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Phonon-assisted tunneling due to localized modes in double-barrier structures
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The excess current associated with phonon-assisted tunneling at low temperature in GaAs/A1As

double-barrier resonant-tunneling structures is calculated taking into account localized phonon modes.

We find that symmetric interface phonon modes generate the most current in a typical structure, while

confined modes in the GaAs well also contribute significantly. Antisymmetric interface modes and

confined modes in AlAs barrier layers generate much less current. Numerical results are in unexpect-

edly close agreement with available experimental data.

GaAs/Al Ga& „As double-barrier resonant-tunneling
(DBRT) structures have recently been the focus of inten-
sive research, both for their interesting physical proper-
ties and their technological potential as a generation of
high-speed electronic devices. ' Although a range of
theoretical methods successfully predict qualitative
features of experimental current-voltage curves in these
devices, " quantitative agreement between theory and
experiment is still lacking. In particular, experimental
DBRT structures possess an off-resonance "valley"
current which is generally much larger than predicted.

This valley current is due to a number of causes, in-
cluding I to X conversion in the barriers, ' alloy and in-
terface scattering, and inelastic scattering by phonons. '

For polar semiconductors such as GaAs and AlAs, elec-
trons couple strongly to longitudinal-optical (LO) pho-
nons, and in DBRT structures this coupling causes
phonon-assisted tunneling which manifests itself in
current-voltage characteristics as satellite peaks that ap-
pear for applied voltages above the main resonant-
tunneling peaks. " ' Although calculations of the ex-
cess current due to phonon-assisted tunneling have been
performed, ' ' ' they generally use bulk phonon modes
and do not take into account the localized nature of LO
phonon modes. ' In this paper, we calculate the current
due to phonon-assisted tunneling in the presence of these
localized modes for a DBRT structure consisting of a
GaAs well sandwiched between two A1As barriers.

For voltages above the resonant-tunneling peak a small
portion of the emitter electronic wave function extends
through the first A1As barrier into the GaAs well region.
This wave function can therefore couple with the quasi-
bound resonant state through emission of a LO phonon.
Because the device is biased above resonance, the reso-
nant state is lower in energy than the emitter
conduction-band edge, so that every electron dropping
into the resonant state tunnels through the collector bar-
rier giving rise to current. This unidirectional process is
shown in Fig. 1.

Using the effective-mass approximation and assuming
that the potential varies in the z direction only, we write
the initial and final electronic states associated with pho-
non emission as
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FIG. 1. Schematic illustration of the phonon-assisted tunnel-
ing process in a DBRT structure. U(z) denotes the effective
one-dimensional potential, E,f is the energy of the quasibound
resonant state, and AE, is the electron-energy loss in the z direc-
tion. Shaded regions denote reservoirs of electrons in collector
and emitter regions while arrows indicate movement of the tun-
neling electron.

where A is the cross-sectional area of the entire struc-
t«e, and rll and kll are' respectively, the po»tio and
wave vector projected onto the plane of the interfaces.
The energies of these states are given by

A' k
E, = ll +E,
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and
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Ak'
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where E, is the electron energy in the z direction. The z
dependent parts of the wave functions y;(z) and yf (z) are
determined by a one-dimensional Schrodinger equation
with effective potential U(z) (shown in Fig. l), and are
normalizable with respect to the total length of the
DBRT structure including the emitter and collector re-
gions. For phonon-assisted tunneling processes, y; is tak-
en as a plane-wave state impinging on the DBRT struc-
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ture from the left-hand (emitter) side, and yI is taken as
the quasibound resonant state wave function with energy

The scattering rate due to phonon emission is then
given by Fermi's golden rule

H con

d [q'„+(

Xsin z [a„(q(()+a„(—q(()],
n&

W(i~f)= 1&fIII, p„li&I'&(E, —EI—&~,), (2)

where the Hamiltonian 8, h describes the interaction be-
tween electrons and the electrostatic potential set up by
optical phonons in a polar semiconductor; %coo denotes
the LO phonon energy, -36 meV for GaAs and -50
meV for A1As. ' The total initial state li ) has one elec-
tron in state 4; with no phonons, while the total final
state consists of one electron in the state 4& plus one
emitted phonon.

While the exact form of the electron-phonon Hamil-
tonian H, h for localized phonon modes in GaAs/AlAs
DBRT structures is not known, numerous models have
been advanced. ' The most widely accepted of these
is the dielectric continuum model, which approximates
the different semiconductor layers by uniform slabs of
material with each slab assumed to have the dielectric
properties of the same material in bulk. ' Within the
dielectric continuum picture two types of localized pho-
non modes that exist for DBRT structures: (1) conjoined
modes which give rise to electrostatic potentials that are
strictly localized in either a barrier or well layer and van-
ish at the interfaces, and (2) interface modes —also
known as surface optical modes —which give rise to po-
tentials that are largest at the interfaces and decay into
the device layers.

The electron-phon on (Frohlich) Hamiltonian for
confined modes in a layer of thickness d can be written'

where z is m.easured from the right-hand side of the
confining region and y is a coupling constant (from Ref.
16 we estimate y =0.098 eV A for CxaAs layers and
y =0.208 eV A for A1As layers). Here

q~~
is the com-

ponent of the phonon wave vector parallel to the inter-
faces, and a„(q~~) and a„(q~~) are creation and annihilation
operators for confined phono ns; the mode number
n = 1,2, 3. . . , gives the number of phonon half-
wavelengths which "fit" into the confining layer in the z
direction.

Inserting the Hamiltonian into Eq. (2) and integrating
over all final states which have z components of electron
energy equal to the resonant value E,& yields the phonon
emission rate W„„(k;n, V) which depends on the applied
voltage V. The excess current density associated with
phonon-assisted tunneling via a single confined mode
with mode number n is then calculated using

J„""= IeW„„(k;n, V)g, (k)f, (E(k))dk,co 1

where f, (E(k)) is the Fermi distribution of electrons in
the emitter and g, (k)=2[AL, /(2') ] is the density of
electron states in the emitter (L, is the emitter length).

We have found that the emission rate W„„(k;n, V) has
a strong dependence on k„but only weakly depends on

k~~ above a threshold value determined by energy conser-
vation considerations. Thus, we can approximate the
dependence on k~~ by a step function, i.e.,
W„„(k;n,V)=0 below threshold, and W„„(k;n, V)
=W„„(E,;n, V) above threshold. Equation (4) is then
easily integrated over k~~ to yield,

emkti TL, „W„„(E,; n, V)J„'o"= j lnI 1+exp[(E+ E, E;„)Ikt—i T]]dE, ,—2~'A' Uz

where U, = (2E, Im *)',EF is the electron Fermi level in
the emitter, and E;„=%duo—4E, for AE, &Amo while
E;„=0 for b,E, )Acoo (here b.E,=E, E,& is the-
electron-energy loss in the z direction). Equation (5) is
analogous to the Tsu-Esaki formula' for the current due
to standard resonant tunneling.

To calculate the phonon-assisted tunneling current due
to interface modes we note that, within the dielectric con-
tinuum model, there are eight sets of distinct interface
modes for a double barrier structure. In the long-
wavelength limit (i.e., q~~d (( I, where d is the width of
the well layer), four of these modes behave like bulk
transverse-optical (TO) phonon modes and only weakly
couple to the electrons. The remaining four interface
modes behave like bulk LO phonons and can therefore
couple strongly to electrons; these consist of two sets of

I

antisymmetric modes and two sets of symmetric modes.
One set of symmetric modes are localized around the
inner heterointerfaces (i.e., the two barrier-well inter-
faces) and have the energy of bulk A1As LO phonons.
The other set of symmetric modes are concentrated about
the outer interfaces (i.e., the emitter-barrier and barrier-
collector layers) and have bulk GaAs LO phonon ener-
gies

The electron-phonon Hamiltonian for the inner sym-
metric interface phonons can be approximated as'

' 1/2
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f, (ql, z)
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where b(q~~) and b (q~~) are creation and annihilation
operators for symmetric interface phonons, %co, is the en-

ergy per phonon -50. 1 meV, and we estimate P=0.335
from Ref. 16. The function f, (q~~~, z) is proportional to
the electrostatic potential generated by these phonons
and, when z is measured from the center of the GaAs
well, is given by'

~iI (~+d/'2
e z & —d/2

f, (q~~, z ) = cosh(q~~z)/cosh(q~~d /2), ~z
~

~ d/2

Note that f, (q~~, z) is spatially symmetric with respect to
the GaAs well center at z =0, and achieves a maximum
value of 1 at the inner heterointerfaces interfaces (i.e.,
z=+d/2) while decaying exponentially into the device
layers with characteristic length 1/q~~.

This Hamiltonian is inserted into Eq. (2) and summed
over final states to obtain the symmetric interface phonon
emission rate and the current is calculated using a formu-
la similar to Eq. (5). The current due to antisymmetric
interface modes is calculated in a completely analogous
manner.

Numerical results were obtained for a DBRT structure
with a 60-A GaAs well sandwiched between two 30-A
A1As barriers, and an emitter Fermi level of E~=20
meV. Dielectric and electronic properties of AlAs and
GaAs used in the calculations were taken from Refs. 4
and 16, and the wave functions y, (z) and yf(z) were nu-
merically calculated by a standard transfer-matrix
method. '

Plots of the phonon emission rate 8' per electron are
shown in Fig. 2. To obtain these rates, the initial elec-
tronic state has been normalized so that there is precisely
one electron in the DBRT structure. Curve 1 shows the
emission rate (averaged over k~~) for the n =1 confined
mode of the GaAs well as a function of AE, for fixed ap-
plied voltage V=210 mV. As expected, 8' peaks at 36
meV, the energy of confined phonons in the GaAs well.
At this energy the electron-energy loss is entirely in the z

direction, and the emitted phonon has vanishing q~~. For
AE, )36 meV the electron gains energy in the parallel
direction, and for AE, & 36 meV the electron loses energy
in the parallel direction. Curve 2 plots the emission rate
8' vs AE, for the symmetric interface mode at the same
applied voltage. In this case, the emission rate peaks very
sharply at 50.1 meV, the energy of A1As LO phonons.
The sharpness of the peak in curve 2 is due to the diver-
gence of the interface Hamiltonian Eq. (6) as q~~~0.
Although the symmetric interface mode has A1As pho-
non energies, it is not spatially localized in the barrier re-
gion.

Numerical calculations of the current density J versus
applied voltage V using Eq. (5) and temperature T=4 K
are shown in Fig. 3. The largest contribution to the
phonon-assisted tunneling peak comes from the sym-
metric interface modes. This occurs because the sym-
metric interface modes extend over the entire structure
and the resulting matrix element integral implicit in Eq.
(2) is large. The antisymmetric modes also extend over
the entire structure, but since electronic states are both
roughly symmetric with respect to the GaAs well center,
this mode will not couple them strongly. The current due
to confined well modes is somewhat smaller than the
symmetric mode current, but much larger than the
confined barrier mode currents. This occurs because the
resonant state electronic wave function is much larger in
the well region and thus the matrix element integral is
much larger for the well than for the barrier.

The characteristic widths of the resonant and phonon-
assisted current peaks in Fig. 3 are essentially determined
by the emitter Fermi level EF, and for larger EF values
the peaks will blend together. Conversely, the effective
emitter Fermi level should be made as small as possible in
order to achieve maximum resolution of satellite peaks
caused by distinct phonon modes. We have found that
other DBRT structures give qualitatively similar results
to Fig. 3 with the current contribution of confined well
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FIG. 2. Curve 1: the phonon emission rate &for the n =1
confined mode in the GaAs well as a function of hE, and fixed

voltage V=210 mV for an A1As/GaAs/A1As structure with
0 ~

0
30-A barriers and a 60-A well. Curve 2: Emission rate for the
inner symmetric interface modes with V=210 mV.

FIG. 3. Resonant and phonon-assisted tunneling currents in
an A1As/GaAs/A1As structure with a 60-A well and 30-A bar-
riers. Curve 1 is the resonant-tunneling current, and curves 2—5
are the phonon-assisted tunneling currents due to (2) the n =1
confined modes in the GaAs well, (3) the n =1 confined modes
in the left-hand A1As barrier, (4) the inner symmetric interface
modes, and (5) the inner antisymmetric interface modes.
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modes relative to symmetric interface modes increasing in
wider structures, while symmetric interface modes are
predicted to dominate electron-phonon interactions in
narrower DBRT structures.

Most published data on phonon-assisted tunneling
have been obtained for GaAs/Al Ga, „As DBRT de-
vices with Al concentration x (0.5 rather than the case
of pure A1As barriers to which the above results most
directly apply. "' Using a generalization of the dielec-
tric continuum model to binary-ternary alloy (i.e.,
GaAs/Al Ga, „As) heterostructures by Kim and Stros-
cio, 5 we have adjusted values of the y and P coupling
constants in our calculations to allow a closer comparison
with recent experimental data of Leadbeater et al. ' For
their structure II (x =0.4 and 58-A undoped GaAs well)
we estimate a satellite peak height of 14.4 pA using no

adjustable parameters, while they reported a measured
peak height of approximately 10 pA. This close agree-
ment should be compared with a previous calculation of
phon on-assisted tunneling currents which used bulk
GaAs LO phonon modes and in which predicted and ex-
perimental peak heights differed by a factor of -250. 'o

In order to correctly fit the voltage scale (or, equivalently,
the satellite peak line shape), space-charge effects should
be treated. Our model can be generalized in a straight-
forward manner to include such eFects.

We thank Michael A. Stroscio for helpful conversa-
tions and also acknowledge the support of the North
Carolina Board of Science and Technology through
Grant No. 90SE14.
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