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Barrier heights and electrical properties of intimale metal-AlGaAs junctions

M. Eizenberg,® M. Heiblurn, M. |. Nathan, N. Braslau, and P. M. Mooney
IBM Thomas J. Waison Research Center, Yorktown Heights, New York 10598

{Received 28 August 1986; accepted for publication 29 Ociober 1986)

The dependence of the Schottky barrier height of Mo-n:AlGaAs junctions, fabricated in situ by
molecular beam epitaxy, on the Al mole fraction (x) was determined by internal
photoemission measurements and by activation energy plots of the current versus voltage
dependence on temperature. Both technigues vielded similar values. The difference in barrier
height of Mo-AlGaAs as a function of x, compared to that of Mo-GaAs, was found to be equal
to the conduction band discontinuity in AiGaAs-GaAs heterojunctions for Al concentrations

in the range 0<x<0.4. For x > 0.4, values of ihe barrier heights were somewhat lower than
values of the band discontinuity; however, both dependencies on x were quite similar. The
temperature dependence of the current-voltage characteristics showed that thermionic
emission was the dominant transport mechanism at forward bias for temperatures higher than
250 K. At lower temperatures, current transport was governed by thermionic field emission.

i INTRODUCTION

Al Ga, . Aslayers are an integral part of many of the
most advanced GaAs high speed devices. For example, in
modulation-doped field effect transistors (MODFET), the
metal-AlGaAs Schottky contact plays a crucial role. There-
fore, attention shouid be paid to the interfaces of these ter-
nary alloys with metals.

Aside from the technological importance, the depen-
dence of the Schottky barrier height on the Al mole fraction
(x), is also of scientific interest. The electronic structure of
metal-semiconductor interfaces, in general, is still not well
understood. This is revealed by the large number of models
suggested to explain the Fermi level position in the junction
interface, which includes Schoitky’s work function model,’
the modified work function model of Freeouf and Woedall,”
Bardeen’s surface state role,” metal induced gap states,™’
and Spicer’s native defects model.® A systematic study of the
dependence of the Schottky barrier height on the Al mole
fraction can contribute to the testing of some of the suggest-
ed models, since by varying x one can compare many differ-
ent diodes, all prepared in a similar way, using the same
metal, and with the semiconductors having similar lattice
parameters and only slightly different band structures.

However, the available experimental results for
Schottky barrier heights on AlGaAs substrates are scarce.
Best” reported on measurements done on junctions consist-
ing of Au filins deposited on r-type AlGaAs epilayers grown
by liquid phase epitaxy, where an vnavoidable native oxide
layer existed at the metal-semiconductor interface. The bar-
rier keight, ¢}, was found to increase up to x ~ 0.4, followed
by a decrease for higher x. The inferred barrier height on p-
type (¢ = E, — ¢}, where £, is the energy gap) increased
Linearly from x = G tox = 1. In a later report by Okamoto e#
al.® an intimate Al contact was formed in situ to AlGaAs
grown by molecular beam epitaxy (MBE). Different values
of ¢ were obtained as growth conditions varied, most prob-
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ably due to the strong reactivity of Al with the AlGaAs;
however, the same general trend found by Best was also ob-
served. Since the above sets of measurements were carried
out on nonideal structures, a more detailed study of nearly
ideal junctions is necessary. This will allow a comparison of
the barrier heights for different x with the conduction band
discontinuity, AE,, in AlGaAs-GaAs heterojunctions, and
will enable us to check a recently suggested correlation
between AFE. and Ad] = &) (Mo-AlGaAs)-¢; (Mo-
GaAs). !

The mechanism for transport of carriers across the
Schottky barrier and its dependence on the Al mole fraction
have not been studied in detail. Even in the simpler case of
x =0 (metal-GaAs) nonideal behavior (deviations from
thermionic emission) was observed in the current-voltage
characteristics.”> Thus, the second goal of the present work
was to learn about the transport mechanism of carriers by
studying the current-voltage-temperature ({-¥-7) charac-
teristics. Molybdenum was chosen as the contacting metal
with the AlGaAs since no metal-semiconductor chemical
interactions take place in the range of temperatures em-
ployed.*® Special care was exercised to ensure extremely
clean and cxide-free junctions by making all layers, includ-
ing the metal in a2 molecular beam epitaxy (MBE) system,
without breaking the vacuum.

The procedures for the layer’s growth and the process-
ing of the diodes are described in Sec. II. The study of the
Schottky barrier height dependence on x is described in Sec.
EiE; the measurements of ¢} by the internal photoemission
{(IPE) technique and by activation energy plots of the cur-
rent-voltage dependence on temperature are presented in
Sec. III A, whereas the correlation between the determined
barrier heights dependence on x with the conduction band
discontinuity in AlGaAs-GaAs heterojunctions, A, is dis-
cussed in Sec. III B. The study of the tramsport of carriers
across the Schottky barrier is described in Sec. IV; the I-V-T
characteristics and the suggested carrier transport mecha-
nisms are described and discussed in Sec. IV A, while the
measurements of electron traps in the AlGaAs and their ef-
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fects on the 7-¥ characteristics are presented in Sec. IV B.
The study is summarized in Sec. V.

. EXPERIMENTAL PROCEDURES

Intimate junctions without interfacial oxide were ob-
tained by the growth of the semiconductor layers followed
by deposition of the metal layer in an MBE systems. The
nominal background pressures during these evaporations
were 5107 and 3 X 10 "' Torr, respectively. The struc-
tures were grown on 27 (1 X 10" ¢cm ™’ Si doped) (100)
GaAs substrates after a thorough precleaning and in situ
outgassing. A 1-um-thick GaAs buffer layer doped with Si
to ~ 10" cm—* was grown first (at a substrate temperature
of 600 °C), followed by a 1000-A-thick graded region to
Al Ga, _, As. In this region, the Al flux was gradually in-
ereased to give the desired alloy composition, while the Si
flux was gradually decreased to yield a doping of 5 10'°-
1.5 10" cm 3, and the substrate temperature was raised to
700 °C. This graded region was followed by a ~ 5000-A-
thick layer of Si-doped Al, Ga, _ , As. Special care was exer-
cised to leave the top surface of the AlGaAs with the same
reconstruction after each growth, and to maintain it up to
the onset of the metal deposition. When the As background
was reduced to ~2X 1071 Torr, a thin ( ~ 200 A thick) Mo
layer was then deposited /n situ at a substrate temperature of
~200°C, using a 5-kW electron gun evaporator specially
designed to minimize the escape of stray electrons,'* thus
mainiaining a very low pressure during evaporation.

Each sample was analyzed for the Al mole fraction by
microprobe {with a relative accuracy of + 5%, and for the
AlGaAs net doping concentration by capacitance-voliage
measurements. The latter were carried out both in the dark
at room temperature, and under illumination at 77 K. Good
agreement was obtained between these {wo sets of measure-
ments.

Diodes were prepared by etching 0.5x0.5 and
0.25 > 0.25 mm? mesas to a depth of ~ 1 zm. Gold dots were
evaporated at the corner of each square to facilitate top con-
tact to the thin Mo layer. Standard NiAuGe ohmic contacts
were formed on the back side of the samples.

. SCHOTTKY BARRIER HEIGHT DEPENDENCE ON Al
MOLE FRACTION

&. Barrler helght determination

The Schottky barrier heights for the Mo-AlGaAs sys-
tern as a function of x were determined by two techaiques:
(1) internal photoemission (IPE) and (2) activation energy
plots of the current-voltage dependence on temperature.
Both technigues and their results are described below.

1. internaf photoemission measurements

The internal photoemission experiment provides a di-
rect measurement of the Schottky barrier height with no
adjustable parameters. In this method, the yield ¥ (photo-
current per absorbed photon), which resulis from electrons
that are excited in the metal and surmount the barrier ¢;
entering the semiconductor, is given by'®
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FIG. 1. Photoresponse curves of the IPE experiment in Schottky barriers
shown with x = G, .17, 0.38, 0.48. Currents are in the picoamperes range.

Y=C (hv—¢})? (1)

for hv > ¢}, + 3kT. Here, hvis the photon energy, k is Boltz-
mann’s constant, 7 the absolute temperature, and Cis a con-
stant. The short circuit photocurrent was measured at 300K
as a function of the photon energy at zero applied bias. Hlu-
mination by a quartz tungsten lamp was done through the
thin Mo layer. A grating monochromator was used for wave-
length selection, and a lock-in technique with computer
averaging was employed. Figure 1 shows a few photore-
sponse curves; the extrapolation of the linear regime to zero
photocurrent yields the barrier height. Image force correc-
tions estimated as 30 meV for our doping levels were added
to the measured values. The resulting accuracy in ¢f was
estimated as + 20 meV. The resultant barrier heights for
nine different Al mole fractions are presented in Fig. 2 (de-
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FIG. 2. Schottky barrier heights of Mo-AlGaAs diodes measured by IPE
(marked by + ) and measured by the activation energy method (marked
by X ), as a function of Al mole fraction. The conduction band discontin-
uity AE,, for GaAs-AlGaAs heterojunctions with x < 0.4 measured by IPE
{Ref. 18) is given by the broken line; AE, for x> (.4 inferred from the
results of Ref. 19 is given by the dotted line. The band-gap difference (AE,)
according to Ref. 16 is given by the solid line.
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FIG. 3. Current-voltage characteristics for Mo-GaAs Schottky barriers
shown under forward bias for temperatures in the range — 157 to 100°C.

noted by + ). As x increases, the Schottky barrier height
increases up to 1.12 eV at x = 0.39; thereafier the Schotiky
barrier decreases gradually.

2. Activation energy measureinents

It has been shown that for Schottky barriers formed on
several lightly doped wide band-gap semiconductors, such
as GaAs, current transport at forward bias ¥ at 300 K is
governed by thermionic emission, and the current density J/
is given by'’

J=J lexpgV /nkT) — 11, (2}

~J, explgV/nkT) forV>3&kT/q,

where J; is the extrapolated current density to zero bias and
isequalto 4™ T2 exp(gdr/kT), n is a number close to unity
and is called the ideality factor, 4~ is the effective Richard-
son constant, and g is the electron charge.

Current-voltage measurements were performed in the
temperature range 77-380 K.. A typical resuit for x =0 is
presented in Fig. 3. For a given x, the current values of differ-
ent diodes were found to scale with their areas, resulting in
areaindependent values of /. Richardson plots'® of log J, / T*
vs 1/7, for different x, were then plotted, as seen in Fig. 4.
The straight lines show that the current transport was via
thermionic emission in the high temperature range {7250
K in most cases). The slope of each straight line curve yields
the activation energy, ¥,., which for zero bias is the
Schotiky barrier height. The resultant barrier heights (in-
cluding the above mentioned image force correction ) for dif-
ferent values of x are showr in Fig. 2 {marked by X ); good
agreement with the results of the internal photemission tech-
nigue was obtained. Similar values for ¢ wers also inferred
from measuring E,, at a forward bias ¥, using ¢,
= [, + V. The fact that the electrical measurements sup-
port the internal photoemissior results is important since,
although there are no adjustable parameters in the latter
technique, one must choose correctly the range of photon
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FIG. 4. Richardson plots shown to determine activation energy for a few
Schottky diodes with different Al mole fractions (x =0, 0.3, 0.74). The
current density values used are those found by extrapolating the current
values to zero bias.

energy for extrapolation to ¢} from Eq. (1). The spectrum
must show the characteristic saturation for Av — ¢ < 347
and the spectral region of excess current due to band-to-band
processes as iv approaches E, is excluded.

B. The correlation between Ad] and AE,

The composition dependence of A¢} is different from
that of the energy gap, AE, = E, (Al,Ga,_,As) —E,
(GaAs).'® The latter is given by the solid curve in Fig. 2.
However, the x dependence of Ad}, agrees well with that of
AE. (the conduction band discontinuity across the
AlGaAs-GaAs heterointerface). The dependence of AX, on
xuptox = 0.4 (the composition at which the energies of the
X and [ valleys of the AlGaAs become equal, thus changing
the band structure from direct to indirect) has been recently
determined by several techniques.'” The broken line in Fig. 2
represents our recent results for AE,, determined by a simi-
lar internal photoemission technique employed on Mo-
GaAs-AlGaAs structures,™® which conform to many other
recent works.'” The agreement between Ad} and AE, in the
direct regime (x<0.4) is very good. The dotted line in Fig. 2
represents AF, for x > G.4, inferred from the values of AE,
measured recently by Batey and Wright'® (AE, = AE,

— AE,). Ad} is somewhat lower than A, in this regime;
the determination of AE, vs x (Ref. 16} could be responsi-
bie, in part, for this discrepancy.

A correlation between semiconductor hetercjunction
band discontinuities and metal-semiconductor Schottky
barrier heights has only recently been proposed.® ! Katnani
and Margaritondo® have pointed out that Spicer’s defect
model® for Schottky barrier formation can be applied to he-
tercjunctions where the Fermi level is pinned, thus account-
ing for the band discontinuities. However, since in GaAs-
AlGaAs heterojunctions the number of interface states is
very small,*® this model is ruled out. More recently, Tersoff
has suggested'” that band alignments at metal-semiconduc-
tor and semiconductor-semiconductor interfaces are con-
trolled by an interfacial dipole, which is induced by tunnel-
ing of bulk electrons from one material into the band gap of
the other. In this model, the level at which energy states

Eizenberg et al. 1518
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FIG. 5. Deduced barrier height to p-type AlGaAs ¢} = E, ~ ¢} as a func-
tion of Al mole fraction. The valence band discontinuity according to Ref.
18 is given by the solid line.

change their nature from conduction band to valence band
states has to be aligned in both materials. A general correla-
tion for any pair of semiconductors 4 and B is then deduced:
Go{C — A4} —dp{C — B) =AE, (4 — B), where C can be
metal. In a recent paper,'’ Freeouf and Woodall argued that
by using the electron affinity rule for heterojunctions®' in
conjunction with their effective work function model for
Schottky barriers,” the abovementioned correlation is natu-
rally expected in cases where the constituents responsibie for
the Fermi-level pinning in both semiconductors have similar
bulk work functions. Since, in their model, this pinuing con-
stituent is usually the anion, the correlation is indeed expect-
ed for the GaAs-AlGaAs system. Since Tersoff’s correlation
is general for any pair of semiconductors, the correct theory
can be singled out by experimentally testing a system com-
prised of two compound semiconductors with anions know
to have different work functions (e.g., InAs-GaSb).

Assuming that the Fermi-level pinning position is dop-
ing independent,’? we can deduce the composition depen-
dence of Ad% from A¢},"® as shown in Fig. 5. The values of
&% are somewhat higher than the x dependence of the va-
lence band discontinuity AE,, measured by Batey and
Wright.'® This figure demonstrates also that the common-
anion rule of McCaldin ef /.?? is not obeyed in the GaAs-
AlGaAs system. (If it had been obeyed, A¢5 would have
‘been composition independent. }

V. CARRIER TRANSPCRT ACROSS THE SCHOTTKY
BARRIER

A. /-¥ characteristics

We have seen in Sec. III A that at room temperature,
thermionic emission dominates the transport across the
Schottky barrier. Using Eq. (2) at 7= 300 K, we found that
for all Al mole fractions studied the ideality factor # {deter-
mined from the slope of log 7 vs ¥ plot) was in the range
between 1.1 and 1.2. For an independent determination of ¢,
from J,, the knowledge of 4~ is required. Two values for 4~
were used: one was determined from the Richardscn plot
and involved a long extrapolation of J /T2 on a logarithmic
plot to 1/7 = 0; the other was calculated assuming 4 to be
proportional to " the effective mass of the free carriers'*

15189 J. Appl. Phys., Vol. 61, No. 4, 15 February 1987
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FIG. 6. Dependence on Al mole fraction of the barrier height at 300 K
calculated according to Bq. (2). 4 * values used are according to calculation
(corresponding barriers marked by x), and according to extrapolation of
Richardson plots (corresponding barriers marked by C).

which is given by (0.067 + 0.083x)m,>* for the free elec-
trons in AlGaAs {(x<0.4)], where m, is the free electron
mass. For x == 0.4, the calculated 4 increases by 50% from
the widely accepted value for GaAs of 8.2-12.2 A cm ™2
K 2. Above the cross-over point, where transport is gov-
erned by the “heavy” electrons in the X valleys, 4~ should be
almost independent of x with a value of ~ 100 Acm ™2 K 72,
assuming m” = (0.85 — 0.07x) m, > The barrier heights
calculated using the measured 4* (marked by O in Fig. 6)
are identical to the activation emergies obtained from the
Richardson plots. For the calculated values A~ the deter-
mined values of ¢} are marked by X in Fig. 6. The values for
x < (0.4 are lower than the abovementioned values, while
they are higher for the x > 0.4 regime.

The deviations from ideal thermionic emission at room
temperature (reflected by n> 1.1) and the indications that
another transport mechanism is dominant at lower tempera-
tures (as reflected by deviations from linearity of the
Richardson plots) motivated us to further study the tem-
perature dependence of the current-voltage characteristics.
This dependence (see, e.g., Fig. 3) is very similar to that
already observed by Padovani and Stratton for Au on
GaAs* and attributed to thermionic field emission (TFE}.
This mechanism of thermal assisted tunneling is schemati-
caily iliustrated in Fig. 7. For TFE, the current-voltage rela-
tionship can be expressed by

I=1I exp(V/Vy), (3)
where V, is a temperature dependent factor:

V, = Ey cot(gEq/kT), 4)
and E, is given by

Eoo= (h/2)(N fem™)''?, (5)

where ¢ is the dielectric constant and & is the free carrier
concentration of the semiconductor. The pre-exponent 7|
depends on T, Ey, ¢35, and the Fermi-level position, £ In
principle, the barrier height can be determined from this

Eizenberg ot af 151¢
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FIG. 7. Band structure at metal-semiconductor interface demonstrating
thermionic emission (TE) and thermionic ficld emission (TFF}.

dependence; however, this involves extended extrapolations
{(to determine 7, at a wide range of temperatures) and leads
to large inaccuracies.

In ali diodes studied, it was found that the parameter ¥
monotonically increased with temperature, as expected
from Eq. (4). By fitting the ¥, dependence on temperature
with Eq. (4), the corresponding E,, was determined, as
shown in Fig. 8 for x = 0 and x = 0.74. The broken line
corresponds to the value of ¥, for ideal thermionic emission
(n = 1), to which £, should asymptotically reach for AT/
g> Eg,. The experimentally obtained £, moderately in-
creased with the Al mode fraction from 14 meV forx = Qup
to 20.4 meV for x = 0.74. The theoretical values according
o Eq. (5) are in the range of 5-7 meV for x < 0.4, and 1-2
meV for x > 0.4. This discrepancy could be resolved only if
the tunneling probability would be larger or the potential
barrier narrower, as discussed in Sec. [V B.

The suggested transport mechanism of TFE is also sup-
ported by the current-voltage characteristics for reverse
biasing voltage. The log 7 vs ¥ plot had a linear dependence
with a very moderate slope (250-1250 mV ~ ' for the differ-
entsamples) for abiasing range of 0-2 V. The characteristics
were almost temperature independent around 77 K, indicat-
ing a dominant tunneling current. A typical temperature de-
pendence of some I-¥ curves measured at the temperature
range of 263-375 K are shown in Fig. 9. For all diodes stud-

40— -
(s} ~
x=0.74 - :le /]
| Eoo =204 m\’_\ > i
. \\\ p I
E ol Ewcamve SRE S
> oS
P J
L kT
- =& the
- Vo 3 (=1}
-~
-~ , . |
o} el i 1 I L |
o} j{o] 20 30 40
kT7q (mV)

FIG. 8. ¥, values as a function of temperature for two Schottky barriers
{withx = Dand x = 0.74). For each set the best fit to Eq. (4) and the corre-
sponding E,; values are marked. The broken line corresponds to an ideal
case of thermionic emission.
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FIG. 9. Current-voltage characteristics for Schottky barriers with x = 0.59
under reverse biasing voltage for different temperatures: 263, 283, 298, 308,
318, 328, 338, 348, 357, 366, and 375 K (marked 1-11).

ied, the values of log J extrapolated to zero bias were some-
what higher than those obtained under forward bias (less
than an order of magnitude). The Richardson pilots of the
reverse currents showed linear dependenceoflog 7 /T2 vs 1/
T only at high temperatures and low biasing voltages. The
activation energies, derived from the slopes of the linear re-
gion, were lower by 50-150 meV than those obtained from
the corresponding curves plotted for the forward bias re-
gime. These findings support the thermionic field emission
mechanism suggested above. As the negative biasing voltage
increases and the temperature decreases, the width of the
potential barrier at the metal’s Fermi level narrows and the
tunneling carrent increases. The dependence of the current
on the applied voltage fits the TFE model much better than
any cther model, such as: the image force lowering,?® wave
function penetration,”® or generation recombination in the
depletion region.”®

8. Trapping centers in the AlGaAs

As discussed above, the {-¥V characteristics show that
thermionic field emission is dominant at the low tempera-
ture range of this study; however, the use of the TFE equa-
tions indicated the existence of enhanced tunneling. En-
kanced tunneling can occur if deep traps are located in the
depletion layer. Using deep level transient spectroscopy
(DLTS),” 2 near mid-gap level was observed in all samples.
The activation energy of the trap was 0.8 eV in GaAs and
was found to increase slightly as the Al mole fraction in the
AlGaAs increased. The trap concentration ranged from
210" t0 2 X 10 cm 3 in different samples, and there was
no correlation with the Al mole fraction. The identity of
these traps is unknown. A second deep trap with a thermal
activation energy of 0.45 eV (independent of x) was ob-
served in samples with x>0.22. This is the so-called DX cen-
ter which is responsible for the persistent photoconductivity
effect in AlGaAs.?®?® The binding energy of the DX center
varies with x and is fargest (0.16 V) at x = 0.4.°° The con-
centration of these traps was measured both by DLTS and by
the photocapacitance, at 77 K. The apparent concentra-
tion®! of the DX center increases rapidly above x = 0.2, It
peaks near the cross-over point where the concentration is

Eizenberg ef a/. 1520
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approximately equal to the Si donor concentration, and de-
creases slowly thereafter as x increases.

The presence of trapping centers was suggested before
to explain an observed increase in the magritude of tunnel-
ing currents in metal-CdTe junctions.>” A two-step process
(tunneling into the traps and out) was suggested to explain
the measured currents and the ideality factor of # = 2. Such
a large n was not observed in our case, ruling out the rel-
evance of this mechanism. A different approach was pro-
posed by Padovani,> whose results for Au-GaAs barriers
were similar to ours. He suggested that deep centers will
alter the space-charge region, since their occupancy will be
different on either side of the point at which the trap energy
level crosses the Fermi level in the semiconductor. This re-
sults in a larger electric field at the interfacial region which
can enhance tunneling. It is worth noting that the energy
levels of the traps found in the present work seem to be either
too shallow (the DX centers) or toc deep (the mid-gap
traps) to account for this phenomenon, according to the
abovementioned model.

It should be noted that a different approach to explain-
ing the temperature dependence of n was taken by Levine™
and later adopted to Au-GaAs by Borrego e al.,” and more
recently to Al-InP by Slowik et @/.*® The model is based on a
finite density of surface states and a barrier whose height is
controlled by the energy distribution of these states and the
applied bias. No tunneling is invelved in this model. Such a
model may explain the variations with temperature of # for
the higher temperature regime in our study, but the indepen-
dence of the siopes of log 7 vs I on 7 at low temperatures is
strong evidence of tunreling. It is difficult to explain the
magnitude of the tunneling current for the carrier concen-
trations used in this work without the suggested maodetl of
narrowing the barrier potential induced by the presence of
deep traps.

V. SUMMARY

The dependence of the Schottky barrier height of Mo-
AlGaAs intimate junctions on the Al mole fraction was de-
termined by the internal photoemission technique, and by
activation energy plots of the current-voltage dependence on
temperature. The difference between the Mo-AlGaAs bar-
rier height (as a function of x) and Mo-GaAs was found to
agree very well with the x dependence of the conduction
band discontinuity in AlGaAs-GaAs heterojunctions for Al
mole fraction x < G.4. The measured values of Agj were
somewhat lower than AE, for x > 0.4, the indirect regime;
however, the general dependence on x was quite similar. If
the correlation Ad] = AE, is indeed general, as expected
from Tersoff's theoretical model, it may be used to deter-
mine AE, in cases where experimental difficulties prevent a
direct determination of the band discontinuity.

The temperature dependence of the current-voltage
characteristics showed that for temperatures higher than
250 K, thermionic ernission was the dominant t{ransport
mechanism at forward biasing voltages. The barrier heights
derived from the Richardson (activation energy ) plots were
very similar to those obtained by the internal photoemission
techrique. Even in this high temperature regime, some de-

1521 J. Appl. Phys,, Vol. 61, No. 4, 15 February 1687

viations from ideal thermionic emission were observed, since
n> 1.1 for all diodes studied. The J-¥ characteristics at lower
temperatures were governed by thermionic field emission
(thermal assisted tunneling), where enhanced tunueling
currents were probably due to traps found in the AlGaAs.
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