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Electron Interference Effects in Quantum Wells: Observation of Bound and Resonant States
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Quasimonoenergetic ballistic electrons were injected into GaAs potential wells of various thicknesses
(29-72 nm). Strong modulation in the injected currents, as a function of the injection energy, was ob-

served and correlated with electron coherence efIects. A self-consistent solution of Poisson and

Schrodinger equations was needed to relate these eN'ects to the bound and, in particular, resonant quan-
tum states in the well. The good match with theory justified the use (and led to an expression) of the
electron "energy effective mass" in the central valley, in an energy range where nonparabolicity and val-

ley transfer are significant and make this determination, usually, dificult.

PACS numbers: 71.25.Jd, 71.50.+t, 73.40.Gk

The construction of quasimonoenergetic hot electron
injectors with a variable injection energy' recently
made possible the direct observation of ballistic electron
transport in heavily doped GaAs. ' The fraction of the
injected electrons traversing the layers ballistically de-
creased from 75% to 15% as layer thickness increased
from 29 to 72 nm. The thinness of the GaAs layers
makes the energy spacings among the energy subbands
comparable to the ballistic-electron distribution width,
and since phase coherence is maintained by the ballistic
electrons, quantum size eAects become important. We
have measured strong modulation in the currents inject-
ed into thin confined GaAs layers as a function of the in-

jection energy. An exact, self-consistent solution of the
Poisson and Schrodinger equations for the potential in

the GaAs wells confirmed that the observed peaks at in-

jection energies lower than the confining potential were
associated with the bound states, while those at higher
energies resulted from the resonant (virtual ) states in

the continuum energy range. These coherent eAects
were consistent with the GaAs I -band nonparabolicity in

the 0-0.4-eV energy range. Previously, bound states in

very thin quantum wells, (10 nm, were observed via

transport measurements, but the resonant states were
not. These states had previously been studied only in

multiple quantum wells via optical techniques such as
excitation spectroscopy, resonant Raman scattering,
and photoluminescence measurements. '

The generation of the ballistic electron beams as well

as transport through thin wells were done with GaAs-
Al„Gai -„As (or A1GaAs) heterostructure tunneling hot
electron transfer amplifier (THETA) devices. ' The
structures were grown by molecular-beam epitaxy and
are described schematically in Fig. 1: n+ GaAs (emit-
ter), undoped thin A1GaAs (=10 nm tunnel barrier),
n

+ GaAs (29-72 nm base well), undoped graded
A1GaAs (=100 nm collector barrier), and n+ GaAs
(collector). The emitter tunnel injector produces a
forward-moving narrow electron beam (=60 meV wide)

in the well with a mean energy determined by the ap-
plied biasing voltage between base and emitter, V~~.
The thick A1GaAs barrier (with a potential height &c.)
prevents tunneling of electrons with energy lower than
@~ out of the well. For an injection energy lower than
the confining potential, eV~E+j(Nc, where g is the
Fermi energy in the base on the collector side and e is
the electron charge, the tunneling electrons sense the
bound states in the base quantum well. Similarly, for
e V~~ + g )4c, the extended resonant states (resulting
from the small but finite reflection of the ballistic hot
electrons at potential discontinuities) are expected to
affect the tunneling current into base and collector.
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FIG. 1. A schematic diagram of the potential energy in the
heterostructure device, showing the thin A1GaAs tunnel-
barrier injector and the thin, heavily doped GaAs quantum
well with a confining potential @z. IE and Iz are the injected
(from the emitter) and collected currents, respectively. The
base (well) current Iz =IF. Ic originates from the quasib—allis-
tic or reflected electrons.
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In Fig. 2 experimental and theoretical results are
s own orh for three structures with different well widths 72,

X 18 —351.5, and 29 nm, all doped to a level of 1 x10 cm )
and different confining potentials, @c. (0.23, 0.33, and
0.14 eV), determined by the Al mole fraction, x, in the
collector barrier. Measurements were done at 4.2 K, for
a grounded base and collector-to-base voltage V~~ =0.
The heavy solid lines representing the derivative of the
measured injected currents IE e, xhibit modulation effects
as a function of the injection energy, eV~~. In the first
two structures only the bound energy range is monitored,
while in the third structure the unbound range is moni-
tored, too. The thin broken lines are the calculated
emitter-to-base tunneling probability, T,b, for an elec-
tron at the Fermi energy of the emitter. They have been
obtained by our computing numerically the charge densi-

ty of the electrons that tunneled into the well and divid-

ing it by the charge density associated with the incident
wave in the emitter. The potential energy eV(x) and the
free-electron distribution n(x), shown in Fig. 3(a), were
obtained by integration of the Poisson equation with the
classical charge density, as shown for a 30-nm well de-
vice that will be discussed later in Fig. 4(b). Nonpara-
bolicity effects have been included by use of the "energy
effective mass, " m(E) =6 k /2E(k), where tt is the re-
duced Planck's constant, k is the electron wave vector,
and E(k) is the electron dispersion relation in the (100)
di rection obtained from empirical-pseudopotential
band-structure calculations. " In these calculations a
I -to-L band splitting of 0.32 eV and an effective mass
m(E =0) =0.067mo (mo being the free-electron mass)

were enforced. This mass, and not the so-called "optical

pro1.ria eopriate for the calculation of energy levels in quantum
1-lls ' For the effective mass of the electrons in the A-we s.

13GaAs we have used m =mo(0.067+0.0835x).
The agreement between the position of the calculated

transmission and measured peaks in the 72-nm and
51.5-nm well structures is excellent, indicating that we
did indeed observe the bound states in the wells. It
confirms the validity of the nonparabolicity used at ener-
gies as high as 0.2 eV in the I band. For the 29-nm well
structure, however, the agreement between experimental
results and the "classical" solution is poor. Here, the
confinement of the electrons in the well results in a sub-
stantial modification of the charge distribution, the posi-
tion of the Fermi level g, and the resultant potential well.

Figure 3(b) illustrates the effect of well quantization
on eV(x) and n(x) in the 30-nm well device. The poten-
tial energy shown has been obtained by integration of the
Poisson and Schrodinger equations self-consistently with
a standard iterative procedure, ' with the assumption
that the electronic wave functions vanish at the outer
ends of the confining barriers. This assumption is not
rigorously correct, particularly for the high-lying states,
but its effect on the charge and potential distributions as-
sociated with the deepest (occupied) levels is negligibly
small. The major features to be noticed in the self-
consistent solution are the peaked charge density in the
center of the well region and the higher Fermi level j (g
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FIG. 2. The measured derivative of the injected currents at
4.2 K and Vca =0 (solid heavy lines; note the x 5 and x 3 fac-
tors in the low voltage range), and the calculated logarithm of
the transmission, T,b, into 72-, 51.5-, and 29-nm-wide wells.
The broken lines are the results for a classical potential while
the solid thin line (for the 29-nm well device) is for the self-
consistent potential.

FIG. 3. The potential energy distribution, eV(x), and car-
rier concentration, n(x), through a device with a 30-nm well
width, doping of 7x10' cm, Vga=0, and Ac=0.34 eV.
Undoped GaAs spacers, 2 nm wide, were introduced on each
side of the A1GaAs barriers. Calculation done (a) with the
classical charge distribution and (b) by self-consistent solution
of the Poisson and Schrodinger equations. The position of the
Fermi level, EF, indicates that two subbands in the well —with
energy E„(v=0,1)—are occupied.
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is 51 meV, while only 33 meV in the classical solution).
The calculated transmission in the self-consistent poten-
tial in the 29-nm well structure is shown by the thin solid
line at the bottom of Fig. 2. The positions of the large,
widely spaced peaks representing the tunneling into the
bound states match fairly well the maxima in the deriva-
tive of the injected current. The small, closely spaced
peaks (for V~~ ~ 80 meV) represent unbound states in

the collector barrier due to interference eftects in it. Be-
cause of these peaks, the wider spaced modulation asso-
ciated with the virtual states in the well is difticult to

identify. In the experiments these closely spaced oscilla-
tions are not observed because of small fluctuations in
the barrier thickness and the finite width of the ballistic
distribution.

The quasimonoenergetic nature of the ballistic elec-
trons is included in the calculation of the current density
Jr(V„) (y is emitter-collector or emitter-base) by our in-
tegrating numerically the tunneling probabilities, T,,
over the electron flux in the emitter at the tunnel-barrier
interface. Accounting for the unoccupied states in the

!
well and for tunneling in the reverse direction we get

t E
J (V ) ~ I d& p, [f(E) f(E+e—V„)]„dE~Tr(Ei, Vr).

p(E)
[2Em(E)] ' p

Here p(E) is the density of states in the emitter, f(E) is
the Fermi function in the emitter, and E~ =6 k~/
2m(E) is the "normal" electron energy, k& being the
component of the electron wave vector normal to the
tunnel-barrier interface. Finally, the numerical deriva-
tives of the logarithm of Eq. (1) with respect to the bias
Vq~ have been taken to make a comparison with the ex-
perimental data, as shown in Fig. 4(a). A good agree-
ment is found between the positions of the experimental-
ly measured and the calculated peaks. The absolute
magnitude of the peaks is more difticult to estimate be-
cause of other sources of current flow, aside from the
elastic tunneling component, such as through defects in
the thin A16aAs barrier and via etched surfaces. The
measured peaks are wider than theoretically expected,
most probably because of unavoidable fluctuations (of
about a couple of monolayers) in tunnel barrier and well
thicknesses.

A wider energy range is probed in the structure de-
scribed in Fig. 3. It has a 30-nm well, doping density of
7x10' cm, and a confining potential of Nc =0.34 eV.
With use of the self-consistent potential [shown in Fig.
3(b)], an excellent agreement with the measured peak
positions of dIF/dV~F is seen over the entire energy
range in Fig. 4(b). This confirms electron coherence and
nonparabolicity efl'ects up to an energy of 0.4 eV in the I
band. Note also that in all structures similar modulation
eflects were observed in the collector current, I~, for a
fixed Vc~ =0, in the unbound energy range.

Since the position of the calculated peaks is most sen-
sitive to the energy effective mass m (E), the results for it
as obtained directly from our calculated band structure
are accurate to a few percent, and can be expressed in
the energy range 0 to 0.4 eV by

m (E) =0.067m o(1 —aE);
(2)

a = —0.834 eV

Our value for the nonparabolicity coe%cient is diflerent
from commonly used values, a = —0.610 eV
(Littlejohn, Hauser, and Glisson 's) or a = —0.542 eV

(Blakemore' ). The calculated energy elTective mass is
that of the I -band ballistic electrons, since only they
maintain coherence and participate in the interference
eflects. ' In general, however, at this energy range, mea-
sured eflective mass is an average of masses in the I and
I valleys.

A much simplified, if less exact, theoretical approach
is to use a WKB-like integration of the phase of a ballis-
tic electron in the well. The condition for a state (or a
standing electron wave) is given by f k~(x)dx =2nN,
where N is an integer. If, for the boun' states, the point
of reflection is taken at the end of the base and for the
unbound states at the peak of the collector barrier, the
spacings are predicted with roughly a 10% error.

These quantization eflects can be important not only
for the kinematics we discuss in the present paper, but
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FIG. 4. The derivative of the measured injected currents, at
4.2 K and Vgg =0, into two similar wells with difterent
confining potentials, (a) Nc =140 meV and (b) C&c =340 meV.
The calculated derivative of the currents was obtained in the
self-consistent potential by use of Eq. (l) in the text. The vir-
tual states are defined when the energy of the conduction band
in the emitter crosses the energy eN~. Note that the theoreti-
cal broadening is due to the smoothing needed to obtain the
numerical derivative of log JgE.
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also for the dynamics of the injected electrons. These
electrons, while traversing the thin base region, lose en-

ergy predominantly to the coupled phonons and two-
dimensional plasmon modes, ' which are likely to
engender a dispersion significantly difI'erent from the
bulk modes. Consequently, the scattering aAecting the
transport of ballistic electrons through thin regions is ex-
pected to be quite diA'erent from that in the bulk.

In summary, coherent interference efIects of ballistic
electrons were observed via transport in heavily doped
GaAs quantum wells, 29-72 nm wide. Bound and un-

bound or virtual states in wells were observed. Their cal-
culated values, based on a self-consistent, quantized solu-
tion for the potential in the wells together with nonpara-
bolicity derived directly from pseudopotential band-
structure calculations, were in excellent agreement with
the observed data over an energy range 0-0.4 eV. We
have found that the energy effective mass, with a non-

parabolicity coefficient a = —0.834 eV ', is the ap-
propriate mass to use, and not the optical eN'ective mass
that is commonly used in quantum-well calculations.
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