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Tunneling cyclotron resonance is used to measure the tunneling rate deep in the band gap of a pure
AlAs barrier in a thin barrier GaAs/AlAs superlattice. The experimental results are analyzed in terms
of a four-band k- P model which leads to a renormalized effective mass in the barrier. Excellent agree-
ment with experiment is achieved and we are able to conclude that the mass in the AlAs barrier is
strongly renormalized down to 0.09m. from the bulk-conduction-band value of 0.15m,.

PACS numbers: 73.40.Gk, 71.25.Jd

Semiconductor barrier transport is the controlling ele-
ment in novel transport physics in a wide variety of semi-
conductor heterostructures and superlattices (SL’s). For
the most part semiconductor barrier tunneling is mod-
eled in terms of an effective-mass approximation, with a
modest attempt to recognize the real attributes of the
barrier by choosing the appropriate band mass for the
barrier.! In fact, tunneling usually takes place at an en-
ergy well below the barrier conduction-band edge so that
the use of the band-edge barrier effective mass is ex-
tremely suspect and the real band structure? of the bar-
rier* should be recognized.

Archetypical AlAs barriers in GaAs are a case in
point. The I'-point barrier is approximately 1 eV high,
so I'-point electrons tunneling from GaAs access states
far from the corresponding AlAs band edge, deep in the
gap, which are not properly described by the AlAs
conduction-band I' point. Recently, the extensive treat-
ment by Moore e al.® indicates that the optical proper-
ties are accounted for by Bastard’s® implementation of
the Kane model? which attempts to realistically treat
electron states in the wells and barriers far from the
respective band edges. Although the agreement is quite
good, the optical data, burdened by excitonic shifts, do
not have the sensitivity to accurately determine the de-
cay rate of the evanescent states in the barrier.

Here we report the first quantitative measurements of
the tunneling rate deep in the forbidden energy gap of
pure AlAs barriers. These results were obtained via tun-
neling cyclotron resonance measurements, which are sen-
sitive, specific, and quantitative probes of coherent bar-
rier transport. The experimental results are analyzed
and compared with the predictions of a four-band k-P
model. Excellent agreement is achieved and we are able
to conclude that the X point plays no role in coherent
barrier transport here and that the tunneling electron
may be described by I' electrons with a mass strongly re-

normalized from the AlAs band-edge value of 0.15m,
down to 0.09m,.%7

The sample consists of 625 repetitions of SL period
grown by molecular-beam epitaxy on a (100) oriented
semi-insulating GaAs substrate. The period of the sam-
ple was accurately determined by x-ray diffraction to be
84.4 +0.1 A; secondary-ion mass spectroscopy was used
to measure the average Al concentration in the sample
allowing us to infer a barrier width of 10.5+0.6 A.8
Throughout the growth process Si donors were incor-
porated at a low doping density of 2x10'> cm ~2 in order
to minimize the density of scattering centers. In per-
forming cyclotron resonance (CR) measurements we
used a slow scan far-infrared Fourier-transform spec-
trometer in conjunction with a 15-T superconducting
magnet. The cyclotron resonance was observed as an ab-
sorption in the far-infrared transmission spectrum at
fixed magnetic fields. Because the density of carriers in
this sample is low, the CR absorption is very weak. We
increase the sensitivity of the CR measurement by
modulating the carrier density in the SL. Crude field-
effect transistors were made from the SL samples as de-
scribed by Duffield et al.® The fractional change in
transmission was measured as the samples were modulat-
ed between the approximately unperturbed (e.g., flat-
band) condition to the condition where all the carriers
are depleted from the SL layers. In addition, all the
measurements were performed at 75 K in order to ensure
that the majority of donors are ionized.

Figure 1 shows the experimental tunneling CR absorp-
tion spectra. At low fields, where the cyclotron energy is
well within the SL subband width, the linewidths are rel-
atively sharp reflecting the fact that the lower-lying mag-
netic levels show little dispersion along the growth
axis.>~'? At higher fields, as the CR energy approaches
the miniband width, the magnetic levels develop strong
dispersion along the growth axis, and the absorption
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FIG. 1. Tunneling cyclotron resonance absorption spectra
obtained with the magnetic field oriented perpendicular to the
growth direction and at a temperature of 75 K.

tends to broaden and saturate. This is discussed in more
detail below.

J

A simple estimate, using the Kronig-Penney model,
shows that the first subband of the X profile with wells in
AlAs lies more than 150 meV above the first I'-profile
subband so that the I'-X interaction may be neglected. '’
We adopt a four-band k-P model for the I' profile in
both the GaAs wells and the AlAs barriers.2™* For tun-
neling CR the growth axis of the superlattice is taken to
be along the z axis and the magnetic field B is along the
x axis which in the Landau gauge leads to a vector po-
tential A=B(0, —z,0). The period L of the superlattice
is equal to the sum of the well thickness L,, and barrier
thickness L,. With the field in this configuration the po-
sition of the CR orbit center along the growth axis R; is
a good quantum number and the magnetic subbands can
be characterized in terms of two quantum numbers
which are components of a two-dimensional wave vector
(kx,ky),'* where R,=k,I% and I=(h/eB)"? is the
magnetic length.

With the neglect of the spin-orbit interaction in the
four-band model, the wave function is of the form

1)

where {u;} is the basis of Bloch waves of the bulk-
conduction and valence bands at the I" point and F; are
the corresponding envelope functions. The basis func-
tions u#; and the momentum matrix elements between the
conduction- and valence-band states P are taken to be
the same in both materials in order to preserve flux con-
servation across the interface.* The envelope functions
are of the form

Fi=f;(z)explikyx +ik,y)

y=> Fiu;, i=S,P.,P,P,,

2)

and, neglecting the quadratic terms in k, the eigenener-
gies are given by

V+A—E Pk, P(k,—z/I*) —iPd/dz||f,
Pk, V—A—E 0 0 Sx
2 =0. Q3)
P(k,—2z/1%) 0 V—A—E 0 Sy
—iPd/dz 0 0 V—a-EJf:
Here V represents the energy at the center of the gap r
and 2A the bulk band gap with the subscripts w and b respectively, and the renormalized mass is
denoting the appropriate values in the wells and barriers, m(z E) =h*(E—V+A)/2P2. )

respectively. The discontinuity in V is given by V, — V.,
=(2Q0 —1)(Ap —A,), where Q is the band-offset param-
eter and is defined as the fraction of the band-gap
difference which lies in the conduction band.

The last three equations relate fx, f,, and f; to f;. By
substituting them into the first equation, the set of equa-
tions is reduced to a single Schrédinger-like equation:

R2|_d 1 d | (—k)+K
2]2 dz m(z,E) dz m(z,E)
+V(z)+A(z)—Elf;, =0,

Ss

)

where now z and k, are measured in units of / and 1//,
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In order to deduce the boundary conditions across an
interface, we introduce a thin region at the interface in
which the values of z-dependent functions are joined
continuously. Integration of Eq. (4) across the interface
and letting the thickness of the small interface region go
to zero, yields the boundary conditions that f; and

1 4
mG.E) dz°

are both continuous. !*
Since the magnetic subband states of interest in the
CR measurements lie close to the bottom of the GaAs
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well, we can carry out an expansion in terms of the pa-
rameter e =E —V,, —A,, which is the energy of the elec-
tron measured from the bottom of the GaAs well and
can be treated as a small parameter in comparison to the
energy gaps and conduction-band offsets. To leading or-
der in ¢,

{m: in the well ,
E) = . .
m(z,E) my =mf —Q(my —m}) in the barrier , (©)
where

mg,, -thb'w/Pz @

are the bulk masses.

As a result, the four-band k- P Hamiltonian is reduced
to a one-band effective-mass equation with a renormal-
ized effective mass. Notice that the renormalized mass
is equal to the bulk effective mass in the wells but not in
the barriers where the renormalized mass is dependent
on the band-offset parameter Q. Using a value of m,*
=0.067m, for the bulk effective mass in the GaAs well
we obtain a renormalized mass m;* =0.097, in the bar-
rier, which is significantly reduced from the bulk band-
edge AlAs barrier mass of 0.15m,. Energy gaps of 1.52
eV for GaAs and 3.13 eV for AlAs with a band offset of
Q =0.66 were used in these estimates.'> We have calcu-
lated the renormalized mass to the next order in ¢ and
found the corrections to be about 3%. These higher-
order results are not included in the analysis which fol-
lows.

Figure 2 shows the first five calculated magnetic ener-
gy levels as functions of the CR orbit center R;, at k, =0
and for B=10 T. Also shown is the B=0 subband struc-
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FIG. 2. The left panel shows the first subband at B=0 and
kx =0,k, =0. The solid line uses the renormalized barrier mass
mp =0.09m, and the dashed line uses the barrier band-edge
effective mass m; =0.15m.. The right panel shows the first
five levels at B=10 T and k. =0 as functions of the position of
the center of the CR orbit R;. Here L denotes the period of
the SL.

ture along k, for reference. Note the strong dispersion
which occurs in the higher-lying magnetic levels as they
exceed the miniband width. Similar calculations per-
formed for lower fields show no dispersion along the
growth axis. This is in qualitative agreement with the
experimental results discussed above. Figure 3 shows a
quantitative comparison of the experimental CR absorp-
tion with the calculated transitions between the ground
magnetic subband level and the first excited state as a
function of field. At high fields (e.g., B> 10 T) the
magnetic levels show strong dispersion along the growth
axis and the greatly broadened experimental absorption
line shape reflects contributions from transitions centered
throughout the well and barrier. It has previously been
shown that the dominant contribution to the tunneling
CR absorption line shape is from the barrier bound tran-
sitions'? where R, is located inside a barrier. There is a
sharp onset in the absorption spectrum at the barrier
bound resonance frequency but convolution of the spec-
trum with a linewidth broadening function due to
scattering and instrumental resolution moves the ob-
served peak somewhat above the true absorption thresh-
old. The theoretical results in Fig. 3 represent the tran-
sition energies at R, =0 and have not taken into account
these linewidth broadening effects. Qualitatively, it is
clear that if this shift were taken into account, the
overall agreement would be substantially improved.
Even without these corrections Fig. 3 clearly demon-
strates that much better agreement with experiment is
obtained by the renormalized effective-mass approach
(EMA) rather than the one-band EMA.

Figure 3 also shows a comparison of the in-plane CR
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FIG. 3. A comparison of theoretical and experimental cyclo-
tron energies with the field applied both parallel (circles) and
perpendicular (squares) to the growth direction. The solid
curves correspond to calculations using a renormalized effective
mass. The dashed curves correspond to calculations involving
the band-edge masses.
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FIG. 4. Dependence of the calculated cyclotron energy on
the barrier width at a fixed period of 84.4 A. The solid curve
corresponds to the measured barrier width of 10.5 A and the
top and bottom dashed curves to barriers of width 10.5 £0.6
A, respectively, which reflects the experimental uncertainty.
Note that this uncertainty is a small fraction of the thickness
of a monolayer (2.8 A).
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measurements (e.g., B along the growth direction) with
results obtained using the renormalized effective-mass
approach. The correction to the classical in-plane CR
mass was calculated to first order in ¢ yielding a value
for the renormalized CR mass of m* =0.072m, from the
band-edge value 0.067m,, and is seen from Fig. 3 to pro-
vide a better fit to the experimental data which yields a
mass m™* =0.077m,. It should be stressed that the mass
enhancement calculated in this field configuration is not
due to nonparabolicity, which is a second-order effect,
but is due to the significant intrusion of the z component
of the electron wave function into the AlAs barrier lay-
ers. Inclusion of nonparabolicity would further enhance
the calculated mass and hence further improve the
agreement with experiment.

The curves in Fig. 4 show the dependence of the cyclo-
tron energy on the well width, L., and the barrier width,
L,, at constant period L. The dashed lines show the
effect of increasing or decreasing the thickness of the
barrier by § of a monolayer (0.6 A). The experiment
and theoretical modeling are a demanding quantitative
test of our understanding of tunneling through semicon-
ductor barriers.

The renormalization of the mass deep in the band gap
of semiconductor barriers is an important general result
for quantitative descriptions of vertical transport in su-
perlattices and heterostructures. This approach for
theoretically handling the evanescent states deep in the
band gap of barriers has kept the conceptual simplicity
of a one-band effective-mass model and facilitates the
design of artificial superlattice structures for new trans-

474

port physics or new quantum transport devices. Tunnel-
ing cyclotron resonance has shown that this model gives
a correct quantitative description of the tunneling rate in
pure AlAs barriers.®
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