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In this paper we report the results of extensive magnetotransport experiments on asymmetric
GaAs/AlAs double-barrier structures that were specifically designed to possess large phonon-assisted
tunneling currents. We find quantitative agreement between measured valley currents at liquid-helium
temperature and calculations that include the effects of phonon localization using the dielectric-
continuum model. The results demonstrate that (1) a major part of the valley current in these structures
is due to phonon-assisted tunneling, and (2) symmetric-interface phonons and confined phonons in the
GaAs well are the most important in phonon-assisted tunneling processes. Charge buildup in the GaAs
well is found to shift current-voltage curves to higher voltages and to distort magnetic field versus ap-

plied voltage diagrams.

I. INTRODUCTION

Double-barrier resonant-tunneling structures are the
focus of much current research, both for their potential
application as high-speed devices as well as for their
unique physical properties.! One critical issue for
researchers is the magnitude of the excess current—also
called the valley current—that flows through these struc-
tures for voltages just above resonance. A low valley
current is desirable for most device applications, and
quantitative modeling of this feature provides an ongoing
challenge to theorists.

The valley current in GaAs/AlAs double-barrier struc-
tures has generally been attributed to several processes,
including elastic scattering of tunneling electrons by im-
purities and interface roughness,z“6 quasielastic scatter-
ing by acoustic phonons,* I'-X conversion in AlAs bar-
riers,”® and inelastic scattering by longitudinal-optical
(LO) phonons. In many structures, this last process
causes phonon-assisted tunneling, in which electronic
states in the emitter are coupled to the resonant state in
the well through the emission of an optical phonon. This
provides the electrons with an additional pathway for
tunneling through the structures, leading to ‘“satellite”
peaks in current-voltage curves at low temperatures.’

Magnetotunneling data'®™1* suggest that the phonon-
assisted tunneling current can be attributed to at least
two types of phonons, one with the approximate energy
of bulk GaAs LO phonons (36.2 meV), and the other with
the energy of bulk AlAs LO phonons (50.1 meV).!10™13
However, much of the early theoretical research on
phonon-assisted tunneling did not attempt to explain
these results, in part due to uncertainty over how to mod-
el optical phonons in heterostructures.*!*"2° In
GaAs/AlAs heterostructures, it is now widely accepted
that optical phonons can become localized, either in one
of the semiconducting layers (confined phonons), or near
the interface between two layers (interface phonons). 2!~

47

In previous papers, "8 we predicted that two types of

phonon modes should dominate the current: confined
phonons in the well, with an energy of 36.2 meV, and
symmetric-interface phonons, with an energy of 50.1
meV in the long-wavelength limit. The properties of
these modes were calculated using the dielectric-
continuum model, a relatively simple macroscopic model
of localized phonons which accurately approximates de-
tailed microscopic models.?* This is especially true for
long-wavelength phonons, which are the ones most
relevant in phonon-assisted tunneling. '8

In this paper, we present tunneling and magnetotunnel-
ing data for an asymmetric GaAs/AlAs double-barrier
structure which—when interpreted in terms of the
dielectric-continuum model—demonstrate that a major
part of the valley current in the structure is due to
phonon-assisted tunneling via localized modes. In Sec.
II, we review the theoretical calculations of phonon-
assisted tunneling current, taking into account the two-
dimensional nature of the emitter electronic states and
charge buildup in the well. In Sec. III, we discuss sample
structure, growth parameters, and processing steps, and
show experimental current-voltage curves in the absence
of an applied magnetic field. In Sec. IV, we discuss ex-
perimental current-voltage curves with an applied mag-
netic field parallel to current flow, from which we con-
struct detailed diagrams showing the location of current
peaks versus magnetic field and applied voltage.

II. CALCULATION OF PHONON-ASSISTED
TUNNELING CURRENT

The composition of the double-barrier structure stud-
ied in this paper is shown in Table I. The core of the
structure consists of an 80-A undoped GaAs well sur-
rounded by a 33-A undoped AlAs barrier on the emitter
side (under positive bias) and a 45-A undoped AlAs bar-
rier on the collector side. Spacer layers with a graded
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TABLE I. Growth parameters for the experimental double-barrier structure.

Layer Thickness Composition
Cap 1.0 um GaAs (Si doped) Np=10" cm™3
300 A GaAs (Si doped) Np=2X%10"7 cm™3
300 A GaAs (Si doped) Np=4X10" cm™3
300 A GaAs (Si doped) Np=10'¢ cm™?
50 A GaAs (undoped)
Collector barrier 45 A AlAs (undoped)

Well 80 A
Emitter barrier 33 A
50 A
300 A
300 A
300 A
2 pm
Substrate

GaAs (undoped)

AlAs (undoped)

GaAs (undoped)

GaAs (Si doped) N, =10 cm™?
GaAs (Si doped) Np,=4X10'* cm™3
GaAs (Si doped) Np=2X10'7 cm™3
GaAs (Si doped) N, =2X 10" cm™*
n* GaAs substrate (100) direction

doping profile on either side of the structure ensure the
formation of a two-dimensional launching state for elec-
trons. The calculated current densities discussed in this
section are scaled to 250-um-diameter mesas, which were
the focus of the experimental measurements (see Sec. III).

Figure 1(a) shows the calculated conduction-band-edge
profile of the double-barrier structure for an applied volt-
age just above the resonant-tunneling voltage. The
profile in the emitter (left) side is calculated by solving the
Poisson and Schrddinger equations self-consistently with
T=0. Since the experimental current densities are
reasonably small, we assume the effect of current flow on
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FIG. 1. (a) The calculated conduction-band-edge profile for
the device structure under applied bias. (b) Detail showing the
emitter state in the accumulation layer, the resonant state in the
well, and the energy loss AE,.

the potential profile in the emitter is small. The voltage
drop across the collector space layer is calculated using a
standard depletion-layer approximation, once again
neglecting the effect of current flow on the profile.?® In
Fig. 1, we have neglected charge buildup in the well,
though this will be considered below.

At low temperatures, most of the electrons in the
emitter are found in the lowest two-dimensional energy
state with a z energy E,, as shown in Fig. 1(b). (Excited
states in the emitter can be important at room tempera-
ture and 77 K, but will not contribute to current in these
experiments.?>%%) In order for current to flow, electrons
must be transferred from the emitter state at E, to the
resonant state in the well denoted by E,,. When
E, =E,;, the overlap between the two states couples them
strongly giving rise to the resonant-tunneling current.
When E, > E,, electrons in the emitter can be coupled to
the resonant state in the well through the emission of an
optical phonon. Once in the resonant state, the electron
has a negligible probability of reabsorbing the phonon (at
low temperatures), and eventually tunnels out through
the collector barrier, leading to a second peak in the
current for voltages above the resonant-tunneling value.

The phonon-emission rate can be calculated using the
Fermi golden rule:

Wi )= 2| Bl PO, — By —Fiwg) , (2D

where H,_;, is the electron-phonon Hamiltonian, E; is the
energy of the initial electronic state, E, is the energy of
the final electronic state, and #iw, is the energy of the
emitted phonon. The fotal initial state |i ) has one elec-
tron in the state ¥; with no phonons, while the total final
state consists of one electron in the state ¥, plus one
emitted phonon.

The electronic states are calculated using a transfer-
matrix routine.3! We use an AlAs barrier height of 1.0
eV, and the tunneling effective mass of the electrons in
AlAs is taken to be 0.09m, where m is the free-electron
mass. This is significantly below the conduction-band-
edge value of 0.15m, but it is more consistent with re-
cent theory and experimental data based on cyclotron



12 642

resonance measurements>> and resonant-tunneling mea-
surements. >3

The electron-phonon Hamiltonians are calculated us-
ing the dielectric-continuum model, wherein the proper-
ties of localized phonon modes are derived using the bulk
dielectric properties of the semiconductor layers. In pre-
vious papers, we have predicted that two types of local-
ized phonons are most important for determining
phonon-assisted tunneling currents in typical double-
barrier structures: confined phonons in the well, which
have the energy of bulk GaAs LO phonons (36.2 meV),
and symmetric-interface phonons, which in the long-
wavelength limit have the energy of bulk AlAs LO pho-
nons (50.1 meV). These are called the “inner” symmetric
modes in Ref. 18 (because the associated electrostatic po-
tentials peak at the inner pair of heterointerfaces), and
are labeled w,, . in Ref. 25. The electron-phonon Hamil-
tonian for the confined mode has been given in Ref. 18,
while the Hamiltonian for the interface mode has been
given in Ref. 25.

In this paper, we do not make the long-wavelength ap-
proximation that was discussed in some of the previous
work. '~ 13 For the “inner” symmetric-interface modes,
the long-wavelength approximation overestimates the
current by about a factor of 2.

The emission rate is summed over all available initial
and final states in order to calculate the current. Previ-
ous treatments of phonon-assisted tunneling have typical-
ly assumed a three-dimensional density of states in the
emitter,* 19718 but for this structure the current formula
must reflect the two-dimensional nature of the electronic
states in the emitter. The current is then given by

e , . X
J== [ dk; [dkW(i—f;V)

X g, (K))g. (k) ) fo (k1= f,, (k)T ,
(2.2)

where k; is the initial momentum of the electron project-
ed onto the plane of the interfaces, k;l is the final momen-
tum of the electron projected onto the plane of the inter-
faces, g,(k;)=2(4/( 2m)?) is the density of electronic
states in the emitter, g,,(kj|)=(4 /( 2m)?) is the density of
available electronic states in the well (the factor of 2 is
dropped because the electrons do not change spin during
phonon emission), A4 is the cross-sectional area of the de-
vice, f,(k) is the Fermi distribution of electrons in the
emitter, and f,,(k|) is the Fermi distribution of electrons
in the quantum well.

Figure 2(a) shows the result of a numerical evaluation
of Eq. (2.2) for the phonon-assisted tunneling current of
the device structure in forward bias (the 33-A barrier as
the emitter barrier) at zero temperature, with fw(k|’|) set
to zero. Curve (1) shows the current due to the emission
of confined modes in the well with energy 36.2 meV.
Curve (2) shows the current due to the emission of the
symmetric-interface modes, while curve (3) shows the
combined current. It is important to realize that the z-
energy difference of the emitter and resonant states,
AE,=E,—E,., is not strictly equal to the phonon energy
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fiwy,. During the scattering process, the electron can
change its parallel momentum from k; to k|, with the ex-
tra momentum taken up by the phonon: k ,=k;+q.
The resulting formula for AE, is

(kP —k})

*

AE, =i, + 2.3)

2m

Thus, even though we included no broadening of the ini-
tial electronic levels for the calculation of Fig. 2(a), the
phonon-assisted tunneling current is spread over a large
range of voltages due to the three-dimensional nature of
the emission process.

It is also important to note that the current due to
confined modes (curve 1) decays slowly away from its
peak value at 0.48 V with increasing voltage. Because the
electron-phonon Hamiltonian for the confined mode!®®
is proportional to [qﬁ +(w/d;)*]7 "%, and typically
gy <m/d; (d, denotes the GaAs well width), the proba-
bility of emitting phonons with a large momentum in the
parallel direction is not significantly smaller than that for
emitting phonons with small momentum.

The calculations for Fig. 2(a) assume that electrons
tunnel through the collector barrier so fast that there is
no charge buildup in the well. However, if the collector
barrier is thick enough, the charge may accumulate in
the well, increasing the well occupation factor f w(kf') and
reducing the number of available final states.3* 3%
Charge buildup also implies the presence of a space
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FIG. 2. (a) The calculated phonon-assisted tunneling current
in the forward bias direction, with no broadening and no charge
buildup in the well. Curve 1: The current due to emission of
confined modes in the well #w,=36.2 meV. Curve 2: The
current due to emission of symmetric-interface modes
#iwg=~50.1 meV. Curve 3: The total phonon-assisted tunneling
current. (b) The calculated phonon-assisted tunneling current
in the forward bias direction, including the effects of charge
buildup and 5-meV broadening of the emitter electronic state.
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charge which may significantly distort the conduction-
band-edge profile, leading to a shift of peak voltages to
higher values.

Once an electron emits a phonon and drops into the
resonant state, it will remain in the well before tunneling
through the collector barrier in a characteristic time 7,
For our structure, with a 45-A collector barrier, this t1me
is estimated to be about 5 ns.3® (It may be much smaller
in structures with thin barriers.) Because the acoustic-
phonon-emission rate is many times faster, typically
<0.1 ns,* it is reasonable to assume that the electrons in
the well quickly relax to the lattice temperature once they
have dropped into the resonant state. The well occupa-
tion factor f,( ” is then given by (T =0)

1 ky<kp
Suk))= ,
I 0 ki>kp,
where (2.4)
= 2a7,J 1
P e

Here k. is the effective two-dimensional Fermi wave vec-
tor in the well. Since the current density J is dependent
on the amount of charge in the well, f,,(k}) must be cal-
culated self-consistently.

Although we have seen that the phonon-assisted tun-
neling current spreads over a range of voltages without
including electronic-state broadening, broadening of the
two-dimensional emitter state plays an important role in
real structures, smoothing sharp features in the curves of
Fig. 2(a). Electron-electron and electron—LO-phonon
scattering have relaxation times on the order of 100
fs,*'42 which in light of the energy-time uncertainty rela-
tion implies that the electronic states possess inelastic
broadening I'; of about 5 meV. We have found that the
current-voltage curves are insensitive to the exact value
of T';, so that any value between 3 and 8 meV gives simi-
lar results.

In Fig. 2(b), we have self-consistently calculated the
phonon-assisted tunneling curve for the forward bias,
taking into account the effects of charge buildup in the
well and with T'; =5 meV. The current levels are slightly
lower than in Fig. 2(a), since the charge buildup in the
well reduces the number of available final states. The
peak position has also been shifted from ~0.58 to =0.75
V, due to the band bending induced by the space charge
in the GaAs well.

In Fig. 3(a), we have calculated the phonon-assisted
tunneling current of the structure under reverse bias (the
45-A barrier as the emitter barrier) with £, ( w(k)) and T'; set
to zero. The current levels are much smaller in the re-
verse bias direction because, when the effects of charge
buildup are ignored, the phonon-assisted tunneling
current is essentially dependent only on the width of the
emitter barrier, through which the initial and final states
couple. In the reverse bias direction, the effects of charge
buildup are relatively minor, since the electrons tunnel
out quickly through the thin (33-A) collector barrier. In
Fig. 3(b), we have calculated the phonon-assisted tunnel-
ing current including the effects of charge buildup, and

12 643

Current (nA)

T T T
-0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9
Applied Voltage (V)

-704
-60 -
-50 (b)
-40
-30
-204
-10-
0 T T T T T T
-0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9
Applied Voltage (V)

Current (nA)

FIG. 3. (a) The calculated phonon-assisted tunneling current
in the reverse bias direction, with no broadening and no charge
buildup in the well. Curve 1: The current due to emission of
confined modes in the well. Curve 2: The current due to emis-
sion of symmetric-interface modes. Curve 3: The total
phonon-assisted tunneling current. (b) The calculated phonon-
assisted tunneling current in the reverse bias direction, includ-
ing the effects of charge buildup and 5-meV broadening of the
emitter electronic state.

with I'; =5 meV. Note that in this case the resonant
peak is not shifted to a higher voltage and, while the peak
current is slightly lower, the areas under the curves in
Figs. 3(a) and 3(b) are similar.

III. TUNNELING EXPERIMENTS

The experimental structure was grown by molecular-
beam epitaxy (MBE) using a Varian GEN Il on an n *-
GaAs(100)-oriented substrate, as shown in Table I with a
substrate temperature of approximately 580°C. Growth
interrupts of 90 s were used when switching from AlAs
growth to GaAs growth, but no interrupts were used
when switching from GaAs to AlAs. The unintentional
background doping is p type, with a concentration es-
timated to be ~ 10 em 3. Ohmic contacts con51st1ng of
400 A of Ge followed by 300 A of Ni and 1400 A of Au
were evaporated onto the sample through a shadow
mask. The contacts were annealed in a rapid thermal an-
nealer at 360 °C for 1 min in a pure N, atmosphere. Con-
tacts were then used as a mask for wet mesa etching in a
7:2:1 mixture of [H,O]:[H,0,]:[H;PO,].

Several different mesas were examined at temperatures
from 1.5 to 300 K. Results shown here are for 250-um-
diameter mesas at 4.2 K. As expected, larger 500-um-
diameter mesas possessed current levels scaled up by ~4
relative to 250-um results, and also exhibited unstable
current oscillations above the phonon-assisted tunneling
peak due to larger capacitance of the device.

Two gold wires, one for the current leads and one to
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measure the voltage across the sample, were attached to
each mesa using an ultrasonic wire bonder. The back
side of the sample was fixed onto a small copper plate us-
ing silver paint, and two leads were attached to the plate.
The voltage across the sample was supplied by a Keithley
230 programmable voltage source and was monitored by
Keithley 175 digital multimeters, one connected to each
voltage lead. The current was measured by monitoring
the voltage across a 10.00-Q) resistance in series, with the
current leads using a Keithley 197 microvolt digital mul-
timeter. Detailed I-V curves for these structures were
also measured at 1.5 K, but differed insignificantly from
the 4.2-K results.

Figure 4(a) shows a typical I-V curve for these samples
at 4.2 K. In forward bias (the 33-A barrier as the emitter
barrier), the main resonant-tunneling peak is at =0.54 V.
This is followed by the phonon-assisted tunneling peak at
~0.81 V. The presence of this unusually large phonon-
assisted tunneling peak is due in part to the unequal
barrier-layer thicknesses. In fact, strong phonon-assisted
tunneling peaks have also been reported in asymmetric
GaAs/Al, ,Ga, ¢As double-barrier structures.’®3® The
small plateau observed in the I-V curves for voltages just
above the resonant-tunneling peak corresponds to time
averages of the oscillating current.

In the reverse bias direction, the main resonant-
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FIG. 4. (a) The experimentally measured current-voltage
curve with no applied magnetic field. (b) The expansion of Fig.
4(a) focusing on the phonon-assisted tunneling peak in the for-
ward bias direction. (c) An expansion of Fig. 4(a) focusing on
the phonon-assisted tunneling peak in the reverse bias direction.
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tunneling peak is seen at = —0.24 V, followed by another
plateau associated with external circuit oscillations. The
phonon-assisted tunneling peak at =~ —0.48 V is much
smaller than in the forward bias case. In each bias direc-
tion, the hysteresis observed near the plateau regions is
too small to be depicted on this graph.

Figure 4(b) shows an enlargement of the experimental
current voltage curve near the forward bias phonon-
assisted tunneling peak. This is in good quantitative
agreement with the calculated curve of Fig. 2(b). The
peak voltages differ by 8.7% [0.745 (theory) versus 0.816
V (experiment)], while the peak currents differ by only
2.5% [1.93 (theory) versus 1.88 mA (experiment)], a re-
markable fit for a calculation with essentially no adjust-
able parameters.

Above 1.0 V, the experimental current increases rapid-
ly. Since tunneling through the second resonant state in
the well is not expected to occur until =~1.5 V, this rapid
increase is most likely due to tunneling over the X point
in the AlAs collector barrier,” and probably accounts for
most of the discrepancy between theory and experiment
for voltages above 0.85 V.

Figure 4(c) shows an enlargement of the experimental
current-voltage curve near the phonon-assisted tunneling
peak in the reverse bias direction. In this case the agree-
ment in voltage is closer, 5.7% [—0.513 (theory) versus
—0.485 V (experiment)], while the agreement in current
is not as accurate, 24% [—52.8 (theory) versus —69.5 uA
(experiment)]. Note that the excess current at —0.7 V in
theory and experiment is quite similar, indicating that
even for voltages well beyond the phonon peak, most of
the excess current in this device can be explained as
phonon-assisted tunneling. Once again, below —0.9-V
tunneling over the X point in the collector barrier leads
to a rapid increase in current.

IV. MAGNETOTUNNELING DATA

We expect that the phonon peaks for both forward and
reverse biases are due to two types of phonons, i.e., the
confined modes in the well with an energy of 36.2 meV
and the symmetric interface modes with an energy of 50.1
meV. With no applied magnetic field, the contributions
from the two phonon types are difficult to resolve without
differentiating I-V curves, as seen in the preceding
theoretical and experimental results. This is due to the
fact that the energy loss in the z direction, AE,, is not
equal to the energy of the phonons, #iw, but is also
affected by the energy changes in the directions parallel
to the interfaces as in Eq. (2.3). On the other hand, when
a magnetic field is applied in the z direction—parallel to
current flow—the electronic energies in the x-y direc-
tions are quantized into Landau levels with energy
fiw (v+31), where o, is the cyclotron frequency
w,=eB/m*, and v=0,1,2, ... is the Landau level num-
ber. The energy loss in the z direction is then given by

AE, =%wy+fiw (Av) , 4.1)

where Av is the change in the Landau level caused by the
optical-phonon emission. Thus AE, is quantized into
discrete steps, making it more straightforward to separate
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out contributions from confined and interface modes.

Figures 5(a)-5(c) show experimental current-voltage
curves for the phonon-assisted tunneling peak in the for-
ward bias direction for three different magnetic fields.
These traces are all taken with increasing voltage. I-V
curves taken with decreasing voltage are only slightly
different due to a small amount of hysteresis. Although
this hysteresis is slightly enhanced with increasing mag-
netic field, it is not as pronounced as that reported by
Leadbeater and Eaves for GaAs/Al,4Gaj¢As struc-
tures.>® At 2.81 T, the phonon-assisted tunneling curve is
slightly scalloped. Each one of these peaks corresponds
to a different type of Landau-level transition. As the
magnetic field is increased, fiw, becomes larger and the
peaks proportionally spread out in voltage. At 7.18 T,
the peaks are sharp and quite prominent. On the other
hand, the main resonant-tunneling peak (not shown)
possesses only slight shape variations with applied mag-
netic field, since—with the exception of relatively weak
elastic-scattering events—the momentum parallel to the
interfaces is conserved during resonant tunneling.

Each peak in the magnetic-field traces should be attri-
butable to a particular type of Landau-level transition.
This can by done by plotting a diagram in which the loca-
tion of each peak is plotted versus magnetic field and
voltage. The location of the current peaks is best deter-
mined from the minima of the second derivative
d*I /dV?. At larger magnetic fields (>2 T), we deter-
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FIG. 5. Experimentally measured current-voltage curves
with different magnetic fields, focusing on the phonon peak un-
der forward bias: (a) 2.81, (b) 4.56, and (c) 7.18 T.
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mined d2I/dV? by computing the second derivative of
the current-voltage curves, while at lower magnetic fields
the differential conductivity of the sample was measured
directly using a lock-in technique which provided
enhanced sensitivity. This technique consisted in apply-
ing a dc voltage plus a small ac signal to the sample cir-
cuit with the ac component of the voltage 6V across the
sample measured by a lock-in amplifier (Stanford model
SR-510). A second lock in (Stanford model SR-530) mea-
sured the ac current signal 81 by monitoring the ac volt-
age across a precision resistance in series with the current
leads. A first derivative of the resultant conductivity data
was then computed to obtain d*I /dV? vs dc voltage V.

The derivatives were taken using a numerical digital
filter.*> The initial data points b, were convoluted with a
differentiating filter using Lanczos smoothing according
to the following prescription:

N
di= 3 biikck

k=—N (4.2)
¢, =sgn(k) sin(tk /N) 2
KT Gk /N @
sin(kw.,) @ cos(ka,)
k? k

Here d; denotes the desired derivative, o, is the cutoff
frequency, N is the number of points in the digital filter,
and sgn(k) returns the sign of k. The parameters N and
o, were optimized in order to reduce noise while retain-
ing small features. For our data, the number of points in
the filter was typically set at N =10, while the optimum
value of w_, was found to be 0.3.

In Figs. 6(a) and 6(b), we show magnetic field versus
applied voltage diagrams for the forward bias phonon
peak. There are two distinct “Landau fan” patterns
which converge as the magnetic field is reduced to zero.
One pattern converges to 0.67 V and corresponds to the
emission of confined modes in the well while the other
pattern converges to 0.81 V and corresponds to the emis-
sion of symmetric-interface modes. At low magnetic
field, the patterns are quite regular, without any of the
systematic deviations from straight patterns that were
predicted in Ref. 17 on the assumption of a three-
dimensional emitter state. This provides strong evidence
for the two-dimensional nature of the emitter state in
these experimental structures. In different structures
with reduced emitter-spacer-layer length, one might ex-
pect a more three-dimensional.electron gas to form in the
emitter, which would alter the low-field structure consid-
erably. Magnetotunneling data thus appear to provide a
useful method for determining effective dimensionality of
the emitter electronic states.

Other researchers have observed patterns emanating
from the resonant-tunneling peaks due to elastic-
scattering events.'!? In our structure, those patterns
are buried beneath the strong phonon-assisted tunneling
peak, although the small section of the line above 4 T and
below 0.65 V in Fig. 6(a) seems to be emanating from the
resonant-tunneling peak. The absence of any strong
structure associated with the resonant-tunneling peak
provides further indication that most of the excess
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FIG. 6. Forward bias diagrams: voltage locations of current
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current in this structure is due to phonon-assisted tunnel-
ing.

In Fig. 7, we show the magnetic field versus voltage di-
agram obtained with the sample under reverse bias.
Since the current levels are much smaller in this direc-
tion, the patterns cannot be extended to as low a magnet-
ic field as in the forward bias case. Nonetheless, we clear-
ly observe two straight vertical lines that converge to
—0.45 V and —0.52. These two lines correspond to the
emission of confined and symmetric-interface modes, re-
spectively, with no change in the Landau level. The oth-
er lines correspond to the emission of phonons with a
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FIG. 7. The reverse bias diagram:
current peaks vs magnetic field.

voltage locations of
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change in the Landau-level index.

The differences between the forward and reverse bias
diagrams reveal some of the consequences of charge
buildup in the GaAs well. As the magnetic field is in-
creased, the current peaks become higher and sharper!’
(see Fig. 5). In the forward bias case this significantly in-
creases charge buildup in the well, and thus skews the
patterns toward higher voltages as the magnetic field in-
creases. Under reverse bias there is minimal charge
buildup, so that the Av=0 patterns are straight even at
high magnetic fields. Finally, we note that in both Figs. 6
and 7 deviations from the straight lines are observed at
level crossings, but these are unrelated to the anticross-
ings observed by Boebinger et al., which occurred for
much higher magnetic fields and were attributed by the
authors to magnetopolaron effects. !

V. DISCUSSION

In conclusion, we have shown close agreement between
the experimentally measured phonon-assisted tunneling
current in GaAs/AlAs double-barrier structures and pre-
dictions based on a dielectric continuum model of local-
ized phonons, demonstrating that most of the valley
current can be attributed to optical-phonon-assisted tun-
neling at low temperatures. Symmetric interface pho-
nons (with the energy of bulk AlAs LO phonons) and the
confined-well phonons (with the energy of bulk GaAs LO
phonons) are the most important, and contribute roughly
equivalent amounts to the total current. Furthermore,
we find that charge buildup in the well has two principal
effects: (1) it reduces the number of available states in the
well (via Pauli exclusion), which causes the phonon-
assisted tunneling peak current to saturate (Fig. 5); and
(2) it distorts the potential profile, which produces a
skewing of current-voltage curves to higher voltages
when the current is high. The latter effect is strikingly il-
lustrated in the forward bias magnetic field versus voltage
diagram [Fig. 6(a)].

Magnetotunneling measurements such as these hold
promise as a viable method for performing spectroscopy
of localized phonons and precisely determining the fre-
quency of the different modes.'* This requires calibration
of the experimental voltage scale—which includes the
potential drop across the large spacer layers—in terms of
the electronic energy scale AE,. Ideally, these are related
by a current-independent constant parameter a so that
V=aAE,. However, for the present structure the large
amount of charge buildup in the well under forward bias
means that ¥ and AE, are no longer related by a simple
constant (i.e., a @ becomes dependent on current), so that
an accurate spectroscopy is somewhat complicated. On
the other hand, under reverse bias there is relatively little

charge buildup in the well, and the scaling between volt-
age and energy scales is expected to be linear. The pa-
rameter a can then easily be determined from the slopes
of the reverse bias magnetic-field diagrams (Fig. 7) using
Eq. (4.1). On the basis of the first six lines, we estimate
a=5.4910.15 V/eV, which, referring to the voltage
difference between the resonant-tunneling peak and the
two phonon-assisted tunneling peaks, gives
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#iwy=36.020.9 meV for the confined phonons, and
#iwy=50.3%1.3 meV for the symmetric-interface pho-
nons, well within the accepted bulk values of 36.2 and
50.1 meV.

The properties of double-barrier symmetric-interface
modes were derived in Refs. 18 and 25, assuming that the
emitter and collector AlAs barriers were of equivalent
length. Although this is not the case for the structure
measured here, we have calculated the full dielectric-
continuum model Hamiltonian for our asymmetric struc-
ture and find that it differs only slightly from the approxi-
mate models used in the calculations of Sec. II. We have
also neglected various effects of dynamic electron screen-
ing which might be expected to play a role in these struc-
tures a priori. Large electron concentrations in both the
emitter layer and the GaAs well should alter the dielec-
tric properties of those layers, affecting both the phonon-
dispersion relations and the strength of electron-phonon
coupling. While we have argued in a previous paper that
the mobile charge in the emitter reduces the strength of
the ““outer” symmetric phonon modes (i.e., those modes
with associated electrostatic potentials that peak at the
outer pair of heterointerfaces), '¥ the full effect of electron
screening on phonon-assisted tunneling awaits further
theoretical investigation.

In the full dielectric-continuum model for a double-
barrier structure, there are a total of ten different types of
localized optical-phonon modes. Calculations of the
phonon-assisted tunneling rates for each of the ten modes
have been carried out and suggest that all but four of
these can be dismissed as relatively insignificant for
phonon-assisted tunneling in typical double-barrier struc-
tures. Thus the confined phonons in the AlAs barriers do
not overlap much with electronic wave functions—
particularly the resonant state—and the resultant emis-
sion rate is quite small.!®3!' The four antisymmetric-
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interface modes have very small overlap with the elec-
tronic states (which are approximately symmetric with
respect to the well center) and, additionally, possess van-
ishingly small electron-phonon-coupling constants in the
long-wavelength limit.'%?>2°>  The TO-like “inner”
symmetric-interface phonons with an energy =33.3
meV —associated with the inner pair of heterointerfaces
and labeled w,; _ in Ref. 25—have a very small electron-
phonon-coupling constant.

Four modes remain, two of which, the confined pho-
nons in the well and the “inner” symmetric-interface
phonons, have been the focus of this paper. The other
two are the LO-like “outer” symmetric-interface phonons
(energy =~36.2 meV, labeled w, . in Ref. 25) and the
TO-like “outer” symmetric phonons with an energy
~44.8 meV (labeled w,, in Ref. 25). A preliminary cal-
culation of the contribution of these two modes to the
phonon-assisted tunneling current using the methods of
Sec. II gives a contribution which approaches that of the
confined well and “inner” symmetric-interface modes.
While these modes may be important in some structures,
we have not included them here for the following reasons:
(1) both TO- and LO-like ““outer” modes are expected to
be strongly damped by the screening action of electrons
in the emitter, thereby reducing their contribution to
phonon-assisted tunneling; and (2) no experimental evi-
dence for a TO-like phonon with energy 44.8 meV was
observed in either I-V curves or magnetic field versus
voltage diagrams.
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