_rop_ over the Sampl(:mains during the annihilation-creation process. The impossi-
constant. Since the homogeneous solution is unstable and fB[

: L o lity to see more than one bifurcation in the electric-field
a short time a homogt_eneous e_Iectrlc file-V/d exists in attern is probably due to the relatively high level of noise
the sample, the domain formation at the anode correspon(ftrinSiC in high resistance samples
to the relaxation of the unstable homogeneous electric-fiel From data in Fig. 5 it is interestiné to predict, for different
distribution toward a stable steady-state propagating domai%‘amples at which épplied voltages the oscilla’tions are peri-
The experimental data in Fig. 5, which describe the transition?)dic or chaotic once the sample lengthis known. In sample
from the homogeneous electric field to the propagating do .

. . " : (@) the quantityE.=(V.3—V1)/L is 2.0 kV/cm, but this
main, are prop(_arly mterpolated_ by the f|_tt|_ng curve. It IS SU cannot be directly generalized because of the complex be-
prising that a simple exponential is sufficient to describe th

Savior of Xpeal(t). To fix an upper and a lower limit for

complete transition because it is expected to hold as Ilneaé independently of the sample length, we calculate the

approximation only nearby a steady state. The formation;°’ . -
. . . distance the domain takes to form completely, supposing it
time 7; (Fig. 6) is about 12 ms and does not depend on the , : ) .

moves with constant velocity for a timg . As already dis-

applied voltage, suggesting that it is related to material paE:ussed, the velocity of a forming domain is not constant but

rameters. is monotonical decreasing from the startin to the
The steady-state domain simply propagates, preserving i#s 9 g ane

shape, and it is completely described by its electric-field pro-Inal ON€uvy . The_upper_ limit inE; is th?’? _obtamed using
file as a function of the positiofFig. 7, top and its constant vg and the lower limit using . The possibility to normalize
velocity (Fig. 6). The velocity is found to depend linearly on the applied voltage over the sample length comes from the

the applied voltage. In the literature the domain velocity isfaCt_tQ?t aléa)o, ?r?d tnot onlyvg E.F'g' If'st)' 'fS ptroportlonlfll to
usually systematically overestimated because it is obtaine)ﬂlC3 |°1|' ¢ ntﬁe t ?E wolproporgpr;]m y g‘; ors dazrg k\r)/own,
directly from the current pulse frequency under the assump\_%_ve calculate the twex vajues, which are U./ an cm.
tion of constant propagation velocity, which is not true be- he actuall value for our sampl_e is closer to the lower limit
cause during its formation the domain moves faster, ag)e'cause;lo IS one QrQer of magmtqde larger thagand then
shown here. In Fig. 8 we present the electric-field peak and 'S dominant in fixing the formation length.
the domain half-width at half maximun) as a function of

. . . . IV. DISCUSSION
the applied voltage. The domain width is about 0.1 cm for all
the studied voltages, while the height grows proportionally The basic equations for nonlinear electronic transport in

with the applied voltage from 3 to 8 kV/cm. The shape of thethe presence of generation and recombination dynamics are

B. Aperiodic propagation
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FIG. 5. Electric-field peak position as a function of time for
different applied voltages. The dotted lines are the results of the fits

described in the text.

the Poisson equation, the current continuity, the curreng
equation in the drift-diffusion approximation, and the rate
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FIG. 7. Top: measured electric fieldolid curve and charge

distribution (dashed curnjeas a function of the position for an ap-
plied voltage of 1.4 kV in sampl¢a). Bottom: evaluation of the

onduction-band electron density (solid curveg and the density

uctuationdng , (dashed curveof the EL2 trapped electrons from
the data on top.

whereq is the electron charge;, and ¢ are the dielectric
constants of vacuum and GaAg,is the electron mobility,

D is the electron diffusion coefficient, andis the charge
density in the number of electron charges. In gengrah,

n, andng , may depend o, t, andE, while i, D, C,,,
andX,, may depend oix. Equationg1)—(3) are very general
and can be applied to describe transport in every semicon-
ductor. Equationi4) describes trapping and thermal emission
processes, which are the most relevant generation-
recombination processes in our system. The material param-
eters used in the calculation are presented in Table I. Al-
though these equations are standard, their solution is very
complicated because of theandt dependence of most of
the variables. This complication reflects the unusual regime

1.4
1.2-. 110
1.0-
0.8-.
0.6-.

0.4+

Domain Width (mm)

0
0.

T
SIS 1!
8 1.2 1.6

. . 2.0
Applied Voltage (kV)

FIG. 6. Domain velocities(squares and formation times

0.2+
0.0

0.8

1.0 1.2 1.4 1.6 1.8 2.
Voltage (kV)

2
0

(Wd/AY) PIRLA L1 yedd
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Fig. 5.
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FIG. 9. (Color) Measured electric-field distribution as a function of position and time. The color scale extends linearly from 0 kV/cm
(blue) to 9 kV/cm (red. The applied voltage i) 2.3 kV and(b) 2.6 kV.

for electrical conductivity. In normal metals the high carrier are confronted with a nonequilibrium process, and normal
density leads to a very short screening length and to a vergoncepts, for instance, chemical potentials, are not appli-
fast relaxation of any charge fluctuation, which always lead€able. Furthermore, the very low carrier density leads to
to local charge neutrality. In semiconductors this is not al-wide space-charge regioff the order of some millimeters
ways the case and we are familiar with space-charge effectnd to very slow relaxation of charge fluctuatignslaxation
through differences in the chemical potentieither through regime. These unique conditions of electrical transport have
doping or through external electric figldHowever, here we been poorly studied, but they are at the basis of the under-
standing of nonlinear electrical transport. The very detailed
TABLE I. Material parameters used in the model. The values ofexperimental data described above provide a solid basis for
N andNp are obtained by the substrate supplier by glow dischargestudying Eqs(1)—(4) in detail in any conditions.
mass spectroscopy.

A. Domain formation

Quantity Value Source . .

In Egs.(1)—(4), E, p, j, n, andng , are related variables,
n° 1.9x10" cm™® measured while w(E), D(E), C,(E), and X,(E) are material con-
Na 2.2<10" cm3 measured stants. u(E) is very well established theoretically and
Np 1.3x10% cm™3 measured experimentally’* We have used a mobility.(E) as given
Neio 1.3x10% cm™3 Ref. 16 for ultrapure GaAs, which is a good approximation for our
ng., 0.9x10"cm—3 Ref. 16 sample because at room temperature the mobility is limited
Cn(0) 2.0x10°8 cnils Ref. 17 by an electron-phonon interactidn.The diffusion coeffi-

X, 5.7x10°2s! Ref. 17 cientD is obtained directly fromu using the Einstein rela-

tion. C,(E) and X,(E) have been calculated as reported in
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main has reached a critical size and amplitude. Once this has
occurred, the stable domain propagates with constant shape
and velocity.

[
[}

[a—
N~

B. Steady-state domain
1. Free and trapped electron distributions

In the previous calculations;,(E) and X,(E) are esti-
mated theoretically and then used in the model to explain the
experimental results. The quantitative measurement of the
electric-field profile allows a different approach, in which we
evaluate the unknown quantities, includi@g(E), using the
experimental electric-field distribution as the solution of the
set of equationé® The steady-state domain apparently is a
physically acceptable solution of Eqd)—(4). As observed,
this solution allows a time and position dependence of
p(x,t), n(x,t), andng ,, which is neither constar{as dis-
cussed above for the Ohmic solutjamor growing or decay-
ing with time and position. We can analyze this particular

FIG. 10. Current density as a function of the electric field ob-solution by transforming in Egs. (1)—(4) f(x,t)
tained from the homogeneous solution of Egh—(3). For curve —f(x—vgt)=f(x"). Integrating Eq.2) between a generic
a we have used the values Gf, reported in Ref. 1, while for curve  position and a point far from the domain and combining it

=

Current Density (10 * A/m )
[~ ]

Electric Field (kV/cm)

b we have used experimental values. with Eq. (3) results in
Ref. 1. Although all material parameters are known, still, Jo— p(X')vg=n(x") wE(x') + D an(x") 5)
from a mathematical point of view, an infinite number of ax' '

'Where\]o is the current density measured at the contacts far
Srom the domain, which has a constant value as a result of
the boundary conditions coming from the integral. The sum

. X o e of the drift current, the diffusive current, and the displace-
tained by setting all the derivatives in time and Space €qughant current due to the movement of the charge dipole con-
to zero. Then there is no space-charge accumulation any,

where (local charge neutralifyand there is no time depen ected to the domairpp ) is constant all over the sample.
X - i T This i nsistent with the f hat there is n -char
dence in the solutiongsteady state Equations(1)—(4) re- S Is consistent with the fact that there is no space-charge

7 : 4 accumulation when the domain is in the steady state since
([jége(;;)] Er?jl(:)bgg?](clg gc;]tlj);tiz)v:lfi)r; %zszgfr?e?gggﬁ;aw the shape remains the same. The curdgraind the electric-
(@], In this regime we can calculae-E (Fig. 10, curve field profile E(x) are experimentally obtained, while(x)

a) using the values o, (E) andX,(E) presented in Ref. 1. can be directly evaluated from experimental data using Eq.

L .(1) (typical results are shown in Fig.).7n(x) can then be
For electric fields below 1 kV/cm, the system behaves Ohmi-_ . \|1ated from Eq/(5) since it is the remaining undeter-

cally anpl th? calculated curye-E rt_apr(_)duces the data pre- .mined quantity, and the results are shown at the bottom of
Se.maj In F|g. 2 When the electnc. field excegds a C?rta"?fig. 7. It is interesting that the maximum value of the dipole

critical electric field, we enter a region where, in principle, hargep is four orders of magnitude larger tham, the

the homogeneous spluhon is still p'resent.t')ut I IS “”St?‘b'e- I quilibrium concentration of electrons in the coﬁduction

can be shown that in a system V.V'th positive d_|ffer_ennal "®hand, showing directly that the positive side of the dipole

sistance, all the charge fluctuations decay with increasind, - o+ be obtained considering only free electrons

length or time and the system will therefare return to the From the data it becomes clear that the contribution to the
Rurrent is almost completely due to the drift of the electrons
in the conduction band because the termE is about four
orders of magnitude larger thgsvy and eight larger than
D(dn/aox’). This makes the properties of slow domains very

o o . . different from that of Gunn domains, where the displacement
homogeneities are amplified, instead of damped as in th

Ohmic case. Assuming that the curve in Fig. 10 can also b?urrent 'S more relevant. Then, considering only the most
. o 2 elevant term in Eq(5), we find that

used to describe when the domain is formimg,is about 5
ms. This number is quite close to the formation time of 12 Jo
ms experimentally observed. The process of domain forma- n(x’)~—=.

. . . . . nE
tion may be explained in the following way. There will al-
ways be charge fluctuations near the contact. These fluctu&ince J, is a constant, while in the domain regidh in-
tions are amplified abové,,, leading to a growing domain, creases, Eq6) shows that the major effect of the high field
starting from the contact, with a characteristic time Ex-  on the conduction-band electrons is a decrease in density of
perimentally, we observe that this growth stops once the doalmost 80%(Fig. 7). Oncen(x) is known, we can evaluate

solutions that are stable and thus physically relevant.
The most simple is the homogeneous one, which is ob

or electric-field fluctuation is amplified in time or space. The
characteristic time with which charge fluctuations will
grow depends on thg —E curve and is given byry
=(dj/dE)(1/e&,),®% which is negative, indicating that in-

(6)
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the number of trapped electrons ag;»(Xx)=Ng ,—n(x) 40 . r T v Y
—p(X) =N+ Np. From this result we can pldFig. 7) the
variation of trapped electrons mEQ:nELZ—n%LZ, where
the last term is the zero-field value. This variation is quite
small compared to the total number of trapped electrons
thereforeng, , itself hardly varies over the sample since the
maximum value of is only 0.1% ofn,,. Figure 7 directly
shows the relation betweem and éng , and thus demon-
strates that the domain charge dipole originates from a fluc
tuation of trapped electrons around the equilibrium value .
Considering that the trapping and ionization times for elec: ©
trons depend on the number of trapped electid (4)],

we can explain the symmetry of the domain by the fact tha
ong<ng,, and thus that generation-recombination dynam- 0 2 4 6

ics are, in a first approximation, roughly the same on the Electric Field (kV/cm)

right- and on the left-hand side of the domain. Strictly speak-

ing, Eq. (6) relates the current outside the domainntou, ) o )

andE in the domain and thus to the local value of the cur-, F!G- 11. Electron trapping coefficier, in EL2 levels as a
rent. It is, however, reasonable, as explained before, to aggnc_tion of the electric field obtained for domains at seven different
sume that a constant curredy is actually flowing through applied voltages.

the whole domain region. Neglecting the displacement cur- ] ] ) ]

rent, this fact implies that the continuity equatit8) is au- The trapping rate is seen to increase almost linearly by a

tomatically fulfilled and that the high-field conductivity factor of 15, for electric fields on the order of 3 kVicm,
o(E) must be inversely proportional . It follows directly where it reaches a maximum (_slfter which it slowly decreases.
from the previous analysis that this particuta¢E) depen- The plot shows that the trapping enhancement already starts

dence directly leads to a domain propagating with constaritt electric fields much lower than those needed for interval-
velocity. ley scattering, indicating that the electrons have to overcome

a much smaller barrier. Thus the mechanism of a configura-
tional barrier due to multiphonon trapping, which is found to
require an electric field of only 0.5 kV/cm for the onset of

Once the number of electrons in the conduction band andlectron capture, is fully consistent with our experimental
in the EL2 levels is known locally and for a large range of results®

(10 -8 cm 3/s)

2. Trapping coefficient

electric fields, we evaluated the dependenceCqfE) on OnceC, is known from the experiment over the whole
E. The equations have been simplified considering that théeld range, we have used again E¢l—(4) to evaluate the
time scale of the perturbation anandng , caused by the j—E relation for the homogeneous electric-field distribution

moving domain is 0.1 sl§/vy), while the dominant relax- (Fig. 10, curveb). TheC,, values plotted in Fig. 11 cannot be
ation time in Eq.(4) is 10 ° s (C,Ng.,), showing that the extrapolated to electric fields lower than 0.4 kV/cm, which is
time derivative in Eq(4) can be neglected. Thus the free andthe minimum measured value when a domain is present in
trapped electrons are, for every value of the electric field, irthe sample. Therefore, the low-field values are obtained mea-
local equilibrium and the ratio between them is completelysuring locally the electric field in the contact region where
decided by the value of the trapping coefficient determinedhe transport is Ohmic. The most relevant differences be-
by the local electric field. This statement does not mean thatveen curves andb regard the critical electric field, which
the system is globally in thermal equilibrium but it implies in our case is about 0.4 kV/cm instead of 0.8 kV/cm, and the
that the energy distribution of the electrons in the conductiorbehavior ofj for largeE values, which in our case is increas-
band is described locally by the field-dependent trapping anihg instead of decreasing.

emission coefficients. The trapping coefficient can be di-

rectly evaluated from Eq4): 3. Domain velocity
The previous discussion, based on E6), which is a
_ XnNgo first-order approximation of Eq(5), does not explain the
C”_(Nng—nng)n’ @) velocity of the domain and the origin of the fluctuation of

trapped carrier$ing .. Moreover, it appears strange that a
symmetric electric-field distributioR and a symmetric free-
electron distributionn correspond to an antisymmetric
trapped electron distributiotFig. 7). To explain this incon-

in which the only quantity that is relevantly changing with
the field isn, showing an enhancement 6f, in the high-

e]ectnc-ﬂeld .reg|on,.where is depletedFig. 11); The emis- sistency we improved the approximation of E6). including
sion ratexnﬂls considered constant for electric f|eld§ UP 104 o next relevant term of Ed5), which is the displacement
100 kV/(_:m. Cp has_been evaluated from o_Iata obtalne_d forcurrentvdp, leading to the equation of the free electrons
seven different applied voltages and a unique curve is ob-
tained, although the peak electric field and the domain veloc-

ity vary by at least a factor of 2, proving the consistency of n(x) Jo vgp _ Jo ®)

our analysis.
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Therefore, the only possible honhomogeneous steady-state

110 solution is a domain traveling with constant velocity. Substi-
tuting Eq.(6) into Eq. (9), we find that
100 Jo
V= —eff (10)
NeL2
g 90 where
= 1 1
= ngl = - (12)
E 80 "2 Neo— MR Mes
5 is the weighted balance between free and occupied states in
70 the EL2 traps. A similar relation between domain velocity
and current signal has been proposed by Sacks and Milnes
and Ridley and co-worketon an empirical basis and has
oL+ been experimentally confirméd®-3°but up to now no ex-
1 2 3 4 planation had been proposed. In Fig. 12 we show that the
. relation betweerdy andvy measured for different bias volt-
Velocity (cm/s) ages is indeed linear. From the slope, a valuengf,

_ 4 -3 ik i
FIG. 12. Constant minimum in the curre(eircles as a function 4x 10" cm ? is evaluated, which is in good agreement

of the domain velocity measured in samé&. Every point corre- with data in Table |.
sponds tg a differe_nt applied voltage. The linear fit of the data is V. SUMMARY
plotted with a continuous line.

S| GaAs, biased with dc voltages larger than a fixed criti-
where Sh=vqp/uE is treated as a small perturbatiofin  cal voltage, shows oscillations in the current due to the pres-
cannot be attributed to a variation of the trapping coefficienence of a high-field domain, which forms at the cathode,
because, for the same value Bfon the right- and on the propagates in the bulk, and disappears at the anode. The
left-hand side of the domain, the two corresponding valuegormation of the domain is due to the negative differential
of p have an opposite sign and thus it has to be attributed téesistance in thg—E curve, which makes the homogeneous
the formation of space charge in thalistribution. The fluc-  electric-field distribution unstable against random fluctuation
tuation inn is by far too small to form directly the whole in the space charge. Once the domain is formed, it propa-
charge dipolep, but, through the generation-recombination gates with constant velocity and preserves its shape. It is thus
process of the EL2 levels, give rise to a fluctuatiémg, ,  POssible to apply the experimental solution to a set of equa-

aroundn?, ,. Considering Eq(4) we can see that tior_ls _that describes t_he system to obt_ain a microscc_)pic de-
scription of the domain structure. In this way we clarify the
on 1 1 complementary role played by electrons in the conduction
7:5HEL2 Ne o—10 + no | ©) band, which are depleted and are consequently responsible
EL2 EL2 EL2

for the resistance of the domain and the electrons in the EL2
It is interesting to notice that because of the large value ofevels, which are the source of the space-charge dipole.
NgL, With respect ton (n/ng,=108), the displacement Moreover, the trapping coefficier€, has been evaluated,
current due to the domain movement is the ultimate origin oshowing an electric-field enhancement of a factor of 10,
the large charge dipole that is necessary to sustain the devhich begins at a very low field~0.4 kV/cm).

main itself. Thus the generation-recombination process be- Increasing the applied voltages, the current oscillations
tween two very different populations amplifies the effect ofare no longer periodic. This fact is related to the finite length
the displacement current. Moreover, a domain that reachesf the sample, which does not allow a complete formation of
the cathode and is forced to stop will disappear because nibhe domain. The annihilation of one domain at the cathode
displacement current is present anymore. On the other hanthen influences the formation of the next one at the anode
a domain that is moving with a velocity larger than the and thus its final size. Therefore, there is a recursive itera-
steady-state velocity, like during the formation, will grow. tion, which leads to chaotic oscillations in the current.
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