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Experimental study of negative differential conductivity in GaAs:Cr
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We have studied the temperature and illumination dependencies of the current versus voltage characteristics
I(V) of a Cr-doped GaAs sample. An S-shaped negative differential conductivity with a threshold at around 1
kV cm™! was associated with a trap with activation energy of 90 meV. The low-conductivity sta&/)n
characteristics is strongly influenced by illumination and temperature. We also present evidence that the
electrical conduction above the threshold electric field occurs by a mechanism that involves free electrons
despite the fact that the low-conductivity stateig/pe. This supports the assumption that the 90 meV trap is
a donor.

INTRODUCTION middle of the gap and it is usually considered to be respon-
sible for the SI characteristics of the samples. Impurity
The study of instabilities in semiconductors has been @reakdowr due to impact ionization of deep traps occurs at
field of intense interest during recent decades, and most dflectric fields of a few kV cm', and it might be related to
the instabilities display spatiotemporal patterns. The presthe internal transition Gt’2* or to other deep traps present
ence of the negative differential conductivityDC) effectis  in LEC-grown crystalé. Typically, such deep traps are
usually associated with instabilities of a homogeneous steadgresent in concentrations in the range ofta0"cm3,
state produced by spatial fluctuations in the electric field olSuch samples are also efficiently photosensttimehe near-
in the carrier density. A large variety of semiconductor de-infrared range. Under illumination thKV) characteristics
vices like the Gunn diodeand the Impatt diodetake advan- are strongly dependent on temperature.
tage of the NDC effect. The NDC effect is divided into two  In the present work we report experimental results ob-
basic classes, namely, SNDC and NNDC, depending upotained by measuring the temperature dependence of the
whether thg(E) characteristic resembles the letter S or N.SNDC characteristics of Cr-doped GaAs samples for several
Usually, the SNDC in th@(E) characteristics presents a low- illumination conditions. Our results show that the trap asso-
conductivity state(LCS) followed by a high-conductivity ciated with SNDC characteristics lies about 90 meV below
state(HCS) that arises for electric fields higher than a thresh-the minimum of the conduction band, instead of at the mid-
old value. Despite the great progress in the study of the ND@ap internal transition Gt’**. We have shown that for our
effect in recent years, there is not a complete model availableamples impact ionization occurs via electrons rather than
to describe all the experimental observations. via holes, despite the fact that the majority free carriers in the
Nonintentionally doped GaAs crystals grown by thelow-conductivity state are holes. The illumination discerns
liguid-encapsulated CzochralsiEC) technique are usually different LCS states because the free-carrier density varies,
n type due to Si and S shallow donor impurities with con-and we were able to study its influence on the impact ioniza-
centrations at around 10-10cm™3, in excess of compen- tion due to changes in the SNDC characteristics. The LCS is
sating shallow acceptor impurities. Historically, chromium so strongly affected by illumination that it completely domi-
has been one of the few deep-trap impurities used as a deates the HCS at low temperatures.
liberate dopant of 11l-V compounds in order to produce semi-
insulating(SI) materials. The role of Cr atoms is to compen-
sate the common shallow donors and thus the Fermi level is
pinned around the mid-ga} This conventional view of the In darkness and at room temperature Cr-doped GaAs
compensation process introduced by Cr is, however, togamples are Sl with carrier mobility around 4000
simple. Indeed, several authdreave concluded that the cn? V~'s L. The samples were rectangular-bar shaped typi-
EL2 center may also play an important role in Cr-dopedcally cut into 1.30-mm-width strips from a unique wafer.
samples. Depending on the effective carrier densityTwo parallel indium contacts along the whole width were
(Np-N,), one of the two deep centers acts as the main deeproduced. The typical distance between the two contacts was
trap. Another relevant aspect of the electrical characteriza200 um. Contact diffusion was carried out at 300 °C in a
tion of trap-dominated semiconductors is that their characterN,-H, (85:15 reducing atmosphere for 25 min. The samples
istics are strongly influenced by so-called near-contactvere placed on the cold finger of a gas-flux cryostat. For
effects® experiments carried out under illumination a GaAs infrared
The Cr-dopedat about 18 cm™3) GaAs samples used in light-emitting diode(LED) was used as light source, and it
the present work were obtained from a commercial wafewas mounted near the sample inside the cryostat. Its energy
grown by the LEC technique in silica crucibles. The deepemission has a peak &i-100 meV, wereE, is the energy
level due to the internal transition €f?" lies about the gap of GaAs. The tunable photon flux for the geometry used
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was assessed By~ (2x 1091 (photons/cris), wherel is ' T ' '

the current through the LED in milliamperes. This flux was 195} activation energy: (0.75£001)eV 1

calibrated by replacing the sample with a charge-coupled de-

vice. The electric current through the samples was obtained

by measuring the voltage on a series resistor. Care was taken 180} .

in order to avoid scale changes in the digital multimeters =

during the measurements, since this can lead to spurious €

“jumps” in the j(E) curves. We also prepared samples with 1651 8

the van der Pauw geometry in order to make Hall measure- \-\-\'\.\.\

ments. 15,0 activation energy: (0.13 +0.02)eV ]
RESULTS 3.0 33 36 39 42

1000/T (K™)

On GaAs samples, most of the work found in the litera-
ture concerning SNDC characteristics was done at liquid- FIG. 1. Activation energies for in-darkness Hall measurements.
helium temperatures and for silicon-related shallowTwo activation energies were obtained: (%01 eV above 280
levels®~3In this case, free electrons in the conduction bandk and 0.13-0.02 eV below 280 K.
(CB) and two electron levels due to silicon impurities are the
basic requirements to explain the SNDC characteristic. Somealence band through the process®'Gre=Cr?"+h,®
work has been done on Sl Cr-doped GaAs and S| GaAs witlvheree is the activation energy arii stands for the hole.
EL2 centers*'8In both cases, most of the measurements As shown in Fig. 2, at 290 K we have observed a mono-
were done at room temperature and illumination was notonic increase of the electrical conductivity with the light
used. These measurements were mainly performed in strumtensity. The Hall effect measurements indicate that the
tures ofp-i-n diodes and the SNDC characteristic was ob-electrical conductivity increases due to a major difference
served in thg(E) curves at room temperature with a thresh-between the free hole and electron densities. This agrees with
old electric field of a few kV cm®. Some authors claimed the results observed by other authdfhey have shown that
that the SNDC characteristics are due to impact ionizationhe ratio between the emission coefficients of holes and elec-
involving the mid-gap donor-acceptor deep traps, the CBfrons is much greater than 1. Under illumination, with 10 mA
and the valence ban®B). The absence of systematic work in the infrared LED, the Arrhenius fit is poor. The Hall free-
reporting on the temperature and illumination dependenciesarrier density presents a superexponential behavior for de-
was a motivation to carry out the measurements described icreasing temperature. This effect can probably be explained
the present paper. by the temperature dependence of the free-carrier lifetime
due to different scattering mechanisms for each temperature
Hall measurements region.

In SI GaAs the Fermi level lies in the middle of the gap.
Therefore, its electrical properties are close to those of the
intrinsic materials. In fact, the Cr atom is an acceptorlike . . . -
deep trap and the population of holes exceeds that of elec- Our results are presented using the intensive varigbles

trons. According to Look, Chaudhuri, and Eatfesamples and E in order to eliminate the geometrical details of the
doped with Cr at 15 cm-2 are S at room temperature with sample. Despite the fact that the high-conductivity state has

Hall mobility around 4000 cAV s L, and the ion concen- been previously associated with spatiotemporal structures,
trations are[Cr*]=7.8x10%cm 3, [Cr**]=5%10"%cm 3,

and [Cr**]=0. The mobility value suggests that both free
electrons and holes are involved in the transport properties.
Since our sample is very similar to that of Loek al. we
expect the ratigCr?"J/[Cr*]=1.6 to be roughly the same.
Under this condition, Hall measurements are sensitive to n
both types of carriers and we must be careful with the inter-
pretation of the Hall parameters. In Fig. 1 we show the tem- "
perature dependence ofgnwherep is the Hall free-carrier
density obtained in darkness. For our sample, the majority

Temperature dependence of the resistivity and the SNDC
characteristics in darkness

| - "
l,ep=10mA

In(p)
.

carriers are holes and the two activation energies were deter- 20

mined using Arrhenius fittings, namely, 0.75 and 0.13 eV for ) . , ) ,
temperatures above and below 280 K, respectively. The 0.13 3.0 6.0 9.0 120 150
eV value is in good agreement with results of other authors 1000/T (K"

and is associated with a lattice relaxation process of the deep
traps of chromium atoms, resulting in a slower decay of free-

carrier density for temperatures lower than 286°Rthe ac- FIG. 2. Natural logarithm of Hall density under illumination as

tivation energy of 0.75 eV is the accepted value of the intera function of the inverse temperature. The free-carrier density in-
nal transition C¥/2", with holes being released in the creases for decreasing temperature.
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FIG. 3. In-darknes$(E) characteristics for GaAs:Cr at 290 K. 4 . ' .
Two threshold electric fields can be identified around 1.1 and 2.7
kVem™L. ]
.
the | andE values for thi btained in th 3 ¢ . ]
ej an values for this case were obtained in the same M

e
manner as those for the low-conductivity state. TKE) é
characteristics obtained in darkness present an Ohmic regime

in the LCS followed by a non-Ohmic HCS as shown in Fig. 2[Threshold Fieldin o © o, ]
3. At 290 K the Ohmic regime of the LCS dominates for orde:’fgﬁffarance %,
electric fields up to about 0.9 kVcm. At electric fields A FEth2 ° 20
around 1.16 kV cm' occurs the first S-like instability, which T & Eth3 . . 1
cannot be easily seen in Fig. 3 due to the scale used. A 120 180 240 300
second S-like instability is clearly observed, however, (b) T(K)
around 2.75 kV cm™.
The temperature dependence of f{{&) characteristics FIG. 4. (8 In-darknesg(E) characteristics for GaAs:Cr at dif-

obtained in darkness is shown in Figay Three S-like in-  ferent temperaturesb) Temperature dependence of the threshold
stabilities were observed and their threshold fields are plotteglectric fields for three S-like instabilities.

as a function of temperature in Fig(b}. The differential L . o L
resistivity pi = (9j/9E) ~* of the HCS increases strongly on wherej, is the current density at the low-electric-field limit,
reducing the temperature. The range of the NDC region anf 1S the trap energye is the electron charge, andis the

its threshold electric field also depend on temperature. Figur@1€an free path determined y=v47, whereu, is the drift
4(b) shows that the threshold electric field for the first insta-VelOCity. However, some ranges of the HCS can be fitted
bility Ey; decreases slowly down to around 260 K, where itduite well into a linear approximation, giving a reasonable
starts to increase for further decrease in temperatufg, assessment for the differential resistivity. In this approxima-
can be used as a rough indicator of the end of the Ohmilion: Pelow 220 K, the resistivity increases monotonically
regime, i.e., the electric field reaches the value necessary fGnd reaches the resistivity value of the LCS. lIts variation
the onset of instability and the start of the HCS. The resultd2nNges from 4 R cm at room temperature to 3000cm at
presented in Fig. @) were obtained by decreasing the tem- 100 K. Moreover, the HCS and the electrical breakdown start
perature step by step after the measurement of each isothdf- vanish for temperatures below 220 K.

mal j(E) characteristic. We have also carried out measure-

ments by heating the sample to room temperature before its 3 0—-000—-0-0-00, |
cooling to the new selected temperature. This was done in i e
order to investigate the dynamic dependence of the S insta- \o
bilities. Both procedures resulted in similar curves and for —~ 2} —o—LCs .
clarity only one of the methods is shown in Figb% £ —O—HCsS

The temperature dependence of the electrical resistivity & Q
for the LCS and HCS is shown in Fig. 5. For the LCS the 24| \\ .
electrical resistivity was directly obtained from the line slope < -0
and it presents a two-value function. It has a constant value 3
in the temperature range between 290 and 220 K. Below 220 or , , eI
K the electrical resistivity presents a slightly higher value, 100 150 200 250 300
i.e., it is about 10% higher. For the HCS, in contrast, the TK)

electrical resistivity should be obtained using the differential
resistivity pqir= (Jj/JE) ~* with j given by
FIG. 5. Sample resistivity for the LCS and HCS in darkness as
a function of temperature. At low temperatures the two regimes
j=Jjoexp —ele\E), (1)  coalesce.
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FIG. 7. j(E) characteristics for GaAs:Cr withgp=30mA as a
function of the temperature. There is an increasing field-enhanced

FIG. 6. j(E) characteristics for GaAs:Cr at 290 K as a function ) )
trapping effect for decreasing temperature.

of the illumination intensity. The threshold electric field increases

with increasing illumination intensity. . .
g y currents in the LED up to 10 mA. Higher current values do

S not produce crossing. In addition the S range is reduced for
Results under illumination increasing illumination intensity. Indeed, although at 200 K

We have also carried out experiments under illuminationthe S instability is clearly observed in darkness, as can be
The sample was cooled in darkness to 290, 250, 225, 208€€n in Fig. 8, it is hardly observed even for 0.1 mA in the
175, 125, 100, and 85 K. TH¢E) characteristics were taken LED.
at each temperature in darkness and under different illumi-
nations using the GaAs LED. To trace each set of isothermal DISCUSSION
measurements, the sample temperature was raised to 300 K -

SNDC characteristics

after every measurement and then cooled down again. The
results obtained at 290 K are shown in Fig. 6. The slope of There is a controversy about the identification of the deep

the LCS increases with light intensity. This means that theraps that are involved with the S instabilities in SI GaAs.
sample became less resistive due to an increase in the fre€he threshold field around 1 kV cm that we have observed
hole density, as was found by the Hall measurements. Thig too low to be associated with a mid-gap deep trap. Other
electric field range of the LCS increases with the light inten-authors found threshold electric fields ranging from 2 to 7
sity, resulting in the crossing of the curves obtained undekV cm 122! paracchini and Dallacaga,using SI GaAs
illumination with that obtained in darkness. The increase ofgrown by the LEC technique in a silica crucible but without
the threshold electric field with the free-hole density indi- Cr, found an activation energy of 160 meV for the deep trap
cates that the HCS occurs due to impact ionization by elecinvolved in impact ionization. They suggested tEdt10 or
trons. In the case of a HCS produced by impact ionization byfeL11 centers, which are present in LEC-grown GaAs
holes the threshold field should decrease with increasing holsamples in smaller concentrations than the de&det and
density’ EL6 centers, are related to the S-like instability. Applying

Although the linear fitting used in Fig. 5 is good enoughthe same procedure as Paracchini and Dallatasa, found
to characterize the LCS over its whole range for darknesan activation energy of 90 meV for the in-darkness measure-
conditions, the linear dependence is lost under illuminationments carried out at 290 K, assuming the mean free path
Indeed, even for results obtained ab29 a slight downward a constant in Eq(1l). We argue that this deep level is an
bending, i.e., a sublinearity, is observed under illumination
for LCS (see Fig. 6. The sublinearity is clearer for decreas- T T N T y T
ing temperatures and increasing light intensities. The rela- 8.00
tionship changes so drastically that under high light intensity
at 175 K, an NNDC in thg(E) characteristic is even ob-
served, as shown in Fig. 7. Only the typical effect of the «~ 600
in-darkness Ohmic regime remains at low temperatures. At 5
intermediary temperatures however, the observed sublinear- E
ity and the high-conductivity regime coexist. Finally, it
should be noted that the first part of the LCS in {i{{E)
characteristics stays linear even under illumination and, as
already pointed out, its slope increases substantially with in-
creasing light intensity and decreasing temperature, as can be
seen, e.g., in Fig. 7.

Another noteworthy feature is the tendency of the above- FIG. 8. j(E) characteristics for GaAs:Cr at 200 K as a function
mentioned curve crossing to disappear for decreasing tenmwf the illumination intensity. The threshold field disappears even
perature. Indeed, at 250 K the curve crossing occurs only founder faint illumination.
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* CB thermodynamic equilibrium, producing a steady state, since
. the occupation of the Cr level depends on the value of the
I —*—f‘+ —————— N electric field. Quasi-Fermi levels, which are defined by the
external applied voltage and by the temperature, must there-
fore be taken into account due to the relative population of
cr* (0.75¢V) the deep traps. The external electric field determines the in-
A jection efficiency and the temperature determines the trap-
ping efficiency of the injected carriers. The Sl characteristic
N’ (0.13eV) of the sample remains, at least as long as the injected carriers
T TR are being captured in the deep traps. When a deep level is
VB filled, another one, shallower than the previous one, starts to
S o SC 7 SC m SC ST Sy S § be filled. Following this process, the energy position of the
BET™ X7 T X XX T, trap being populated defines the quasi-Fermi level. The SI
characteristic of the sample is undisturbed since neither the
: : _ _ thermal energy nor the electric field succeeded in ionizin
FIG. 9. Energy d|agr:1m Sior |2§tabsllcltles aszocwsttedsywth e deep trap%)./ Nevertheless, when the injection process pigns
deep trap and two bands™, T1~, X3~ T5™, X1, X7, T1, X3 and  the quasi-Fermi levels in energy levels that are ionizable by
Tg stands, respectively, for band-to-band recombination, CB-to-C[mpaCt, electrical breakdown is observed in {(E) charac-
electron capture, Cr-to-VB hole emission, VB-to-Cr hole capture,teristics. Therefore the electronic injection is the mechanism
impact ionization for the 90 meV electron trap, 90 meV-to-CB that populates the 90 meV trap and impact ionization is the
trapped-electron emission, CB-to-90 meV electron capture, 0.13,echanism that causes its depopulation. Below the threshold
eV-to-VB trapped-hole emission, and VB-to—0.13 eV hole captureg|qcric field the injected electrons are trapped in the 90 meV

electron trap rather than a hole trap, as schematically reprd@P since the recombination rate exceeds the impact ioniza-
sented in Fig. 9. We propose that we are observing impacﬂon rate. F_or increasing electr_lc fields the threshold _eIe(_:trlc
ionization induced by electrons. The reason for this proposalf€'d iS achievedit is characterized by the avalanchelike in-
will be presented thoroughly below. In short, the dependencgers'on of the recombination/ionization ratand the HCS in

of the threshold electric field on the free-carrier density is théN€l(E) characteristic is observed. The Cr atoms create con-

signature for the nature of the impact ionization. Using theditions for the observation of the breakdo\ithe avalanche

temperature dependence of the in-darkness measuremerRE0CeSS involving the 90 meV electron trap, since it is the

we also found that the intrinsic defect concentration involved<" l€vel and eventually other deep traps that maintain the Sl
in impact ionization is 1.4 10cm3 with an ionization characteristic of the sample even at high temperatures.

cross section of 1.810 cm 2. This last value suggests
the presence of Coulombic scattering. Symanczy&udy-
ing a Cr-doped SI GaA%-i-n diode structure, found a
threshold field around 7 kV ciit. This author suggests that ~ As shown in Fig. 4b), the value of the threshold electric
the mid-gap level of Cr is involved in the S-like instability. field in darkness exhibits a slight decrease for temperatures
In summary, the impurity level related to instabilities in S| decreasing from room temperature to about 260 K and a
GaAs involves intrinsic defects that appear during thesubstantial increase for further temperature reduction. This
growth of the crystals and seems to be different for differentobservation must be related to the known fact that the thresh-
samples. old electric field increases for decreasing free-carrier
Having identified the 90 meV energy level, one questiondensity—see also Eq(3) below. Below 260 K, the increase
becomes relevant, namely, the role of the Cr atoms. We aef threshold electric field for decreasing temperatures is ex-
gue that the Cr level is not taking part in impact ionizationplained based on the reduction of the free-electron density
but it is its presence that creates the conditions for the eledollowing Boltzmann statistics for the 90 meV electron trap.
trical breakdown involving the 90 meV electron trap. This On the other hand, the temperature dependence above 260 K
trap is only poorly populated. Thus, to observe the S-likecannot be explained based on the 90 meV electron trap.
instability we need to keep the free-electron density at a verylowever, Hall measurements have indicated that below
low level so that the electrons released into the conductiombout 280 K the transport properties are defined by hole traps
band by impact ionization can be multiplied efficiently at an energy of 0.13 eV. Above 280 K the mid-gap level of
enough to be experimentally detected. The role of the Cthe internal transition Gt’3*, which interacts with both CB
atoms is then to keep the free-electron density at low valuesind VB, is the one that defines the transport properties. In
At thermodynamic equilibrium the Fermi level is pinned this case, the Cr level controls the carrier densities in both
around a mid-gap positiofat the Cr level and the sample is the CB and VB due to a strong reduction in its free-carrier
highly compensated. The free-carrier density is extremelyifetime by many orders of magnitude when compared with
low, resulting in the Sl characteristic of the sample. Under arthose of the low-temperature regime. Hence, electrons re-
external applied voltage, in order to generatejtie) char- leased from the 90 meV electron trap are promptly captured
acteristic, the injected carriers are captured into the Cr levein the Cr levels. Observe that this does not conflict with the
This is true at least in the linear regime, since essentially thassumption that the Cr is relevant only at low temperatures,
extra carriers injected in either of the two electrodes areas argued previously. Indeed, at low temperatures, field-
trapped into the Cr level before they arrive at the other elecenhanced trapping was claimed to be responsible for the en-
trode. The effect of the applied electric field is to disturb thehancement of TS (see Fig. 9. Therefore, at the high-

Temperature and light-intensity dependence
of the threshold electric field
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temperature limit, one observes a reduction in the freeteristics by the formation of multiple S regions with the fol-
electron density for increasing temperatures because tHewing constraint. The S at highgrvalue has an electric
occupation ratio between the 90 meV energy level and the Clield range larger than the previous one and includes the
level is reduced. This increases the threshold field, as obrange of the previous one. On the other hand, multiple S's
served for temperatures increasing from 260 to 290 K. associated with multiple traps present S instabilities that do
Theoretically, the dependence of the threshold electrimot have any correlation with the value of the electric field
field on the free-carrier density can be obtained from the ratevhere they occur as is the case in multifilamentation. In our
equations using a simple model for one deep level and eleaesults, the three S instabilities do not fit the already men-
trons in the CB, which yields the following expression: tioned condition and the S instabilities might be caused by at
least two different traps. The second and the third S insta-
dn/dt=n[X;N5—T3(N;=N§)—n(X;+TD], (2  bilities are vertically positioned, above each other and it
might be that they are causing multifilamentation. The en-
ergy value of the second deep trap cannot be determined
Ising the same procedure used to determine the 90 meV
evel, because of the overlap of impact ionization of the 90
meV level with that of the deeper one.

whereN is the total deep-trap concentratiddy the effec-
tive donor concentration, i.eNp — N, , and the other param-
eters were defined in Fig. 9. The two steady states are o
tained by settingin/dt=0. The first isn;=0 and the second
(n,>0) occurs for

X3=Xpc= (N /N —1)T3. ©) SUMMARY

The effect of illumination is to increasdly, so that the We have studied the temperature and illumination depen-
critical impact ionization coefficient is reduced, providing in dence of the(E) characteristic for a Cr-doped GaAs sample
turn a reduction in the threshold electric field. Since the curgrown by the LEC method. We argue that the impurity levels
rent density is essentially determined by the impact ionizarelated to instabilities in such samples involve defects ap-
tion coefficientX;—which has the same form as the currentpearing during the growth of the crystals and that are differ-
density [see Eg.(1)], namely, X;=Xjpexp(—e/e\E)}—a ent for different samples. For our sample an electron trap
critical coefficient generates a threshold field in &)  with an energy level of 90 meV is related to the S instability
characteristics. Therefore, tietype minority carrier density observed at around 1 kV cm. The neutral states of such
in the LCS becomes the majority carrier density in the HCSimpurities are kept low by the Cr atoms, and electron injec-
This rules out a threshold switching efféa our measure-  tion continuously moves the quasi-Fermi level until it aligns
ments, since the 90 meV electron trap cannot efficiently inwith the impurity level in order to finally produce the elec-
teract with both CB and VB. trical breakdown. At least a second impurity is related to a
The LCS in the Ohmic regime extends upto 1 kVchn  second S-like instability observed at higher values of the
darkness at 290 K and presents a sublinear behavior in thexternal electric field. This second impurity level is fully
upper half when observed under illumination. This is moreoccupied during the process of quasi-Fermi-level tuning by
easily noticeable at low temperatures. This effect is the sigelectron injection, so that the onset of the second electrical
nature of field-enhanced trappiAg.The reduction of the preakdown is tuned at a higher value of the electric field.
free-hole density due to field-enhanced trapping must then bguch results are supported by experiments started in different
added to the reduction associated with the hole capture c@teady states, so that their influence on several physical fea-
efficient TS for the reversed internal transition T (Cr** tures of the sample was easily observed. In this approach, the
+hv=Cr’" +hyg). In the temperature ranfjérom 150 to  nonlinear behavior can be studied in a single sample for a
400 K the dependence ofl'§ is given by T§‘=(1 broad range of initial conditions set up by the illumination.
X 10719 T%5exp(—~0.020kT) cm®s L. In our results, carried In particular, the great sensitivity of the S-shaped negative
out in the range from 150 to 300 K5 follows this expres- differential conductivity feature to the experimental param-
sion fairly well for low electric fields. The hole recombina- eters makes it an ideal physical system to be studied in the
tion mechanism associated wiflj due to the Cr level is the context of nonlinear physics. The dependence of impact ion-
dominant effect. On the other hand, for high electric fields,ization on the illumination was inferred from the SNDC
field-enhanced trapping dominates for temperatures belowharacteristics. The low-conductivity state is strongly influ-
260 K, as observed experimentally. This explains why, for g€nced by illumination. Based on the results obtained by vary-
constant light intensity, the threshold electric field inverts itsind the light intensity, we have shown that the trap with
tendency and reduces its value for decreasing temperatur@tivation energy of 90 meV is an electron trap. Thus, elec-
[see Fig. 4b)]. This effect is due to a reduction in the hole trons define the high-conductivity state and holes the LCS.

electron density. fication has been presented. By changing the temperature we

In order to explain the presence of multiple S's—up toWere able to change the scattering mechanism, the carrier
three S instabilities for the voltage range investigated—weapture efficiency, and the optical emission efficiency of the
consider two alternatives: multiflamentation or impact ion-traps involved.
ization of multiple deep traps. The multifilamentation phe-

nomenon is characterized b_y the forr_nation of adjacent cur- ACKNOWLEDGMENTS

rent filaments; the current filament with the most favorable
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