PHYSICAL REVIEW B

VOLUME 44, NUMBER 23

15 DECEMBER 1991-1

Experimental study of transport in a trap-dominated relaxation semiconductor

N. Derhacobian
Department of Physics, University of California at Los Angeles, Los Angeles, California 90024

N. M. Haegel
Department of Materials Science and Engineering, University of California at Los Angeles, Los Angeles, California 90024
(Received 26 July 1991)

The term “relaxation semiconductor” has been used to define a category of high-resistivity semicon-
ductors in which the dielectric relaxation time exceeds the recombination lifetime (7, >>7,). The trans-
port behavior of semi-insulating GaAs, a trap-dominated relaxation semiconductor, in response to
minority-carrier injection has been experimentally investigated. Using a pt-v-n* structure, the I-V
characteristics have been probed over seven orders of magnitude in current and various regimes have
been identified. The experimental results have been compared with previous numerical modeling. A
sublinear regime at high bias has been shown to be associated with enhanced trapping by the midgap de-
fects. Impact-ionization processes involving the traps have been demonstrated to be the cause of a sud-
den rise of current at threshold fields of approximately 1400 V/cm, and the data have been compared to

a simple impact-ionization model.

I. INTRODUCTION AND BACKGROUND

Understanding transport behavior of trap-dominated
semiconductors is important both fundamentally and
technologically. From a fundamental perspective, traps
add several degrees of freedom to the dynamics of charge
transport and make possible the observation of various
interesting phenomena such as dynamical nonlinearities,
instabilities, and chaotic phenomenon,' as well as space-
charge-limited transport.”? From a technological point of
view, traps in semi-insulating substrates which are used
in GaAs microelectronic circuitry lead to a variety of
parasitic effects such as side gating, back gating, and
unusually long transients.’

Both theoretical and experimental investigation of
trap-dominated semiconductors offer various complica-
tions. Theoretical investigation of transport equations in
the trap-dominated semiconductors under minority car-
rier injection requires the solution of current continuity
equations for electrons and holes and Poisson’s equation:
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where E is the electric field, J, and J, ), are electron and
hole current densities, N, is the trap concentration, n and
p are electron and hole concentrations, p, and p, are
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electron and hole mobilities, D, and D), are electron and
hole diffusivities, and G and R represent generation and
recombination terms that may involve midgap defects.
An analytical solution of these coupled equations is not
possible without some simplifying assumptions. Lampert
and Mark, for example, performed an extensive study of
injection into high-resistivity semiconductors in which
they solved the transport equations by using a ‘“regional-
approximation method” where, depending on the region
of interest, either the drift or the diffusion component of
the current was ignored and an approximate analytical
solution was obtained.”> A more complete description of
the problem usually involves computer modeling where
the transport equations are solved comprehensively
without the omission of any component of current.* 7

Experimental investigation of minority-carrier injec-
tion into trap-dominated semiconductors is often ham-
pered by poor contact behavior and leakage current prob-
lems which naturally arise from the high-resistivity char-
acter of the bulk. It is not uncommon to make erroneous
conclusions regarding the resistivity of the sample be-
cause large near-contact voltage drops dominate the mea-
surement.®

One approach to the study of high-resistivity semicon-
ductors was suggested by van Roosbroeck and Casey,
who showed that the behavior of a semiconductor under
nonequilibrium conditions (i.e., minority-carrier injec-
tion) depends on the ratio of two characteristic times:
the dielectric relaxation time 7, (1, =pee,, where p is the
resistivity and € is the dielectric constant) and the carrier
lifetime 7,.° They demonstrated that the solution of the
equations governing minority-carrier injection into semi-
conductors produced two distinct solutions depending on
whether 7, /70<<1 or 7p/7y>>1. The former was
termed the “lifetime regime” and the latter was termed
the “relaxation regime.”

An alternate way of classifying these two regimes of
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transport is by comparing the two characteristic lengths,
the Debye length L, and the diffusion length L,.!%!!
The lifetime regime is defined for the material by the rela-
tionship L; << L and the relaxation regime by L, >>L,,.
The family of semiconductors that exhibit relaxation-
regime behavior potentially include doped or high-purity
semiconductors at low temperatures at which the carriers
are frozen out, amorphous semiconductors in which high
resistivity is due to low mobility, large-band-gap semicon-
ductors in which low carrier concentrations result in high
resistivities, and semiconductors with a large concentra-
tion of midgap defects that pin the Fermi level in the
middle of the band gap, resulting in semi-insulating be-
havior.

In order to illustrate the difference between the behav-
ior of a trap-free semiconductor in the relaxation regime
and in the lifetime regime in response to injection of
minority carriers, a rather useful graphical method has
been devised to elucidate the physics of the problem.®!?
The hyperbola in Fig. 1 represents a bulk semiconductor
in thermal equilibrium (i.e., np =n?). If an n-type semi-
conductor, which at equilibrium is represented as point
A on the hyperbola, is perturbed by injection of minority
carriers (Ap >0), one moves away from the equilibrium
hyperbola to some point B. There are two possible paths
back to equilibrium. Path 1 describes the lifetime regime:
dielectric relaxation occurs quickly and space charge is
neutralized by local enhancement of majority carriers
(An >0) that screen the injected excess minority carriers.
As time proceeds, recombination occurs and the system
moves back to equilibrium point 4. Path 2 characterizes
the relaxation regime: recombination occurs first and
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FIG. 1. Schematic diagram showing the ‘“relaxation hyperbo-
la.” Point A on the hyperbola represents an n-type semiconduc-
tor at equilibrium. Immediately after injection of minority car-
riers (holes), the semiconductor can be represented by point B.
Relaxation to equilibrium occurs via one of two possible paths
which characterize the “lifetime regime” or the ‘“relaxation re-
gime.”
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there is local majority-carrier depletion (An <0). As time
proceeds, dielectric relaxation occurs and excess majority
carriers from the bulk neutralize the space charge. This
example shows one of the most striking differences be-
tween the two regimes: injection of minority carriers into
a trap-free semiconductor leads to majority-carrier de-
pletion in the relaxation regime while it leads to
majority-carrier augmentation in the lifetime region.!*!3

This majority-carrier depletion was initially predicted
to cause local resistivity increase near contacts upon
minority carrier injection.’ Later analysis of the transport
equations, however, revealed that the exclusion of the
diffusion component of the current led to this erroneous
conclusion.'>!3 An experiment demonstrating majority-
carrier depletion associated with minority-carrier injec-
tion has been performed on high-purity Si diodes, in
which majority-carrier depletion is indicated by the
enhancement of diffusion currents. The results of this ex-
periment are in good agreement with the numerical simu-
lation.'

Henisch and co-workers extended the study of the re-
laxation regime to include trap-dominated semiconduc-
tors.”®!® They used computer modeling and small-signal
analysis of the transport equations to show that depletion
of majority carriers upon injection of minority carriers is
greatly reduced when a large concentration of traps ex-
ists. One way of understanding this is to note that in the
presence of traps the Debye length L, reduces to the
screening length Lg:

Lp
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where N, is the trap concentration and n is the equilibri-
um electron concentration. If there is a substantial con-
centration of midgap defects N, a high-resistivity “relaxa-
tion semiconductor” may exhibit lifetime-regime behav-
ior because Ly <<L,. Midgap centers complicate the sit-
uation in two general ways. First, they modify the space
charge and the electrical-field distribution. Second, they
provide an alternate generation-recombination mecha-
nism which affects the lifetime 7.

Semi-insulating GaAs is an example of a trap-
dominated relaxation semiconductor. The characteristic
times in this material are 7, ~ 10~ sec (based on p~ 10’
Q cm) and 74~ 10" sec at room temperature.!” This ma-
terial has a large concentration of mid gap defects known
as EL2 (N, ~10'® cm™?), which is generally related to an
antisite defect.!® EL2 is located at 0.67 eV below the con-
duction band and acts as a donor and an electron trap
(0,=~4X107 1% cm?% o,~2X 1078 ¢m?." It also com-
pensates the shallow acceptors, thereby pinning the Fer-
mi level near the center of the band gap. In typical semi-
insulating GaAs Lg~10"® cm and L,~10"* cm. There-
fore it can be seen that even though the material itself has
very high resistivity (p~ 10’ Q cm and therefore 7p, >>7),
one would predict “lifetimelike” behavior (i.e., majority-
carrier augmentation in response to injection) since
Lg<<L,.

Early experiments on trap-dominated relaxation semi-
conductors were performed on high-resistivity GaAs
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p-v-n structures.’%?! Extended linear regions in the

current-voltage characteristic were observed followed by
a sublinear region at high bias which was attributed to
depletion of majority carriers upon injection into a relax-
ation semiconductor.?! However, as stated previously,
subsequent computer modeling showed that the
relaxation-regime behavior in the presence of a large con-
centration of traps does not lead to majority-carrier de-
pletion.16 Furthermore, theoretical studies of current-
voltage characteristics did not show any sublinear region,
though it continues to be frequently observed experimen-
tally.?? The purpose of the present work is to experimen-
tally reassess the problem of injection and transport in
trap-dominated relaxation semiconductors.

II. EXPERIMENTAL METHOD AND RESULTS

The samples used in this work were semi-insulating
GaAs pt-v-n " structures. A typical device structure is
shown in Fig. 2. Since the material has extremely high
resistivity, extra care was taken in preparation of the con-
tacts to the bulk. The injecting p ¥ contact was formed
by Mg implantation (1X10'% cm ™2 at 60 keV) and the n +
contact was formed by Si implantation (1 X 10cm ™2 at
60 keV). The implants were then wafer annealed at
900°C for 3 sec. Evaporation of Au-Be on to the p* re-
gion provided an Ohmic contact while Au-Ge-Ni-Ag was
the metallization used on the n ™ region. The contacts
were alloyed at 420°C for 30 sec. Wires were connected
to the metallic contacts using conducting epoxy. The en-
tire device length was 500 um and the circular p * inject-
ing regions had radii of 500 um.

To measure the I-V characteristics, the samples were
placed inside an electrically grounded and dark variable
temperature cryostat (pressure approximately equal to
107> Torr). Two different methods were utilized: (1) con-
stant current bias while monitoring the voltage drop
across the sample (using a Keithley 220 current source
and a Keithley 617 electrometer); (2) constant voltage
bias while monitoring the current through the sample (us-
ing a Keithley 487 picoammeter and voltage source). The
second method reduces the effect of leakage currents
which may exist. Both methods yielded similar I-V
characteristics thereby demonstrating the reliability of
the structure.

Typical I-V characteristics of a semi-insulating GaAs
pt-v-n™ at room temperature are shown in Fig. 3. An
extended linear region in the I-¥ characteristics is evident
over three orders of magnitude up to 8 V (160 V/cm).

Au-Be

p’-type Layer [y
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FIG. 2. Schematic representing the p "-v-n* semi-insulating
GaAs structure used in the experiment.
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FIG. 3. Current-voltage characteristics of the semi-insulating

GaAs pt-v-n* sample used in the experiments.

T T T

100

Then superlinear I-V characteristics appear, followed by
an increase in effective resistance R [where
R.=(dI/dV)"']. At an applied bias of approximately
70 V (1400 V/cm) the device switches to a more conduct-
ing state and the current increases several orders of mag-
nitude with a small change of applied bias. In fact, we
will show that the I-V characteristics would have indeed
gone sublinear had this conducting state not appeared.

In Fig. 4, an extended part of the I-V characteristics
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FIG. 4. Experimental current-volatage characteristics of the
semi-insulating GaAs p*-v-n* sample (dots) and the curve fits
(lines). The first three regions have quasilinear characteristics
(region 1, I < V°3; region 2, I < V! region 3, I = ¥'!'?). Region
4 shows superlinear behavior (I « F!'8) and it is followed by an
increase in R 4 in region 5.
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has been curve fitted by dividing it into five regions. The
first three regions have extended quasilinear characteris-
tics which can be fitted by the following equations:

region 1, I=(8.6x10710) vo8, (7
region 2, I=(2.5X107°) V10, (8)
region 3, I=(4.3X107°) Vv!2, 9)

The initial quasilinear regions are followed by a super-
linear region which can be approximated by

I=(1.6Xx10"%)pL8 (10)

Finally, a region characterized by an increase in R 4 can
clearly be identified beginning at an applied field of ap-
proximately 1000 V/cm and it can be fitted by the equa-
tion

I=(2.2X1078) vl.1 | (11)

The extended quasilinear region has been reported by
several authors previously.?! ~%* It is characteristic of in-
jection into any high-resistivity semiconductor. At low
bias, the effective resistivity has been calculated to be

Pr.V.1ow bias=—(5.210.3)X10® Qcm .

Four-point probe measurement on the same sample indi-
cates a bulk resistivity of

Papoint=(1.1£0.2) X 10° Q cm .

There is evidence of effective resistivity increase upon in-
jection into this trap dominated relaxation semiconduc-
tor. A qualitative explanation for this can be seen in the
schematics of Fig. 5 where minority- and majority-carrier
profiles have been shown and direction of diffusion and
drift components of current for both species have been
marked. Figure 5(a) shows the case for a trap-free relaxa-
tion semiconductor where depletion of majority carriers
causes enhancement of effective conductivity (the
diffusion and drift currents of majority carriers are in the
same direction). Figure 5(b) shows the extreme case for a
trap-dominated relaxation semiconductor where de-
pletion of majority carriers disappears (since Lg <<L);
the diffusion and the drift components of the majority
carriers oppose each other and effective resistivity would
increase. It should be noted that this increase of resistivi-
ty is due to a local electric-field overshoot near the con-
tact that depends on material parameters such as mobili-
ty ratio of minority and majority carriers, sample length,
trap cross sections, etc., and its experimental observation
may or may not be possible depending on the value of
these parameters.®»?? It is also important to note that
resistivity enhancement due to injection should be ob-
served experimentally only at low-bias regime where
diffusion plays a more important role.

The I-V characteristic becomes superlinear at higher
bias (10-50 V, B~=~1.8). This is expected at high bias
where drift dominates over diffusion. Similar behavior
has been predicted both analytically and by computer
modeling where eventually the material would follow a
trap-free square law (where 8=2.0), which is typical of
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FIG. 5. Schematic diagram showing spatial profiles of minor-
ity (holes) and majority (electrons) carriers upon injection of
minority carriers into (a) “trap-free relaxation” semiconductor
and (b) “‘trap-dominated relaxation” semiconductor. Directions
of the drift and the diffusion components of the current densi-
ties are marked. Local conductivity is enhanced in the trap-free
case, whereas it is diminished in the trap-dominated case.

high-resistivity semiconductors and insulators.???

At applied fields in excess of approximately 800 V/cm,
the I-V characteristics tend toward a sublinear region
again. This is the result of field-enhanced trapping of
electrons by the midgap defect EL2. Hot electrons, with
energy E =70 meV relative to conduction-band edge E,
are captured more efficiently via a multiphonon process
than are electrons in the conduction-band minimum.?>26
Both differential mobility and effective lifetime will de-
crease (since the carrier concentration decreases) because
of this process and its effect can be seen in the I-V charac-
teristics as a sublinear region. This effect has been re-
ported by several authors; in certain cases, it is even pos-
sible to observe negative differential resistivity (NDR)
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FIG. 6. Current-voltage characteristics in reverse bias. An
extended linear region is evident. Above applied fields of ap-
proximately 600 V/cm low-frequency oscillations begin.

and low-frequency oscillations (LFO’s) that are due to
motion of space-charge domains between two elec-
trodes.?>2728 In our experiments, we see NDR in reverse
bias where the device does not switch to a conducting
state (this switching is explained below) and LFO’s have
been found. Figure 6 shows the reverse-bias I-V charac-
teristics where at threshold fields of approximately 600
V/cm the I-V characteristics show the onset of NDR re-
gion with LFO’s which manifest themselves as apparent
scatter in a dc measurement. The low-frequency oscilla-
tions are shown in Fig. 7. At a bias of 300 V/cm (open
squares) there are no oscillations; at an applied field of
800 V/cm LFO’s (dark circles) are clearly present. A
more detailed study of these oscillations which are
strongly temperature dependent is in progress.

To determine the mobility-lifetime product as a func-
tion of applied dc bias, we measured the reverse photo-
current of the p T-v-nt under illumination with above
band-gap light (He-Ne laser E ., =1.96 €V; power, 1
mW). A segment of the metallization on the circular p *
layer was etched off to allow light to penetrate the device.
The optical absorption coefficient at this wavelength for
GaAs is a~3X10* cm™! and therefore most of the ab-
sorption (electron-hole pair generation) occurs within the
first few micrometers.”’ Since the device is reversed
biased, the electrons are swept through the bulk to the
n " electrode under the applied dc field. The holes, how-
ever, will remain at the p* end and will not traverse the
bulk. The role of electrons and holes will be reversed of
course if the sample is illuminated from the n * side. The
photon signal is modulated using a chopper and the
modulated photocurrent is detected using a lock-in
amplifier. The experimental setup is shown in Fig. 8.
The photocurrent can be shown to be given by

Iphoto=c.uTEdc ’ (12)
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FIG. 7. Reverse bias current as a function of time. At an ap-
plied bias of 300 V/cm no oscillations are evident. Low-
frequency oscillations can clearly be identified at 800 V/cm.

where c is a proportionality constant that depends on in-
tensity, quantum efficiency, reflectivity, and absorption
coefficient; 7 is the carrier lifetime; p is the electron mo-
bility; and E 4 is the applied bias.

Figure 9 shows the normalized ur as a function of ap-
plied bias. It can be seen that at an applied bias of 800
V/cm the mobility-lifetime product has decreased ap-
proximately 17%. This decline, which is due to enhance
trapping of electrons by EL2, is believed to be responsible
for the sublinear I-V characteristics. Because the com-
puter modeling of trap-dominated relaxation semicon-
ductors has always considered mobility and lifetime as a
constant, it is clear why it has never predicted sublinear
behavior observed in the experimental results.'? 821,22

Although other mechanisms, such as the Gunn effect
and joule heating, can lead to a decrease of ur, these
effects may be ruled out as the cause of mobility-lifetime
decrease in our case. The Gunn effect has a threshold of
3500 V/cm (175 V for our device) for GaAs and results in
extremely high-frequency oscillations, usually in the GHz
range. Joule heating in our experiment is negligible due
to low currents and low power dissipations. At the onset

Chopper
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i
He-Ne Laser 1
¢!1ens
l'irlw Voltage
Sample Source
Lock-In Amplifier R<<Rg

FIG. 8. Experimental setup for the measurement of the
mobility-lifetime product.



&

1.00

o
o8
o

0.60

Normalized MT

0.40

0.20

0.00

LIS B I e D I N O O

TTTTTT
250 500 750 1000 1250 1500 1750 2000
Applied E field (V/cm)

oy brnipn by by b
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of NDR, for example, power dissipation in the semi-
insulating sample was approximately 107¢ W. Using a
doped GaAs p-n diode, neither a sublinear region nor
NDR behavior was observed in the I-V characteristics up
to 1077 W.

The third significant region of the I-V characteristics
occurs at forward bias at a threshold field of approxi-
mately 1400 V/cm and resembles some type of a break-
down mechanism. It should be noted that the steep I-V
characteristic is recoverable and repeatable and does not
lead to device degradation. This “breakdown” does not
occur in reverse bias and therefore it must depend on the
number of carriers in the device. In Fig. 10 this steep
section of the I-V¥ characteristics has been curve fitted us-
ing a simple model proposed by Shockley for an impact
ionization process.’’ In this model the impact-ionization
coefficient « is related to the applied electric field E by

4,

a=AE exp

where the two fitting parameters 4; and 4, are given by
8.7X1072 V™! and 2.5X10* V/cm, respectively. We be-
lieve that this effect in the I-V characteristic is due to im-
pact ionization involving the deep levels since the thresh-
old at which it occurs (1400 V/cm) is much lower than
several other possible explanations, such as the trap-filled
limit, band-to-band ionization, and Poole-Frenkel
effect.>?*31733 Similar conclusions have been reached in
other experiments involving semi-insulating GaAs.>?

III. CONCLUSION

The I-V characteristics of a semi-insulating GaAs p *-

v-nt structure have been experimentally studied over

seven orders of magnitude in current and different re-
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FIG. 10. Current vs applied bias for the steep part of the I-V
characteristics. The experimental data (points) have been curve
fitted with an impact-ionization model involving midgap traps.

gions of the I-V characteristics have been identified. At
low applied bias, it is shown that injection of minority
carriers into a trap-dominated relaxation semiconductor
will not be accompanied by minority-carrier depletion,
which is a characteristic of the trap-free case. This result
is consistent with earlier numerical modeling and analyti-
cal solution of transport equations in the trap-dominated
relaxation regime. The sublinear region which appears at
high bias is attributed to enhanced trapping by the
midgap defects rather than evidence of relaxation-regime
behavior as reported earlier.?’ It is also shown that the
process, under appropriate conditions, will lead to nega-
tive differential conductivity which is accompanied by
low-frequency oscillations of the current in the external
circuit. At forward bias, impact-ionization processes in-
volving midgap defects are shown to occur at an applied
field of 1400 V/cm.

A limited theoretical understanding of injection and
transport in space-charge-dominated systems affected
earlier interpretation of experimental studies on I-V
characteristics of trap-dominated relaxation semiconduc-
tors. The combination of injection, enhanced trapping,
and impact ionization, which has been clearly identified
here, explains the I-V characteristics over a wide range of
injection levels.
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