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Tunneling-current measurements in Ga;-;Al,As-GaAs-Ga;-,Al,As heterostructures under hy-
drostatic pressure show that nonresonant tunneling occurs preferentially through the lowest poten-
tial barrier, while resonant tunneling is determined solely by a I'-point profile. For fixed voltages,
the low-temperature current through a 100 A-40 A-100 A structure with GaggoAlo4oAs barriers
increased with pressure, up to 11 kbar. The rate of increase showed an abrupt rise at ~4 kbar,
which is attributed to tunneling through a I'-X barrier. This interpretation is consistent with a
rapid increase of the tunneling current in AlAs-GaAs-AlAs, even at low pressures. On the other
hand, a negative-resistance feature associated with resonant tunneling via quantum-well states,
shifted smoothly to lower voltages with pressure, indicating that the energy of the confined states
is established by a pressure-dependent I'-point profile.

In a semiconductor heterostructure composed of a thin
dielectric layer A between slabs of a n*-doped material B,
an electron with energy in the forbidden gap of the film
has a finite probability of tunneling through it. If the fun-
damental gaps of both 4 and B are at the same point of the
Brillouin zone, e.g., T, the potential barrier for tunneling is
the energy difference E(I'y) —E(I'3). We examine here
the question of which potential barrier controls the tunnel-
ing of electrons through an indirect-gap semiconductor, in
which E (T4) — E (T'g) is no longer the minimum barrier.’

We have chosen the Ga;-,Al,As system, whose band
structure can be drastically changed with variations in x or
by the application of hydrostatic pressure. At atmospheric
pressure, the minimum band gap of Ga; -,Al,As is direct
for 0<x <0.45, and located at the I" point. For x > 0.45,
the conduction band at X is lower in energy than at I,
making the system indirect. Thus, the minimum potential
barrier for an electron to tunnel through a thin
Ga; - Al As film between two n *-type GaAs electrodes is
determined by the energy difference E (I"Ga,_x;uxm)
— E (T'gaas) if x <0.45, and E(XGa,_,AI,As) —E (Tgaas) if
x >0.45. A third barrier of comparable height arises
from the Lga,_,A1,As — I'Gaas discontinuity.2

So far, the few studies reported reach conclusions that,
at first sight, seem contradictory. Resonant tunneling ex-
periments in double-barrier AlAs heterostructures are con-
sistent with a potential configuration defined exclusively
by the I' point.>* However, tunneling measurements
through AlAs single layers have been explained by a
TGaas-Xalas barrier,’ and experiments on GagssAlg4As
also favor a substantial contribution of the X point.$

A closer look to the various tunneling processes may ex-
plain this paradox. We can consider two kinds of process-
es regarding the conservation of momentum perpendicular
to the tunneling direction, assumed to be the [100] direc-
tion: direct and indirect tunneling.” The former occurs
between the same extrema of the projected Brillouin zones
of GaAs and Ga,-,Al,As. An example of this is a I'-
point process, with a I'-I" barrier. Indirect tunneling, in
which perpendicular momentum is not conserved, requires
inelastic scattering with impurities, phonons, etc. This is
the case of tunneling via the four L -point valleys (I'-L bar-
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rier), and via two of the three X-point valleys [010] and
[001], with a I'-X barrier. Tunneling involving the X
minimum at [100] can occur as a direct process.

The relative contribution of the various mechanisms is
determined by the tunneling probabilities, which depend
on the barrier height and effective mass of each path, and
by the rate of electron transfer between I' and the other
zone extrema. Since mT is the lightest, for x < 0.4, tun-
neling Ga; —xAl,As is expected to be direct and to proceed
almost exclusively through the I'-I" barrier.® The mass
along [100] of the L ellipsoids mfioo), is about twice as
large as m", so that when the L point becomes lower in en-
ergy than the I point (x > 0.5), tunneling through I'-L
may become significant.® Similarly, mf,o0) for the [010]
and [001] X ellipsoids is about three times m", and there-
fore indirect I'-X tunneling could be important beyond
x =0.45, when the I'-X barrier is the lowest. The extreme
case corresponds to AlAs, in which E (Tajas)
—E (Tgaas) =1.05 €V, E(Lajas) —E (T'gaas) =0.39 eV,
and E (Xaia;s) —E (Tgaas) =0.16 eV. The small I'-X bar-
rier can therefore explain the single-barrier tunneling
measurements of Bonnefoi, Chow, McGill, and Burnham®
and of Hase, Kawai, Kaneko, and Watanabe.$

On the other hand, resonant tunneling is a direct pro-
cess, sensitive to the I'-I" barrier. Consequently, the con-
fined quantum states in the potential between two barriers
are determined by a I'-T" profile, as shown by the results of
Bonnefoi et al.3 and Tsuchiya, Sakaki, and Yoshino* on
AlAs-GaAs-AlAs. (There is also a direct-tunneling chan-
nel through the [100] X ellipsoid that leads to confined
states in Ga;—,Al,As via a I'-X profile, as recently
demonstrated.!?)

The experiments reported here confirm the validity of
these concepts based on the effective-mass approximation.
We have relied on the fact that under hydrostatic pressure
the I'- and L-point energies of GaAs increase (relative to
the top of the valence band) at a rate of 10.5 and 5.5
meV/kbar " !, respectively, while the X point goes down
by 1.5 meV kbar~!. The pressure coefficients of
Ga;—,Al,As are similar to those of GaAs (Ref. 11).
Thus, in the direct-gap regime (x <0.45) Ga,—,Al,As
undergoes a transition to indirect-gap material at a critical
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34 TUNNELING THROUGH INDIRECT-GAP SEMICONDUCTOR BARRIERS

pressure that decreases linearly with increasing x, from
~40 to 0 kbar. The valence-band discontinuity between
GaAs and Ga, -, Al,As is taken to be independent of pres-
sure, which, as explained below, is a good assumption.

Resonant and nonresonant tunneling was observed in
undoped double-barrier heterostructures AlAs-GaAs-
AlAs and Gag goAlg.40As-GaAs-Gag goAlg.40As, sandwiched
between n¥-type GaAs electrodes (Si doped to 10'®
cm~3). The thickness of each layer in the former struc-
tures was 50 A. In the latter, the barrier widths were 100
A and the well thickness was either 40 or 60 A. In all
cases, the heterolayers were grown by molecular-beam epi-
taxy on (100)-oriented n*-type GaAs substrates.

The samples (mesa-eteched circles, 250 um in diame-
ter) were enclosed in a Be-Cu cell, together with a cali-
brated InSb pressure gauge. Hydrostatic pressure was ap-
plied at room temperature by compressing the liquid
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FIG. 1. Current-voltage characteristics at 77 K, for represen-
tative pressures, of (a) GageoAlosoAs-GaAs-GageoAlosoAs and
(b) AlAs-GaAs-AlAs, double-barrier heterostructures. (See
sketch in the inset.) In the former, the thickness of the barriers
is 100 A, and that of the well is 40 A. For the latter, the thick-
ness of each layer is 50 A. In (a) an apparent flat conductance
at high bias and high pressure is a consequence of large series
resistance. A similar effect, also present in AlAs-GaAs-AlAs,
has been corrected in (b).
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(kerosene) in which they were immersed, and the cell was
subsequently cooled to 77 K. The hydrostatic nature of
the pressure was confirmed by resonant tunneling mea-
surements, up to 11 kbar, in AlAs-GaAs-AlAs hetero-
structures clad by p*-type GaAs contacts. The negative-
resistance features associated with resonant tunneling
through heavy- and light-hole states'? remained un-
changed up to the highest pressure. This shows the ab-
sence of uniaxial-pressure components, which would have
produced a change in the relative position of the heavy-
and light-hole resonances,'> and the independence with
pressure of the valence-band discontinuity.

The current-voltage (/-V) characteristics of the 40-A-
well heterostructure are shown in Fig. 1(a) for representa-
tive pressures. The low-voltage current, followed by a neg-
ative conductance region starting at ~0.25 V, corresponds
to resonant tunneling of electrons through the only con-
fined state in the well. The onset of a positive conductance
at ~0.5 V represents tunneling through one of the
Gage0Alg40As barriers, as the other one has effectively
disappeared under the high bias.

The off-resonance current increases with increasing
pressure p reducing the peak-to-valley ratio of the
resonant component, and at high p dominates the tunnel-
ing process, even at low bias. A similar behavior is found
for the 60-A-well sample, in which two resonant tunneling
structures'® at 0.11 and 0.45 V disappear in a background
of pressure-induced nonresonant current. The effect is
even more dramatic in the AlAs-GaAs-AlAs heterostruc-
ture [see Fig. 1(b)], where the disappearance takes place
at much lower pressures.

The increase of current with pressure, at constant volt-
age, is shown in Fig. 2 for the GaggoAlo.40As barrier. At
0.55 V, a critical pressure p.~4 kbar separates two re-
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FIG. 2. Tunneling current, in logarithmic scale, vs hydrostatic
pressure, at constant bias, for the sample of Fig. 1(a). The volt-
ages shown correspond to total biases applied to the samples.
The actual voltage drop in the double-barrier heterostructure
may be smaller, especially for the highest bias at high pressure.
For ¥ =<0.4 V, the current is dominated at low pressures by
resonant tunneling, and its value does not change appreciably
with pressure.
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gions of very different slopes: 0.092 and 1.26 kbar ~!. At
higher bias, e.g., 0.70 V, the behavior is similar, although
the slope at high pressures is affected by series resistance
[see Fig. 1(a)l. At lower bias, e.g., 0.40 V, the rapid
current increase is also observable at high pressure.

Since at high bias the electron energy is above the top of
the barrier near the collector, the current change can be
analyzed in terms of variations of the electron effective
mass and of the height of a single potential barrier. At
0.55 V, tunneling occurs in the Fowler-Nordheim regime,
and

dnl) _ _ o cos™V8™ | 1 d(lnm) | 3 d(n¥p)
dp ’ 14 2 dp 2 dp |

ey

where the effective mass m is in units of the free-electron
mass, the height of the barrier V3 is in eV, its width wis in
angstroms, and the voltage drop across it V is in volts.

As pressure enhances the effective mass, any increase in
tunneling current is due to a reduction of the barrier
height. Using I'-point parameters, m =0.101, V3 =0.28,
w =100, ¥V =0.23, and d(lnm)/dp =0.005, we get
dVg/dp = —1.7 meV kbar~! for p <p., and —17 meV
kbar~! for p > p.. The small decrease of the barrier
height at low pressure is consistent with electrons tunnel-
ing through a I'-T" barrier. In addition, it shows that the
pressure coefficients of the fundamental energy gaps of
GaAs and GaggoAlp40As, although similar, are slightly
different, in agreement with previous suggestions that the
latter is smaller than the former.!*!> However, the abrupt
decrease of Vp above p, is incompatible with tunneling ex-
clusively viaI'-T".

We attribute the discontinuity of dVp/dp to indirect
tunneling through the I'-X barrier. The critical pressure
of ~4 kbar agrees well with the estimated value of the
direct-indirect transition in GaggpAlg.40As, and, above p,,
dVg/dp is comparable to the rate of decrease of the X
point, relative to the I' point of GaAs. Further support to
this interpretation is provided by tunneling measurements
in AlAs-GaAs-AlAs heterostructures.

The tunneling current through AlAs barriers increases
rapidly with pressure, as seen in Fig. 1(b), at a rate
d(InI)/dp =2.09 kbar~! for a total bias of 0.20 V. An
analysis similar to the one leading to Eq. (1), for a I'-T"
discontinuity of 1.05 eV, in the rectangular-barrier limit,
yields dVg/dp > 0.2 eV kbar ™!, which is unrealistic. As
in GaggoAlg.40As, the current increase is attributed to tun-
neling through the very low I'-X barrier.

For the proposed I'-X tunneling channel to be compara-
ble to the I'-T" path, m* should not be very heavy, relative
to m'. Its value can be estimated from our result of
d(Inl)/dp, if we take dV/dp to be the difference between
the pressure coefficients of the I and X points —12 meV
kbar~!. For the GaggoAlg.40As barrier we get m*=0.18,
and for AlAs, m*X=0.26. These values correspond to the
mass along the [100] direction, that is the transverse mass
of the [010] and [001] X ellipsoids. The good agreement
with the values available in the literature,” ranging from
0.19 to 0.27, has to be taken cautiously, however.

The above analysis has several limitations. First, precise
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values for the band parameters used are unknown.
Second, we have used the formalism of the WKB approxi-
mation for a single barrier, ignoring quantum reflections,
as well as charge accumulation in the barriers and any
voltage drop in the electrodes. These simplifications intro-
duce uncertainties in our estimations, although probably
not large for GaggoAlo.40As barriers. In AlAs, the value
for the effective mass is more questionable, since we have
used an expression corresponding to the Fowler-Nordheim
regime, which is outside the voltage range of the measure-
ments. A more realistic estimation, using a trapezoidal
potential, would increase somewhat the effective mass.

In addition to decreasing I'-X, pressure lowers the I'-L
barrier, and since mfjgg) is ~0.11 (Ref. 16), a substantial
amount of current may tunnel through the latter at high
pressure. This path should be more important in
GageoAlp.40As than in AlAs, since for the latter the I'-L
barrier is more than twice the height of ' —X. The rela-
tive contribution of the inelastic channels, however, de-
pends not only on individual tunneling probabilities but
also on the unknown rates of electron transfer from the I'
to the X and L points.

The effect of pressure on the I'-T" barrier can be derived
directly from resonant tunneling. Although not apparent
in Fig. 1(a), a careful analysis of the conductance versus
bias shows that the negative-resistance structure of
Gag e0Alg.s0As-GaAs-Gag goAlg.s0As shifts to lower volt-
ages with increasing p. Figure 3 illustrates this depen-
dence for the voltage of minimum conductance, which is
directly related to the energy E of the confined state in
the quantum well. The p =0 value is in reasonable agree-
ment with the calculated confinement energy in the pres-
ence of an electric field. A I'-T" profile also explains the
negative-resistance voltage in AlAs-GaAs-AlAs, in agree-
ment with previous works.>*
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FIG. 3. Voltage of minimum conductance vs pressure, for the
sample of Fig. 1(a). The energy of the quantum state in the
GaAs well is approximately half this voltage. A least-squares fit
to the data (@) up to 8.5 kbar gives a slope of —1.76 mV kbar ™.
A larger decrease above 9 kbar results from the dominant pres-
ence of nonresonant current. The inset sketches the potential
profile that leads to negative resistance.
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Assuming that the voltage drop outside the double bar-
rier is independent of pressure (which is invalid at very
high bias, as seen in Fig. 1), the observed shifts must arise
from the pressure-induced increase of the effective mass
and possibly from a reduction of the barrier height. The
smooth decrease of the resonant voltage with increasing p,
well beyond p., confirms that only the I'-I" barrier is in-
volved in resonant tunneling. An apparently larger shift at
very high p (> 9 kbar), results from the large nonresonant
background that shifts the voltage of minimum conduc-
tance to lower values. The observed rate of decrease of the
quantum state, dEo/dp = —0.88 meV kbar ™!, can be ac-
counted for by a barrier decrease of 3 meV kbar ~! togeth-
er with a mass enhancement, which alone would produce a
downshift of 0.3 meV kbar ™.

The reasonable agreement between this estimation and
dVg/dp derived from nonresonant tunneling supports the
interpretation that for p < p. indirect tunneling through
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the I'-L barrier does not contribute significantly. Further-
more, it indicates that the pressure coefficients of GaAs
and GaggoAlg40As for the T point are slightly different.
An analogous difference for the X and L points would
change the quantities deduced here; however, the main
conclusions, that the X point contributes significantly to
indirect tunneling beyond the direct-indirect transition,
and that resonant tunneling is determined by direct tun-
neling, should remain valid. In cases in which the transfer
rate from I' to other points would strongly favor the I'-I'
path over others (e.g., I'-X), the former could dominate
for very thin barriers, even when I'-T" is significantly
higher than I'-X.
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