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Thermionic emission across Al„Ga, „As single barriers under hydrostatic pressure
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We have investigated thermally activated transport across GaAs-A1, Ga& As-GaAs single-barrier
heterostructures under hydrostatic pressures up to 6 kbar. The pressure dependence of the activation
energy 4 is measured for different mole fractions x in the alloy barrier. For all samples with X 0.50, 4
decreases with a pressure coefficient of 17+2 meV kbar, indicating the importance of the X valleys in

the activated current. However, for a barrier with x =0.38, N is only observed to decrease above a pres-
sure threshold of 2 kbar, and no decrease is observed at all for a barrier with x =0.33. In addition to the
pressure dependence of the activation energy, an inhuence of pressure on the prefactor of the activated
current is observed. The results are interpreted in terms of a model that takes into account two different
transport channels, one via the I point and the other via the X point in the Al GaI As barrier.

I. INTRODUCTION

In a large variety of electronic devices based on III-V
semiconductors, Al Ga& „As is used as a barrier for the
transport of carriers to the semiconductor layers. For de-
vices that are operated by applying an electric field across
a barrier, e.g., field-effect transitors, any current How
across the barrier is undesirable and can degrade the de-
vice performance. A similar issue occurs for devices
where precise control of the current fIow perpendicular
to the layers is essential, e.g., resonant tunnel diodes. In
this case, charge carriers are thermally activated at room
temperature and can surmount the Al„Ga& „As barrier,
again leading to a degradation of the device performance.
Hence, finding the most effective barrier for electrons is
of great technical importance for the optimization of
electronic devices.

In thermionic emission across a single barrier, the ra-
tio of the barrier height N and the thermal energy k~T
determines the saturation current density according to
the classical Richardson equation

J= A *T exp
k~T

where A *=em *kz /2~ A is called the Richardson con-
stant. Since the band gap of Al Ga& „As can be tuned
by the A1As mole fraction x, several experimental studies
have been undertaken to examine how the activation en-
ergy of thermally activated electrons depends on x.
This is not trivial because the lowest conduction-band
minimum in Al„Gai As for small x is at the 1 point (at
the Brillouin-zone center) as in GaAs, whereas for Al-
rich Al Ga& As (x )0.4), the X minima (at the edge of

the Brillouin zone) become the lowest. Studying a series
of samples where the Al„Ga& As composition is varied
systematically is one possible approach to find the most
effective barrier for the electrons. However, problems
with the interpretation of the data can arise from
sample-dependent properties that are not correlated with
the different compositions, e.g. , the interface quality may
vary from sample to sample due to different growth con-
ditions. An alternative method for studying the depen-
dence of electron transport on the barrier height is to ap-
ply hydrostatic pressure to a given sample. This avoids
the problems arising from the use of different samples.
The two methods, however, are not equivalent, because
by varying the barrier composition, both the I -I and the
I -X conduction-band offsets are changed, whereas hydro-
static pressure changes only the latter. The I and X
minima have different pressure coeKcients and therefore
the conduction-band offset between the I minimum in
GaAs and the X minimum in Al Ga& As can be con-
trolled with pressure. The offset between the I minima
in the two materials remains essentially unchanged be-
cause of the similar pressure coefficients. Hence, high-
pressure experiments provide a unique way of monitoring
the effect of the I -X barrier on electrical transport.

We report here on thermal activation experiments
where we combine both methods by applying hydrostatic
pressure on Al„Ga, „As single barriers of different com-
positions. The measurements were performed in a gas
pressure cell permanently connected to a pressure control
system allowing a constant pressure to be maintained
while increasing the temperature. Only under this condi-
tion is the band-edge profile essentially constant during
the measurement if we neglect a small temperature
dependence of the conduction-band offset, which is an in-
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herent problem for the interpretation of activation exper-
iments. The experimental data are compared with a
quantum-mechanical calculation of the activated current
to improve the interpretation. In this calculation the
transmission coefficient of the electrons through the bar-
rier plays a crucial role and determines the activation en-
ergy and the prefactor of the activated current.

the slope and the Boltzmann constant (ks ) is denoted as
the "activation energy" 4, and the ordinate intercept as
the "prefactor" 3

III. MODEL FOR ACTIVATED CURRENT

The quantum-mechanical model for thermal activation
starts from the calculation of the current density

II. SAMPLES AND EXPERIMENTAL SETUP
eml k, vJ= f t(E)S(E)dE,

2~'A' (2)

The samples used in these experiments were grown by
molecular-beam epitaxy. A heavily doped GaAs buffer
layer was grown on an n+-type substrate, followed by a
0.5-pm-thick n-type GaAs layer, a 40-nm-thick
Al„Gal „As barrier, and a 5-nm-thick GaAs spacer.
The top electrode is formed by a 1-pm-thick heavily
doped GaAs layer. Two samples (x=0.38,0.62) have
heavily doped GaAs on both sides of the barrier. For
each sample the Al content was determined experimen-
tally by reAection high-energy electron diffraction oscilla-
tions and by x-ray-diffraction experiments on reference
superlattices that were grown just prior to the samples
used for this experiment. Both methods provide the ex-
act growth rates needed to determine the thickness of the
barrier and its Al content. Samples with dimensions of
5X5 mm were cleaved from all wafers. Mesas between
1.3 and 2.2X10 cm were produced by standard wet
etching techniques. Ohmic contacts were prepared by
conventional Au-Ge-Ni metallurgy. The samples were
mounted with conducting carbon paste on a sapphire car-
rier. In order to avoid stress on the sample due to
different compressibilities of the sapphire and the sample,
only one corner of the sample was glued to the carrier.

For the electrical measurements the sample was
mounted in a high-pressure cell that was placed in a bath
cryostat and permanently connected to a two-stage gas
compressor. We used He gas as a pressure-transmitting
medium that does not solidify in the pressure range (0—6
kbar) and temperature range (120—250 K) used in the ex-
periments. The temperature was measured with a Fe-
Cu/Ni thermocouple inside the cell. During transport
measurements the cell was warmed up from low tempera-
tures at a rate of 20 K per hour while the pressure was
kept constant to within +50 bar. The activated current
was measured for different applied voltages between —25
and +25 mV with an accuracy of +100 pA.

The experimental data are evaluated in the convention-
al manner by plotting ln(J/T ) vs 1/T. The product of

where t(E) is the transmission coefficient and S(E) the
so-called supply function

T

1+exp( E/kz—T)
S(E)=ln

1+exp[( E—e—U)/k~T j
(3)

with U being the applied voltage. We assume parabolic
bands and separate the motion parallel and perpendicular
to the interfaces. The transmission coefficient can then
be calculated on one dimension. In the envelope-function

approximation, the transmission coefficient is calculated
in the usual way by matching the wave function
and its derivative divided by the effective mass
(1/m *)V%(7=8/Bz) at both interfaces. Here m *

stands for the electron effective mass in GaAs (m*, ) or
Al Ga, ,As (m2 ). The waves in the contact regions are
plane waves,

1kZ+ IkZ (4)

For the wave vector in GaAs we have
k

&

= 1/vari(2m
&
E )

'/ with m
&

=0.067m o. In the barrier
region the wave vector is given by k2
=I/iri[2mz (E—V)]' (mz =l. lmo), where V is the
potential step, given either by the conduction-band offset
between the I minima in GaAs and Al„Ga, „As ( V„)
or by the offset between the I minimum in GaAs and X
minima in Al Ga& „As (Vz). It has been shown else-
where that this model works quite well as long as
VI- ~ V~, i.e., as long as the electrical transport occurs
via the I minima throughout the structure. For large Al
concentrations in the barrier when Vz ~ VI-, this model
overestimates the prefactor of an activated current densi-
ty, by up to 2 orders of magnitude in the case of pure
A1As. Actually, the continuity condition has to be im-
posed onto the full Bloch function leading to an interface
matrix connecting the envelopes of the wave functions at
the interface. ' '" The interface matrix that will be used
here is given by'

( 1 2) 1/2

0

y
( 1 y2)1/2

0 ( I 2)1/2 y
( 1 y2)1/2

+x
V+„
V%
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pz V% —/pl ka 1 e l pl ka 2e (7)

The base vectors of this matrix are given in square brack-
ets and correspond to the envelope functions for an elec-
tron at the I point (%'r) and at the X point (%x) and
their derivatives (VV„,V+x). The off-diagonal matrix
elements lead to a mixing among the functions and
among their derivatives. Only the parameter y is neces-
sary to adjust the amount of mixing between the waves.
This is similar to the problem treated by Biittiker. '

Since the tunneling problem is described by propaga-
ting or evanescent waves in positive or negative z direc-
tions, the transfer matrix JR through the barrier is writ-
ten in a different base. The base transformation matrix

connecting the interface and transfer matrices can
easily be deduced from

qg +ikz+ —ikz
2

0
t3

0

—ik zr

lkrz
e
—ik zr

(13)

since nothing is reAected back from infinity. The indirect
I channel is only populated by the interface. Therefore,
the amplitude a 3 is set to zero in the emitting contact and
a is given by

The matrix At transmits two waves through the barrier
according to the two different conduction-band offsets
and effective masses for the I and X channels. In the col-
lecting electrode, far enough behind the second interface,
there is again only one propagating wave that has I-
point symmetry. The vector t is given by

ikrz
e

At the contact regions a vector consisting of the ampli-
tudes of plane waves traveling in positive and negative z
directions can be transformed into a vector consisting of
the envelope function and its derivative through

a2

0

ik rz
e
—ik z

e
ikrz

e
(14)

1 1

ik/m* —ik/m*
a& ikz

(8)
e

0 0

Ek/Pl z- lk /Pl r

0
1

0

0
1

0

0 ik/Pl I- —ik/Pl r*

The extension to vectors with four components as indi-
cated in Eq. (5) is straightforward and leads to a base
transformation matrix

a4 —ik zr

0.86x for 0 ~ x ~ 0.45
AE"= '

0. 86x + 1.15(x —0.45 ) for0. 45 ~ x ~ 1.
(15)
(16)

The solution of Eq. (10) provides the amplitudes t, and t3
of the transmitted waves and hence the transmission
coefficient t.

The following inputs have been used f'or the quantita-
tive calculation: the dependence of the conduction-band
offset between the I minimum in GaAs and Al Ga1 „As
is given by'

ikrz
e
—ik zr

The conduction-band offset between the I minimum in
GaAs and the X minimum in Al Ga1 „As is described
b 15

ikrz
e
—ik zr

AE =0.44 —0.42x +0.14x for 0 x 1. (17)

Hence, the equation for tunneling through the barrier is
given by

For the effective electron masses, the conduction-band
masses are used because the electrons do not tunnel
through thick barriers under the low bias applied in the
present experiment. We have used

a= J~AAf2' At,

where

(10)
m2 =(0.067+0.083x )mo (18)

~BA ~b ~BA ~b

~AB ~b ~AB ~b (12)

and a consists of the amplitudes of the incident and
reAected waves while t consists of the amplitudes of the
transmitted waves. The first and second components of
the equation describe the I -I -I" channel and the third
and fourth describe the I -X-I channel.

Now the problem can be formulated as follows. A
wave function at the I point in GaAs is incident on the
barrier. The amplitude of this wave is partially
transferred to the X minimum by the interface matrix.

for the I" channel and

Pl 2
= 1. 1Pl O (19)

for the X channel. ' A small pressure dependence of all
effective masses'

m "(p)/m *(0)= 1+6.15 X 10 p(kbar)
—1.22X10 p (kbar) (20)

is included but has no significant impact on the result.
The small compression of the barriers ( (1/o) has been
neglected.

The amount of mixing of the I" and X waves is con-
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trolled by y in the interface matrix where y =0 (1) means
that the X (I ) channel is completely opaque. In the fol-
lowing we shall briefly speak of Jz and J& for the current
Aowing through the X and I channels, respectively.

In summary, this model allows the calculation of the
transmission coefficient for coherent waves with an arbi-
trary amount of mixing. It is assumed in this model that
there is no scattering; the wave vector parallel to the in-
terfaces is conserved. Thus only the X minimum longitu-
dinal to the z direction is involved in the transport pro-
cess.

IV. RESULTS AND DISCUSSION

All samples investigated display the well-known linear
behavior of ln(J/T ) vs 1/T with a constant slope. As
an example, the result for x =1.00 and p=4. 3 kbar is
shown in Fig. 1. Applying pressure to a sample shifts
down the X minimum in Al„Ga, As relative to the I
minimum in GaAs. Since the I minima in both materials
have similar pressure coefficients that differ only by about
1 meV kbar ' (Refs. 18 and 19), any pressure dependence
of the activation energy is closely connected with the
variation of the I -X barrier. This effect is clearly ob-
served for all samples with x ~ 0.50 where the activation
energy decreases linearly with a pressure coefficient of
—17+2 meV kbar [Fig. 2(a)]. This coefficient is larger
than the one derived, e.g. , from photoluminescence ex-
periments in superlattices (

—12.5 meV kbar '). How-
ever, in a tunneling experiment through a double barrier
resonant tunneling structure' with x =0.4, the pressure
coeKcient of the barrier height was determined to be
—17 meV kbar ', in agreement with the present result.
The origin of this difference between transport and opti-
cal data is not yet understood.

An inAuence of the L minimum on the experimental
activation energy can be excluded because the I -L
conduction-band offset is larger than the I -X
conduction-band offset. Furthermore, the pressure
dependence of the band gap at the L point has a positive
sign, ' making the X minimum even more favorable with
increasing pressure.

The pressure dependence of the activation energy for

x =0.38 exhibits an interesting behavior. Up to a thresh-
old pressure of p,h

=2 kbar the activation energy @ stays
essentially constant. Only beyond p,h, N decreases with
the same slope as for the samples with x ~0.50. N de-
pends sensitively on how the total current J Bowing
through the sample is composed of Jz- and J~. As long
as J& dominates, the activation energy will be determined
by the conduction-band offset between the I minima in
CxaAs and Al„oa, As (Vr). When J~ is dominating,
Vz will determine the activation energy, which then be-
comes pressure dependent. The sample with x =0.38 ex-
hibits the crossover between the two different behaviors.
For p ~ 2 kbar, J~ contributes the major part to the ac-
tivated current density and hence there is no pressure
dependence of the activation energy. For p )2 kbar, Jz
dominates in all samples with x 0.38 and they exhibit
the same pressure dependence. It is important to note
that for x =0.38 and at p =0, Vz is already smaller than
Vz. This means that even when the conduction-band
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FIG. 1. Plot of ln(J/T ) vs 1/T for sample with x=1.00 un-
der hydrostatic pressure of 4.3 kbar.

FIG. 2. (a) Difference of the activation energy + at finite
pressures p and at p =0 as a function of p for x =0.33, 0.38,
0.50, 0.62, 0.81, and 1.00. (b) Difference of the calculated ac-
tivation energy 4 at finite pressures p and at p =0 as a function
of p for y=0.05 and an applied voltage of U=10 mV for
x =0.33, 0.38, and 1.00. In (a) and (b) the straight line indicates
a pressure coefficient of —17 meV kbar '. The dashed and the
dotted lines indicate either 0 or —17meV kbar
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minima have just crossed, J„remains dominant. This
shows that the indirect X channel is less transparent as
the direct I channel for similar conduction-band offsets.
This fact is rejected in the model by y & 1 and the larger
effective mass for the X electrons.

For the sample with x =0.33, the activation energy is
found to be constant for pressures up to p=4. 9 kbar.
The bands cross at p =2 kbar for this composition. The
interpretation of these data is similar to that of the sam-
ple with x=0.38, but now the critical pressure p, h is
above 4.9 kbar.

For a better understanding of the pressure dependence
of 4&, simulations are performed by evaluating Eq. (2) in
the temperature range where the measurements were per-
formed yielding the temperature-dependent current den-
sity J(T). To be close to the experimental situation, the
applied voltage was chosen to be U=10 mV. These data
are then analyzed in the same way as the experimental
ones by a linear fit of ln(J/T ) vs 1/T, providing 4 and

The quantitative analysis of the simulations suffers
from the uncertainty in the magnitude of y. For
GaAs/A1As superlattices, a value of 0.04 for y is found
experimentally. ' From theory, it is clear that y is close-
ly connected with the band structure of the two materials
forming the interface. Hence, y is expected to depend on
the mole fraction x. Furthermore, since hydrostatic pres-
sure also changes the band structure, a pressure depen-
dence of y cannot be excluded but will be neglected in the
following.

In Fig. 3 we show the transmission coefficient t (E).
The different effects of the mixing and the pressure on the
activated current density J ( T) can be demonstrated best
on this object. The x =0.38 case was chosen as an exam-
ple because this composition allows one to observe the
crossover from the pressure-independent activation ener-
gy to a pressure-dependent one in the pressure regime ac-
cessible in the present experiment. Figure 3(a) displays
t (E) for p =0 and y =0.05. This choice for y is justified
later. For E ) Vz, there are virtual resonances on top of
the I -point conduction-band profile with maxima
t(E)=1. In the range Vz (E( Vr a series of sharp
peaks is visible. They correspond to virtual resonances of
the I -X-I conduction-band profile. In comparison to the
resonances for the I -I -I profile, the peak values are re-
duced by approximately a factor y . This demonstrates
that y governs to a large extent the effectiveness of the in-
direct X channel. Hydrostatic pressure lowers the in-
direct potential step Vz. Figure 3(b) shows t (E) for
y=0.05 and p =2 kbar and now the virtual resonances
start at much lower energies and persist over a larger en-
ergy range. Even though t (E) is strongly modulated, the
integration of Eq. (2) yields a result for J(T) that can be
analyzed in the same way as the experimental data. Fig-
ure 4 shows the calculated ln( J/T ) vs 1/T for x =0.38,
y=0.05, and p=0, 2.0, and 2.9 kbar between 125 and
220 K. It is important to note that the Arrhenius plots
for p =2.0 and 2.9 kbar are slightly bent. For low tem-
peratures the indirect X channel becomes increasingly
important. Therefore, one has to consider the same tem-
perature ranges in experiment and theory when Jz and
Jz are comparable. However, this type of bending is not
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FIG. 4. Activated current density J(T) for x =0.38 and
y=0.05 plotted as ln(J/T ) vs 1/T for p =0 (dotted line), 2
(dashed line), and p =2.9 kbar (solid line).

FIG. 3. Transmission coefficient t(E) for x =0.38, y=0.05,
and (a) p=0 and (b) p=2 kbar. The dotted lines indicate t(E)
in the envelope-function approximation for the I and the X
channels.
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with

1 N 1/2
expt theor 2

N(N 1), — (21)

p'=@'(p) —4'(0), a =expt, theor . (22)

The total number of experimental data points is %=33.
Figure 5 shows a plot of Ao. as a function of y for
0.01~@~0. 18. It displays a clear minimum in Ao for
@=0.05+0.01. The four samples with a linear pressure
dependence make Ao. strongly increasing towards lower
values of y. For y ~0.05 bo. also increases but does so
much more weakly, because in this case only a small
number of data points of x =0.33 and 0.38 are sensitive
and hence give a smaller contribution to the total error.
Figure 2(b) exhibits the theoretical result of @(p)—@(0)
for @=0.05 as a function of pressure. The quantitative
and qualitative agreement to experiment supports the
presented model. Of course, it would also be possible to
choose smaller values for the mixing parameter for those
samples with large Al contents, e.g., y =0.04 for AlAs.
The experimental prefactors might support this pro-
cedure, but their accurate analysis is impeded by the ex-
perimental fact that even at pressures of several kbar,
variations of +50 bar lead to small deviations of the
linear behavior of ln(J/T ) vs 1/T (see Fig. 1).

Extrapolating this model beyond pressures of 6 kbar al-
lows one to estimate the critical pressure of the sample
with x =0.33. A significant decrease of the activation en-
ergy is predicted for pressures between 7 and 8 kbar.

present in the experimental data. Only for p =2.9 kbar is
the slope of the activated current density significantly
smaller than for p =0, although there is a large change in
t(E) between p =0 and 2 kbar [Figs. 3(a) and 3(b)]. Nev-
ertheless, the activation energy changes only when the in-
direct current (Jx) becomes comparable to the direct one
(Jr).

A series of calculations has been performed to fit all
data points shown in Fig. 2(a), using y as a parameter.
Intuitively, it is clear that the experimental data for
x =0.33 set an upper limit for y because only for a small
amount of mixing between the wave functions can a
pressure-independent activation energy be expected. On
the other hand, the data for x + 0.50 set a lower limit be-
cause only if the mixing is strong enough can one expect
a linearly decreasing activation energy. Alone, x =0.38
pins down a specific value of y because there are two dis-
tinct regimes of the pressure dependence of 4, limiting y
to low as well as to high values. Since from an activation
experiment it is not possible to determine both the com-
position and pressure dependence of y, a single value was
calculated for all samples and pressures. As a measure of
accordance between experiment and theory, the mean ab-
solute error was used:

3.5

& 30--
CU

2.5--

I I I I I I I I I I I I I I I I I I I
I I I

0.05 0.10 0.15 0.20

FIG. 5. The mean absolute error Ao. of +(p) —W(0) between
experiment and theory as a function of the mixing parameter y
and the I" and X channels.

V. CONCLUSION

Thermally activated transport in GaAs-Al„Ga& As-
GaAs single-barrier heterostructures of di6'erent compo-
sitions has been studied under hydrostatic pressure. A
linear decrease of the activation energy is observed with a
pressure coefficient of 17+2 meVkbar ' for the Al-rich
samples. This coefficient is larger than the one derived
from photoluminescence experiments but agrees with
other transport measurements. The crossover from a
pressure-independent activation energy to a pressure-
dependent one is clearly observed for the samples with
low Al concentration. The critical pressure where this
crossover occurs depends on the Al concentration in the
barrier.

Quantum-mechanical calculations assuming that the
mixing between I and X electron wave functions is 5%
are able to simulate the experimental findings. The most
important of these is that the X minima must be
sufficiently below the F' minimum so that the current Jz
through the indirect X channel is of the same order of
magnitude as the current Jz through the direct I chan-
nel. Only then does the pressure dependence of the X
minima manifest itself in the electrical transport proper-
ties.
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