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Quantum well, voltage-induced quantum well, and quantum barrier
electron waveguides: Mode characteristics and maximum current
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It is shown that finite-potential heterostructure wells, homostructure voltage-induced wells,
and heterostructure barriers can act as waveguides for ballistic electrons and that
waveguiding is described by a single dispersion relation and can occur at energies above all
band edges. The guided mode cutoffs, electron velocity, effective mass, density of

states, and ballistic current density (applicable to 2D electron gases) are presented. The
maximum ballistic guided current flowing in a given direction for a 10 monolayer
Gag ysAl) 25As/GaAs/GaggAl, |As waveguide is found to be 2.3 mA per um of

waveguide width-allowing considerably greater currents than in single-mode quantum wires.

Recent experiments have demonstrated micron-length
ballistic (collisionless) electron transport and ballistic elec-
tron refraction in two-dimensional electron gas (2DEG)
structures.™? In these devices, the quantum well at the
2DEG interface acts as a slab waveguide for electron
waves. Other experiments have demonstrated that “one-
dimensional (1D) wires” defined in GaAs-GaAlAs hetero-
structures can act as channel electron waveguides.* In most
analyses of 2D and 1D electron waveguides, it has been
assumed that the waveguide has hard-wall boundaries (in-
finite potential),** or that the confining potential does not
couple the transverse and longitudinal electron wave vec-
tor components.>* While the hard-wall boundary may be
reasonable for the gate-voltage defined sidewalls of one-
dimensional wires, it is not valid for the boundaries formed
by a heterostructure. The assumption that the transverse
and longitudinal wave vector components are independent
leads to a parabolic energy dispersion relation that does not
give proper electron wave phase matching at the
boundary.”'® In this letter, 2D electron waveguides are
analyzed without any of the above assumptions.

We first consider a ballistic electron wave with energy
E incident at an angle 8, on a single potential energy step
which can be either a rise (¥, < ¥;) or a drop (V> V).
The effective masses are taken to vary in the same manner
as the potential energies, i.e.,, m§ < m? for ¥, < ¥, and vice
versa. This holds explicitly for the Ga, _ ,Al,As system, in
which the conduction band potential energy V' = Ax and
the effective mass m*® = my(Bx + C), where 4 =0.7731
eV, B=0.067, C = 0.083, and my, is the free electron mass.
The time-independent Schridinger equation for the enve-
lope wave function ¢ in the effective mass approximation is
(- ﬂ’ﬂmf)"ﬂr) + Vpi(r) = Ey(r), where j is the re-
gion index ( /= 1,2). The boundary conditions are that ¢
and (1/m*)(3y/0x) must be continuous. Snell's law for
ballistic electrons is kl sin 0. s kz sin 0,, where kj
= \(2m}/#)(E~ V)) (j=1,2).° The onset of total in-
ternal reflection (TIR) (8, =90") occurs at the critical
angle 8, = sin ~'(ky/k;)."" TIR can occur below the crit-
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ical energy E_, = (m$V; — m{V,)/(m? — m?) for a po-
tential rise and above the critical energy for a potential
drop. The existence of TIR for a potential drop requires
differing effective masses. When TIR occurs, the wave
function in region 2 decays as exp( — y,x), and the elec-
tron wave in region 1 experiences a phase shift
¢ = —2tan"[(m}/m$) (rs/ky,)), where 1= BT — K], -
ky, = m.mdzhenvemmmumk,,
(transverse) and B (longitudinal).

The two-dimensional (slab) electron waveguide is
shown in Fig. 1 and is composed of a cover, film, and
substrate with potential energies V¥, and V,, and effec-
tive masses m,‘.m}. and m?, respectively. The potential
energy diagrams for the three electron waveguide configu-
rations are shown as insets in Fig. 2. They are the hetero-
structure well (¥, < ¥, < Vo m} < m} < m?), the homo-
structure voltage-induced well (V, < ¥, < ¥V, m} = m}
= m}), and the heterostructure barrier (¥, > ¥V, > V,, m}
> m? > m?). The guiding region in all cases is the film
which has thickness d, and the cover and substrate are
taken to be infinitely thick. Both wells and barriers can act
as electron waveguides since TIR can occur for both a
potential rise and a potential drop. The heterostructure
well and barrier may be formed by MBE growth, and the
homostructure voltage-induced well may be formed by the
gate-defined sidewalls of one-dimensional wires.

An electron injected into the film can be guided by
TIR if its zigzag angle 6 is greater than both the film-cover
and film-substrate critical angles. However, only those
electrons that constructively interfere with themselves as
they reflect from the cover and substrate boundaries will be
guided over significant distances. This requires that the
sum of the phase shifts on TIR from the cover and sub-
strate plus the phase shift incurred due to round-trip trans-
verse propagation through the film must equal a multiple
of 27. Thus the dispersion equation is
2kpd + ¢, + ¢,=2vm, v=0,1.2,..., where k, is the
transverse propagation constant in the film, and ¢, and
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FIG. 1.'Slab electron waveguide composed of a cover, film, and substrate.
The guided mode has propagation vector § and zig-zag angle 6.

d,mthephuuhlﬂsounkfmmtheeoveundwbmue
respectively.'' Thus

m}ty, 1 [ ™MsYe
2} (B
where Yes = ‘!5! E kf‘. = ﬂ and

v=0,12,..."° This equatlon is valid for all {hree types of
electron waveguides. Electron waves that satisfy Eq. (1)
are guided modes and have wave functions of the form
¥, (r) = ¢,(:)exp(iﬁ ry), where the mode propagation
vector B = B,y+ﬁ,z and ry = ¥ + 2. The transverse
wave functions of the guided modes will be evanescent in
the cover and substrate, and oscillatory in the film. Note
that separation of the wave function into transverse and
lonptudmalpansdounothd to independent wave vec-
tor components. .

Cutoﬂ‘ofthegmdedmoduoccurswhen B=0or
%: = 0. When £ decreases to zero, the electron no longer
propagates down the waveguide, it merely reflects back and
forth between the cover and the substrate. When ¥, de-
creases to zero, the wave function is no longer evanescent,
and the electron is refracted into the substrate. The condi-
tion ¥, = 0 is sufficient for guided modecuto!fsinoer,<
7. by definition. Equations for the cutoff energies Eg_o and
E,...oun be found by substituting f =0 and 7, = 0 into
Eq. (1)."° Equation (1) and the cutoff equations can be
numerically solved to yield the E vs S dispersion curve and
the cutoff energies of each guided mode M. These results
are shown in Fig. 2. The Ga, _ ;Al,As compositions of Fig.
2 were used for consistency among the three waveguide
types. The heterostructure well [Fig. 2(a)] has both a
B =0 (lower energy) cutoff and a y, = O (upper energy)
cutoff. The voltage-induced well [Fig. 2(b)] has only a
B =0 (lower energy) cutoff, and the heterostructure bar-
rier [Fig. 2(c)] has only a ¥, = 0 (lower energy) cutoff.
Clearly, waveguiding can occur at energies above the band
edges of all three regions (c.f,s). Further, all of the dis-
persion curves are nonparabolic [Eq. (1)]. This is in con-
trast to the commonly used parabolic subband approxima-
tion, E(B)=Eg.o + ﬂ’ﬂ’/(!m}). From Eq. (1), the
dispersion curves are parabolic only in the limit of infinite
confinement (V.= e, V;= ).

The guided electron velocity vg is the group velocity of
an electron wave packet, vg = (1/%) (8E/3B). By differen-
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tiating Eq. (1), it can be shown that l?gtP,n‘+P!u),+
P, where P, is the probability of finding the electron in
region j, and v, = #8/m} is the velocity an electron would
have in bulk material like that of region j ( j=c,f.s). Ex-
ample velocity curves for the v =1 mode in each of the
three waveguide types are plotted in Fig. 3(a). Note that at
Ihe}’,-omoﬂ',vp-vrﬂydifmﬁlﬁngthevelocityex.
pression, the guided mode effective  mass
1/m§ = (1/#)(3°E/3p’) is obtained. From Fig. 3(b), it

is seen that m§ can differ significantly from m$, and that
the guided electron can become infinitely *“heavy” when
3E/3B* = 0 (usually near the y, =0 cutoff). The guided
mode density of states per unit area g5(E) was derived by
applying periodic (Born-von Karman) boundary condi-
tions to the guided mode wave function. This yields the

TOTAL ELECTRON ENERGY, E (OV)

SsnisasSktEl

22 24 28

MODE PROPAGATION CONSTANT, 8 (nm-1)

“.ﬂ 12 14 18 1. 20

FIG. 2. Dispersion curves for Ga, _ Al As electron waveguides with
d = 50 monolayers. (a) Heterostructure well with x, = 0.4, x, =0, and
x,=0.2. (b) Homostructure voltage-induced well with x, = x, = x,=0,
but V.V, and ¥, the same as in (a). (c) Heterostructure barrier with
x, = 0,x,= 0.4,and x, = 0.2. In (a) and (b) only three modes propagate,
whereas in (c) an infinite number of modes propagate (only four are
shown). The dashed curves are the free electron dispersion curves E;
= #F/(2m}) + V( j=c/.5). Solid squares indicate § = 0 cutoffs; solid
circles indicate ¥, = 0 cutoffs.
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FIG. 3. (a) Guided mode velocity, (b) normalized guided mode effective
mass, and (c) normalized guided mode density of states [g, = mo/(##))
for the v = | mode in the waveguides of Fig. 2. In (a) the dashed curves

are the electron velocity in & bulk region /, o, = 2(E— ¥,)/m}. In (b)
the dashed curves are the effective masses mY, and in (c) the dashed
curves are the nonballistic 2DEG density of states for region. Solid
squares and circles have the same meaning as in Fig. 2.

density of states between mode propagation angles a and
a + da, gg(E)da = B(E)da/[27*(3E/3B)), and the den-
sity of states over all a, go(E) =pB(E)/
[w(8E/ApB)), where the spin degeneracy of 2 has been in-
cluded. The guided mode density of states gg(E) and the
nonballistic 2DEG density of states g,p(E) = m*/(z#)
are compared in Fig. 3(c).

The ballistic guided current density flowing in a given
direction ( + z) can be obtained by integrating over all
occupied states the product of the charge, the + z compo-
nent of the velocity, and the density of states. Thus, the
ballistic guided current density is

—_ ¥ - %
=5 z fo " BuEYcos(a)fiu(Ea)dE da,
_ @)
where fi,(E,a) is the distribution of ballistic electrons in
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energy and angle. The ballistic electron injector determines
fuw(E,@) in much the same way a light source determines
the wavelength- and angle-dependent distribution of pho-
tons launched into an optical waveguide. Equation (2) is
valid for all three types of electron waveguides. As an
example, we calculate the maximum current density
for a single-mode 10 monolayer (d=2.8267 nm)
Gag 1sAly 25A8/GaAs/GaggAly jAs  heterostructure well
waveguide. For this waveguide, Eg.o=0.0743 ¢V and
E, .o=0.2885 ¢V (below the L-valley minima in GaAs to
avoid intervalley scattering) which yields a mode propaga-
tion energy range AE = 0.2142 eV. For maximum current,
all the allowed modes propagating in the forward direc-
tion, would be filled, ie., fiu(Ea)=1 for Ez_o<E<
E, oo —7/2<a<n/2, and fiq(E,a) = 0 for all other E,
a. This case yields |[J7*'| = 2.3 mA per pm of waveguide
width. This value can be roughly compared to that pre-
dicted by the known maximum current in a single-vertical-
mode (subband) hard-wall 1D wire of width W,
Iy = NeAE/(w#),' where N=2W/A is the number of
lateral modes. For the comparison, we choose an equiva-
lent energy E, = 0.15 ¢V (near middle of AE) which cor-
responds to a wavelength A, = 12.2 nm. For W =1 uym,
then N=163.5 and 1" = 2.7 mA which is in close agree-
ment with J7**. The sizeable value of J7** makes it feasible
to interconnect multiple ballistic electron devices with a
single slab waveguide, as opposed to using multiple low-
current-capacity 1D quantum wires.

Electron waveguides are potentially useful in high-
speed electronic circuitry. They could also be a central
component in future integrated electron guided-wave cir-
cuits similar to present-day integrated optical circuits. This
research was sponsored by the Joint Services Electronics
Program under Grant No. DAAL-03-90-C-0004 and by
the National Science Foundation Grant No. ECS-9111866.
One of us (E.N.G.) was supported by a Research Initia-
tion Award from the National Science Foundation.
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BALLISTIC ELECTRON EMISSION TESTING OF SEMICONDUCTOR HETEROSTRUCTURES
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In ballistic electron emission microscopy (BEEM) and spectroscopy, ballistic
electrons are injected into a sample using a scanning tunneling microscope to probe
the electrical properties of buried interfaces. In this communication, a method is
proposed that uses the BEEM technique to observe the electron wave optical prop-
erties of semiconductor heterostructures. This method provides a three-terminal
configuration for characterizing electron wave devices that overcomes many of the
limitations encountered in other two- and three-terminal measurement techniques.
Specifically, the method provides an injector, which is well isolated from the het-
erostructure, that injects a collimated beam of ballistic carriers with a precisely
controlled energy distribution. These carriers accurately probe the quantum trans-
mittance of a voltage-tunable electron wave interference structure, which can be
designed with a light doping to minimize impurity and electron-electron scatter-
ing. A general procedure is presented for analyzing this experimental configuration
based on a combination of the models used to describe BEEM and ballistic electron
transport in semiconductors. Using this procedure, BEEM testing of an electron
wave energy filter is modeled and clear quantum interference effects are predicted.
This BEEM configuration should allow for the precise characterization of a wide
range of ballistic electron transport effects such as quantum reflections from inter-
faces and electron wave interference effects, phenomena that are presently of wide

interest.

Due to recent advances in nanostructure fabrica-
tion techniques such as molecular beam epitaxy and
nanolithography, electron wave interference effects have
been observed in semiconductor heterostructures for
electron energies below the barriers in resonant tunnel-
ing structures [1-3] and for energies above the barri-
ers in semiconductor heterostructures [2-7). In all of
these experiments, a degenerately doped emitter region
was used as the source of ballistic electrons. The bal-
listic electrons were injected by tunneling through a
barrier or by being emitted above a barrier. Interfer-
ence effects were manifested as peaks in the current-
voltage and conductance-voltage characteristics. Two
of these structures [4,6] used a three-terminal config-
uration in order to tune the interference resonances
without changing the distribution of injected electrons.

In spite of impressive experimental results that

* and School of Electrical Engineering
** and School of Physics
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have been achieved in these electron wave interfer-
ence experiments, all of these configurations suffer from
three common limitations. First, since electron wave
interference effects are dominant only at low tempera-
tures (due to phonon scattering), the emitter must be
degenerately doped in order to provide sufficient car-
riers. This degenerate doping causes increased impu-
rity and electron-electron scattering, which have been
shown to be the principal mechanisms that destroy
quantum interference effects at low temperatures [8].
Also, as a consequence of heavy emitter doping, there
is generally large band bending induced between the
emitter and the interference structure [4]. This band
bending alters the quantum transmittance of the struc-
ture, making quantitative modeling difficult. Second, it
is difficult to make a third contact to the base region of
the structure. The contact must 