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Experimental study of negative differential conductivity in GaAs:Cr
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30123-970, Belo Horizonte, Brazil
~Received 14 September 1999; revised manuscript received 18 February 2000!

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 cm21 was associated with a trap with activation energy of 90 meV. The low-conductivity state inI (V)
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 state isp type. This supports the assumption that the 90 meV trap is
a donor.
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INTRODUCTION

The study of instabilities in semiconductors has bee
field of intense interest during recent decades, and mos
the instabilities display spatiotemporal patterns. The pr
ence of the negative differential conductivity~NDC! effect is
usually associated with instabilities of a homogeneous ste
state produced by spatial fluctuations in the electric field
in the carrier density. A large variety of semiconductor d
vices like the Gunn diode1 and the Impatt diode2 take advan-
tage of the NDC effect. The NDC effect is divided into tw
basic classes, namely, SNDC and NNDC, depending u
whether thej (E) characteristic resembles the letter S or
Usually, the SNDC in thej (E) characteristics presents a low
conductivity state~LCS! followed by a high-conductivity
state~HCS! that arises for electric fields higher than a thres
old value. Despite the great progress in the study of the N
effect in recent years, there is not a complete model availa
to describe all the experimental observations.

Nonintentionally doped GaAs crystals grown by t
liquid-encapsulated Czochralski~LEC! technique are usually
n type due to Si and S shallow donor impurities with co
centrations at around 1015– 1016cm23, in excess of compen
sating shallow acceptor impurities. Historically, chromiu
has been one of the few deep-trap impurities used as a
liberate dopant of III-V compounds in order to produce sem
insulating~SI! materials. The role of Cr atoms is to compe
sate the common shallow donors and thus the Fermi lev
pinned around the mid-gap.3,4 This conventional view of the
compensation process introduced by Cr is, however,
simple. Indeed, several authors5 have concluded that th
EL2 center may also play an important role in Cr-dop
samples. Depending on the effective carrier dens
(ND-NA), one of the two deep centers acts as the main d
trap. Another relevant aspect of the electrical character
tion of trap-dominated semiconductors is that their charac
istics are strongly influenced by so-called near-cont
effects.6

The Cr-doped~at about 1016cm23) GaAs samples used i
the present work were obtained from a commercial wa
grown by the LEC technique in silica crucibles. The de
level due to the internal transition Cr31/21 lies about the
PRB 620163-1829/2000/62~3!/1859~7!/$15.00
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middle of the gap and it is usually considered to be resp
sible for the SI characteristics of the samples. Impur
breakdown7 due to impact ionization of deep traps occurs
electric fields of a few kV cm21, and it might be related to
the internal transition Cr31/21 or to other deep traps prese
in LEC-grown crystals.8 Typically, such deep traps ar
present in concentrations in the range of 1014– 1016cm23.
Such samples are also efficiently photosensitive4 in the near-
infrared range. Under illumination theI (V) characteristics
are strongly dependent on temperature.

In the present work we report experimental results o
tained by measuring the temperature dependence of
SNDC characteristics of Cr-doped GaAs samples for sev
illumination conditions. Our results show that the trap as
ciated with SNDC characteristics lies about 90 meV bel
the minimum of the conduction band, instead of at the m
gap internal transition Cr21/31. We have shown that for ou
samples impact ionization occurs via electrons rather t
via holes, despite the fact that the majority free carriers in
low-conductivity state are holes. The illumination discer
different LCS states because the free-carrier density va
and we were able to study its influence on the impact ioni
tion due to changes in the SNDC characteristics. The LC
so strongly affected by illumination that it completely dom
nates the HCS at low temperatures.

EXPERIMENTAL DETAILS

In darkness and at room temperature Cr-doped G
samples are SI with carrier mobility around 400
cm2 V21 s21. The samples were rectangular-bar shaped ty
cally cut into 1.30-mm-width strips from a unique wafe
Two parallel indium contacts along the whole width we
produced. The typical distance between the two contacts
200 mm. Contact diffusion was carried out at 300 °C in
N2-H2 ~85:15! reducing atmosphere for 25 min. The samp
were placed on the cold finger of a gas-flux cryostat. F
experiments carried out under illumination a GaAs infrar
light-emitting diode~LED! was used as light source, and
was mounted near the sample inside the cryostat. Its en
emission has a peak atEg-100 meV, wereEg is the energy
gap of GaAs. The tunable photon flux for the geometry us
1859 ©2000 The American Physical Society
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1860 PRB 62R. M. RUBINGERet al.
was assessed byP'(231010)I (photons/cm2 s), whereI is
the current through the LED in milliamperes. This flux w
calibrated by replacing the sample with a charge-coupled
vice. The electric current through the samples was obtai
by measuring the voltage on a series resistor. Care was t
in order to avoid scale changes in the digital multimet
during the measurements, since this can lead to spur
‘‘jumps’’ in the j (E) curves. We also prepared samples w
the van der Pauw geometry in order to make Hall meas
ments.

RESULTS

On GaAs samples, most of the work found in the lite
ture concerning SNDC characteristics was done at liqu
helium temperatures and for silicon-related shall
levels.9–13 In this case, free electrons in the conduction ba
~CB! and two electron levels due to silicon impurities are t
basic requirements to explain the SNDC characteristic. So
work has been done on SI Cr-doped GaAs and SI GaAs w
EL2 centers.14–18 In both cases, most of the measureme
were done at room temperature and illumination was
used. These measurements were mainly performed in s
tures ofp-i-n diodes and the SNDC characteristic was o
served in thej (E) curves at room temperature with a thres
old electric field of a few kV cm21. Some authors claimed
that the SNDC characteristics are due to impact ioniza
involving the mid-gap donor-acceptor deep traps, the C
and the valence band~VB!. The absence of systematic wo
reporting on the temperature and illumination dependen
was a motivation to carry out the measurements describe
the present paper.

Hall measurements

In SI GaAs the Fermi level lies in the middle of the ga
Therefore, its electrical properties are close to those of
intrinsic materials. In fact, the Cr atom is an acceptorl
deep trap and the population of holes exceeds that of e
trons. According to Look, Chaudhuri, and Eaves19 samples
doped with Cr at 1017cm23 are SI at room temperature wit
Hall mobility around 4000 cm2 V21 s21, and the ion concen
trations are@Cr21#57.831016cm23, @Cr31#5531016cm23,
and @Cr41#50. The mobility value suggests that both fre
electrons and holes are involved in the transport proper
Since our sample is very similar to that of Looket al. we
expect the ratio@Cr21#/@Cr31#>1.6 to be roughly the same
Under this condition, Hall measurements are sensitive
both types of carriers and we must be careful with the in
pretation of the Hall parameters. In Fig. 1 we show the te
perature dependence of lnp, wherep is the Hall free-carrier
density obtained in darkness. For our sample, the majo
carriers are holes and the two activation energies were d
mined using Arrhenius fittings, namely, 0.75 and 0.13 eV
temperatures above and below 280 K, respectively. The 0
eV value is in good agreement with results of other auth
and is associated with a lattice relaxation process of the d
traps of chromium atoms, resulting in a slower decay of fr
carrier density for temperatures lower than 280 K.20 The ac-
tivation energy of 0.75 eV is the accepted value of the int
nal transition Cr31/21, with holes being released in th
e-
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valence band through the process Cr311e
Cr211h,19

wheree is the activation energy andh stands for the hole.
As shown in Fig. 2, at 290 K we have observed a mon

tonic increase of the electrical conductivity with the lig
intensity. The Hall effect measurements indicate that
electrical conductivity increases due to a major differen
between the free hole and electron densities. This agrees
the results observed by other authors.5 They have shown tha
the ratio between the emission coefficients of holes and e
trons is much greater than 1. Under illumination, with 10 m
in the infrared LED, the Arrhenius fit is poor. The Hall free
carrier density presents a superexponential behavior for
creasing temperature. This effect can probably be explai
by the temperature dependence of the free-carrier lifet
due to different scattering mechanisms for each tempera
region.

Temperature dependence of the resistivity and the SNDC
characteristics in darkness

Our results are presented using the intensive variablj
and E in order to eliminate the geometrical details of th
sample. Despite the fact that the high-conductivity state
been previously associated with spatiotemporal structu

FIG. 1. Activation energies for in-darkness Hall measureme
Two activation energies were obtained: 0.7560.01 eV above 280
K and 0.1360.02 eV below 280 K.

FIG. 2. Natural logarithm of Hall density under illumination a
a function of the inverse temperature. The free-carrier density
creases for decreasing temperature.
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PRB 62 1861EXPERIMENTAL STUDY OF NEGATIVE DIFFERENTIAL . . .
the j and E values for this case were obtained in the sa
manner as those for the low-conductivity state. Thej (E)
characteristics obtained in darkness present an Ohmic re
in the LCS followed by a non-Ohmic HCS as shown in F
3. At 290 K the Ohmic regime of the LCS dominates f
electric fields up to about 0.9 kV cm21. At electric fields
around 1.16 kV cm21 occurs the first S-like instability, which
cannot be easily seen in Fig. 3 due to the scale used
second S-like instability is clearly observed, howev
around 2.75 kV cm21.

The temperature dependence of thej (E) characteristics
obtained in darkness is shown in Fig. 4~a!. Three S-like in-
stabilities were observed and their threshold fields are plo
as a function of temperature in Fig. 4~b!. The differential
resistivityrdiff5(] j /]E)21 of the HCS increases strongly o
reducing the temperature. The range of the NDC region
its threshold electric field also depend on temperature. Fig
4~b! shows that the threshold electric field for the first ins
bility Eth1 decreases slowly down to around 260 K, where
starts to increase for further decrease in temperature.Eth1
can be used as a rough indicator of the end of the Oh
regime, i.e., the electric field reaches the value necessar
the onset of instability and the start of the HCS. The res
presented in Fig. 4~a! were obtained by decreasing the tem
perature step by step after the measurement of each iso
mal j (E) characteristic. We have also carried out measu
ments by heating the sample to room temperature befor
cooling to the new selected temperature. This was don
order to investigate the dynamic dependence of the S in
bilities. Both procedures resulted in similar curves and
clarity only one of the methods is shown in Fig. 4~b!.

The temperature dependence of the electrical resisti
for the LCS and HCS is shown in Fig. 5. For the LCS t
electrical resistivity was directly obtained from the line slo
and it presents a two-value function. It has a constant va
in the temperature range between 290 and 220 K. Below
K the electrical resistivity presents a slightly higher valu
i.e., it is about 10% higher. For the HCS, in contrast,
electrical resistivity should be obtained using the differen
resistivity rdiff5(] j /]E)21 with j given by7

j 5 j 0 exp~2e/elE!, ~1!

FIG. 3. In-darknessj (E) characteristics for GaAs:Cr at 290 K
Two threshold electric fields can be identified around 1.1 and
kV cm21.
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where j o is the current density at the low-electric-field limi
« is the trap energy,e is the electron charge, andl is the
mean free path determined byl5vdt, wherevd is the drift
velocity. However, some ranges of the HCS can be fit
quite well into a linear approximation, giving a reasonab
assessment for the differential resistivity. In this approxim
tion, below 220 K, the resistivity increases monotonica
and reaches the resistivity value of the LCS. Its variat
ranges from 4 kV cm at room temperature to 3000 kV cm at
100 K. Moreover, the HCS and the electrical breakdown s
to vanish for temperatures below 220 K.

.7

FIG. 4. ~a! In-darknessj (E) characteristics for GaAs:Cr at dif
ferent temperatures.~b! Temperature dependence of the thresh
electric fields for three S-like instabilities.

FIG. 5. Sample resistivity for the LCS and HCS in darkness
a function of temperature. At low temperatures the two regim
coalesce.
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1862 PRB 62R. M. RUBINGERet al.
Results under illumination

We have also carried out experiments under illuminati
The sample was cooled in darkness to 290, 250, 225,
175, 125, 100, and 85 K. Thej (E) characteristics were take
at each temperature in darkness and under different illu
nations using the GaAs LED. To trace each set of isother
measurements, the sample temperature was raised to 3
after every measurement and then cooled down again.
results obtained at 290 K are shown in Fig. 6. The slope
the LCS increases with light intensity. This means that
sample became less resistive due to an increase in the
hole density, as was found by the Hall measurements.
electric field range of the LCS increases with the light inte
sity, resulting in the crossing of the curves obtained un
illumination with that obtained in darkness. The increase
the threshold electric field with the free-hole density in
cates that the HCS occurs due to impact ionization by e
trons. In the case of a HCS produced by impact ionization
holes the threshold field should decrease with increasing
density.7

Although the linear fitting used in Fig. 5 is good enou
to characterize the LCS over its whole range for darkn
conditions, the linear dependence is lost under illuminati
Indeed, even for results obtained at 290 K a slight downward
bending, i.e., a sublinearity, is observed under illuminat
for LCS ~see Fig. 6!. The sublinearity is clearer for decrea
ing temperatures and increasing light intensities. The r
tionship changes so drastically that under high light inten
at 175 K, an NNDC in thej (E) characteristic is even ob
served, as shown in Fig. 7. Only the typical effect of t
in-darkness Ohmic regime remains at low temperatures
intermediary temperatures however, the observed sublin
ity and the high-conductivity regime coexist. Finally,
should be noted that the first part of the LCS in thej (E)
characteristics stays linear even under illumination and
already pointed out, its slope increases substantially with
creasing light intensity and decreasing temperature, as ca
seen, e.g., in Fig. 7.

Another noteworthy feature is the tendency of the abo
mentioned curve crossing to disappear for decreasing t
perature. Indeed, at 250 K the curve crossing occurs only

FIG. 6. j (E) characteristics for GaAs:Cr at 290 K as a functi
of the illumination intensity. The threshold electric field increas
with increasing illumination intensity.
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currents in the LED up to 10 mA. Higher current values
not produce crossing. In addition the S range is reduced
increasing illumination intensity. Indeed, although at 200
the S instability is clearly observed in darkness, as can
seen in Fig. 8, it is hardly observed even for 0.1 mA in t
LED.

DISCUSSION

SNDC characteristics

There is a controversy about the identification of the de
traps that are involved with the S instabilities in SI GaA
The threshold field around 1 kV cm21 that we have observed
is too low to be associated with a mid-gap deep trap. Ot
authors found threshold electric fields ranging from 2 to
kV cm21.15,21 Paracchini and Dallacasa,21 using SI GaAs
grown by the LEC technique in a silica crucible but witho
Cr, found an activation energy of 160 meV for the deep tr
involved in impact ionization. They suggested thatEL10 or
EL11 centers, which are present in LEC-grown Ga
samples in smaller concentrations than the deeperEL2 and
EL6 centers, are related to the S-like instability. Applyin
the same procedure as Paracchini and Dallacasa,21 we found
an activation energy of 90 meV for the in-darkness measu
ments carried out at 290 K, assuming the mean free pathl as
a constant in Eq.~1!. We argue that this deep level is a

s

FIG. 7. j (E) characteristics for GaAs:Cr withI LED530 mA as a
function of the temperature. There is an increasing field-enhan
trapping effect for decreasing temperature.

FIG. 8. j (E) characteristics for GaAs:Cr at 200 K as a functio
of the illumination intensity. The threshold field disappears ev
under faint illumination.
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PRB 62 1863EXPERIMENTAL STUDY OF NEGATIVE DIFFERENTIAL . . .
electron trap rather than a hole trap, as schematically re
sented in Fig. 9. We propose that we are observing imp
ionization induced by electrons. The reason for this propo
will be presented thoroughly below. In short, the depende
of the threshold electric field on the free-carrier density is
signature for the nature of the impact ionization. Using
temperature dependence of the in-darkness measurem
we also found that the intrinsic defect concentration involv
in impact ionization is 1.431016cm23 with an ionization
cross section of 1.3310211cm22. This last value suggest
the presence of Coulombic scattering. Symanczyk,15 study-
ing a Cr-doped SI GaAsp- i -n diode structure, found a
threshold field around 7 kV cm21. This author suggests tha
the mid-gap level of Cr is involved in the S-like instability
In summary, the impurity level related to instabilities in
GaAs involves intrinsic defects that appear during
growth of the crystals and seems to be different for differ
samples.

Having identified the 90 meV energy level, one quest
becomes relevant, namely, the role of the Cr atoms. We
gue that the Cr level is not taking part in impact ionizati
but it is its presence that creates the conditions for the e
trical breakdown involving the 90 meV electron trap. Th
trap is only poorly populated. Thus, to observe the S-l
instability we need to keep the free-electron density at a v
low level so that the electrons released into the conduc
band by impact ionization can be multiplied efficient
enough to be experimentally detected. The role of the
atoms is then to keep the free-electron density at low valu

At thermodynamic equilibrium the Fermi level is pinne
around a mid-gap position~at the Cr level! and the sample is
highly compensated. The free-carrier density is extrem
low, resulting in the SI characteristic of the sample. Under
external applied voltage, in order to generate thej (E) char-
acteristic, the injected carriers are captured into the Cr le
This is true at least in the linear regime, since essentially
extra carriers injected in either of the two electrodes
trapped into the Cr level before they arrive at the other e
trode. The effect of the applied electric field is to disturb t

FIG. 9. Energy diagram for instabilities associated with o

deep trap and two bands.BS, T1
SC, X2

SC, T2
SC, X1 , X1

S , T1
S , X2

S8 and

T2
S8 stands, respectively, for band-to-band recombination, CB-to

electron capture, Cr-to-VB hole emission, VB-to-Cr hole captu
impact ionization for the 90 meV electron trap, 90 meV–to-C
trapped-electron emission, CB-to–90 meV electron capture, 0
eV–to-VB trapped-hole emission, and VB-to–0.13 eV hole captu
e-
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thermodynamic equilibrium, producing a steady state, si
the occupation of the Cr level depends on the value of
electric field. Quasi-Fermi levels, which are defined by t
external applied voltage and by the temperature, must th
fore be taken into account due to the relative population
the deep traps. The external electric field determines the
jection efficiency and the temperature determines the tr
ping efficiency of the injected carriers. The SI characteris
of the sample remains, at least as long as the injected car
are being captured in the deep traps. When a deep lev
filled, another one, shallower than the previous one, start
be filled. Following this process, the energy position of t
trap being populated defines the quasi-Fermi level. The
characteristic of the sample is undisturbed since neither
thermal energy nor the electric field succeeded in ioniz
the deep traps. Nevertheless, when the injection process
the quasi-Fermi levels in energy levels that are ionizable
impact, electrical breakdown is observed in thej (E) charac-
teristics. Therefore the electronic injection is the mechan
that populates the 90 meV trap and impact ionization is
mechanism that causes its depopulation. Below the thres
electric field the injected electrons are trapped in the 90 m
trap since the recombination rate exceeds the impact ion
tion rate. For increasing electric fields the threshold elec
field is achieved~it is characterized by the avalanchelike i
version of the recombination/ionization rate!, and the HCS in
the j (E) characteristic is observed. The Cr atoms create c
ditions for the observation of the breakdown~the avalanche
process! involving the 90 meV electron trap, since it is th
Cr level and eventually other deep traps that maintain the
characteristic of the sample even at high temperatures.

Temperature and light-intensity dependence
of the threshold electric field

As shown in Fig. 4~b!, the value of the threshold electri
field in darkness exhibits a slight decrease for temperatu
decreasing from room temperature to about 260 K an
substantial increase for further temperature reduction. T
observation must be related to the known fact that the thre
old electric field increases for decreasing free-carr
density7—see also Eq.~3! below. Below 260 K, the increas
of threshold electric field for decreasing temperatures is
plained based on the reduction of the free-electron den
following Boltzmann statistics for the 90 meV electron tra
On the other hand, the temperature dependence above 2
cannot be explained based on the 90 meV electron t
However, Hall measurements have indicated that be
about 280 K the transport properties are defined by hole tr
at an energy of 0.13 eV. Above 280 K the mid-gap level
the internal transition Cr21/31, which interacts with both CB
and VB, is the one that defines the transport properties
this case, the Cr level controls the carrier densities in b
the CB and VB due to a strong reduction in its free-carr
lifetime by many orders of magnitude when compared w
those of the low-temperature regime. Hence, electrons
leased from the 90 meV electron trap are promptly captu
in the Cr levels. Observe that this does not conflict with t
assumption that the Cr is relevant only at low temperatu
as argued previously. Indeed, at low temperatures, fie
enhanced trapping was claimed to be responsible for the
hancement ofT1

S ~see Fig. 9!. Therefore, at the high-
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1864 PRB 62R. M. RUBINGERet al.
temperature limit, one observes a reduction in the fr
electron density for increasing temperatures because
occupation ratio between the 90 meV energy level and the
level is reduced. This increases the threshold field, as
served for temperatures increasing from 260 to 290 K.

Theoretically, the dependence of the threshold elec
field on the free-carrier density can be obtained from the
equations using a simple model for one deep level and e
trons in the CB, which yields the following expression:7

dn/dt5n@X1ND* 2T1
S~Nt2ND* !2n~X11T1

S!#, ~2!

whereNt is the total deep-trap concentration,ND* the effec-
tive donor concentration, i.e.,ND2NA , and the other param
eters were defined in Fig. 9. The two steady states are
tained by settingdn/dt50. The first isn150 and the second
(n2.0) occurs for

X1>X1c5~Nt /ND* 21!T1
S. ~3!

The effect of illumination is to increaseND* , so that the
critical impact ionization coefficient is reduced, providing
turn a reduction in the threshold electric field. Since the c
rent density is essentially determined by the impact ioni
tion coefficientX1—which has the same form as the curre
density @see Eq. ~1!#, namely, X15X10exp(2«/elE)—a
critical coefficient generates a threshold field in thej (E)
characteristics. Therefore, then-type minority carrier density
in the LCS becomes the majority carrier density in the HC
This rules out a threshold switching effect7 in our measure-
ments, since the 90 meV electron trap cannot efficiently
teract with both CB and VB.

The LCS in the Ohmic regime extends up to 1 kV cm21 in
darkness at 290 K and presents a sublinear behavior in
upper half when observed under illumination. This is mo
easily noticeable at low temperatures. This effect is the
nature of field-enhanced trapping.22 The reduction of the
free-hole density due to field-enhanced trapping must the
added to the reduction associated with the hole capture
efficient T2

S for the reversed internal transition Cr21/31~Cr31

1hn
Cr211hVB). In the temperature range3 from 150 to
400 K the dependence ofT2

S is given by T2
S5(1

310210)T0.5exp(20.020/kT) cm3 s21. In our results, carried
out in the range from 150 to 300 K,T2

S follows this expres-
sion fairly well for low electric fields. The hole recombina
tion mechanism associated withT2

S due to the Cr level is the
dominant effect. On the other hand, for high electric fiel
field-enhanced trapping dominates for temperatures be
260 K, as observed experimentally. This explains why, fo
constant light intensity, the threshold electric field inverts
tendency and reduces its value for decreasing tempera
@see Fig. 4~b!#. This effect is due to a reduction in the ho
density and, consequently, a relative increase in the f
electron density.

In order to explain the presence of multiple S’s—up
three S instabilities for the voltage range investigated—
consider two alternatives: multifilamentation or impact io
ization of multiple deep traps. The multifilamentation ph
nomenon is characterized by the formation of adjacent c
rent filaments; the current filament with the most favora
conditions survives and drains the other ones~‘‘winner takes
all’’ !.23 This kind of process is identified in thej (E) charac-
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teristics by the formation of multiple S regions with the fo
lowing constraint. The S at higherj value has an electric
field range larger than the previous one and includes
range of the previous one. On the other hand, multiple
associated with multiple traps present S instabilities that
not have any correlation with the value of the electric fie
where they occur as is the case in multifilamentation. In
results, the three S instabilities do not fit the already m
tioned condition and the S instabilities might be caused b
least two different traps. The second and the third S ins
bilities are vertically positioned, above each other and
might be that they are causing multifilamentation. The e
ergy value of the second deep trap cannot be determ
using the same procedure used to determine the 90 m
level, because of the overlap of impact ionization of the
meV level with that of the deeper one.

SUMMARY

We have studied the temperature and illumination dep
dence of thej (E) characteristic for a Cr-doped GaAs samp
grown by the LEC method. We argue that the impurity lev
related to instabilities in such samples involve defects
pearing during the growth of the crystals and that are diff
ent for different samples. For our sample an electron t
with an energy level of 90 meV is related to the S instabil
observed at around 1 kV cm21. The neutral states of suc
impurities are kept low by the Cr atoms, and electron inje
tion continuously moves the quasi-Fermi level until it alig
with the impurity level in order to finally produce the ele
trical breakdown. At least a second impurity is related to
second S-like instability observed at higher values of
external electric field. This second impurity level is ful
occupied during the process of quasi-Fermi-level tuning
electron injection, so that the onset of the second electr
breakdown is tuned at a higher value of the electric fie
Such results are supported by experiments started in diffe
steady states, so that their influence on several physical
tures of the sample was easily observed. In this approach
nonlinear behavior can be studied in a single sample fo
broad range of initial conditions set up by the illuminatio
In particular, the great sensitivity of the S-shaped nega
differential conductivity feature to the experimental para
eters makes it an ideal physical system to be studied in
context of nonlinear physics. The dependence of impact i
ization on the illumination was inferred from the SND
characteristics. The low-conductivity state is strongly infl
enced by illumination. Based on the results obtained by va
ing the light intensity, we have shown that the trap w
activation energy of 90 meV is an electron trap. Thus, el
trons define the high-conductivity state and holes the LC
As far as we know this is the first time that such an iden
fication has been presented. By changing the temperatur
were able to change the scattering mechanism, the ca
capture efficiency, and the optical emission efficiency of
traps involved.
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23E. Schöll, Braz. J. Phys.29, 627 ~1999!.


