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Enhanced ki filtering effects in ballistic electron emission experiments
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Double barrier resonant tunneling diodes~DBRTD’s! buried below an Au/GaAs interface usually lead to a
linear increase in the spectra obtained in ballistic electron emission microscopy/spectroscopy experiments. If
grown directly below the Au/GaAs interface the spectrum changes to a clear steplike shape, which has been
attributed to lateral wave-vectorki filtering effects. In this paper, this assertion is tested and quantified by a
systematic theoretical study of these structures in terms of a coherent scattering approach as well as magne-
totunneling experiments. The calculations show that the enhancedki filtering is a result of the disordered
Au/GaAs interface. The filtering effect is only observed for DBRTD’s grown directly beneath the Au/GaAs
interface. It vanishes if the DBRTD’s are capped with 10 nm or more of GaAs. The calculatedki-filter width
agrees well with the Shubnikov–de-Haas-like oscillations obtained from magnetotunneling experiments.
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I. INTRODUCTION

Tunneling of electrons through interfaces of materi
with strongly different electronic structures, e.g., a metal
a semiconductor, are, in spite of much research, presently
very well understood. Especially in the case of nonepitax
interfaces, the degree to which energy and the lateral wa
vectorki are conserved or randomized at the interface is
under discussion.1–3 Furthermore, interface states effec
have mostly been neglected. An excellent method of stu
ing properties of these interfaces with a high lateral, as w
as energetic resolution, is ballistic electron emission micr
copy ~BEEM! in conjunction with a probing heterostructu
buried below the interface.

Ballistic electron emission microscopy~BEEM!4,5 is a
three-terminal extension of scanning tunneling microsco
~STM!, where hot electrons are injected into a semiconduc
via a thin metallic base layer. Originally used to determ
Schottky barrier heights,6–9 BEEM is now frequently used to
study buried interfaces in semiconductor heterostructure10

On buried InxGa12xAs/GaAs interfaces, misfit dislocations11

were investigated by BEEM as an alternative to cathodo
minescense experiments, which were traditionally used
this purpose. Besides structural properties of buried in
faces, interface band-structure effects were investigated
A good example of such an experiment is the determina
of the GaAs/AlxGa12xAs band offsets as a function of alu
minum concentration12 and the determination of the ene
getic position of higher conduction bands in AlAs.6

Instead of probing the buried structure itself, the latter c
be used as a highly selective filter, which makes it poss
to analyze the energy/ki-space distribution of the impinging
electrons. In this paper, we used a double barrier reso
tunneling diode~DBRTD! on GaAs/AlxGa12xAs basis to
study the nonequilibirium distribution of electrons passing
Au/GaAs interface. To obtain a deeper understanding of
observed phenomena we performed a multiband, multich
nel calculation based on the Landauer-Bu¨ttiker
formalism13,14 within the semiempirical tight-binding
0163-1829/2001/63~20!/205306~7!/$20.00 63 2053
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framework.15–18 Calculations19,20 relying on the same elec
tronic model were performed to clarify the origin of the u
expected high-lateral resolution obtained by BEEM on Au
heterointerfaces.

This paper is organized as follows: In Sec. II, the ba
scheme of the experiment is outlined, as well as the fabr
tion of the samples. Section III describes briefly the theor
ical model. In the main part, Sec. IV, the experimental,
well as theoretical results, are presented and discussed
nally this paper is concluded in Sec. V.

II. EXPERIMENTAL SETUP

The structures we studied experimentally, as well as th
retically, are double barrier resonant tunneling diodes~RTD!
grown by molecular beam epitaxy on a GaAs substrate.
precise layer sequence is as follows: On a semi-insula
GaAs ~001! substrate, ann-doped GaAs collector region (d
51mm,ND5131018 cm23) layer was grown, followed by a
150 nm spacer of undoped GaAs to provide a high-inter
sample resistance. On top of these layers,
GaAs/Al0.4Ga0.6As double barrier RTD was grown and pro
tected by a GaAs cap. The barriers are each 3.7 nm thick
enclose a 3 nmwide GaAs well. To keep the resultingI -V
characteristic as simple as possible, the well width was
signed to contain only a single quasibound state.

To prepare the samples for BEEM, an In/Sn collector co
tact was first alloyed in forming gas atmosphere. Then,
samples were dipped into hydrochloric acid~35%! to remove
the thin native oxide layer. Finally, an Au film~7.5 nm! was
evaporated via a shadow mask. All measurements were
ried out at a temperature of T54.2 K and a tunneling curren
of 5 nA. Note, however, that due to scattering events in
Au base and the band-structure misfit, the actual collec
current is much smaller.

A band-edge diagram of this structure is shown in Fig
together with the schematic view of the experiment.
©2001 The American Physical Society06-1
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III. THEORETICAL APPROACH

To model the BEEM experiment, we performed a mu
band, multichannel ballistic transport calculation. The tra
port itself is regarded as a scattering process between
reservoirs, which are assumed to remain in thermodynam
equilibrium. By solving the Schro¨dinger equation of the
whole device with appropriate boundary conditions,21,17,18it
is possible to calculate the probability for an electron of
emitter with energyE, lateral wave-vectorki , and normal
wave-vectork', j to tunnel into a propagating state with th
quantum numbers (E,ki ,k',i8 ) of the collector. The indices
i , j 51,2, . . . , runover all Bloch states for fixed (E,ki) of
the left and right reservoir, respectively. The electronic str
ture itself is calculated within the empirical tight-bindin
model,22 which provides a realistic, as well as physica
transparent, description of the band structure. Since this
fully quantum-mechanical description on an atomistic ba
all important~single-particle! effects are taken into accoun
The tight-binding parameters for GaAs/AlAs and Au a
given in Refs. 23 and 24, respectively. The self-consiste
calculated local electrostatic potentialF(r ) as well as ex-
perimental band offsets and the Schottky barrier height
incorporated through the substitution of the orbital~‘‘on-
site’’! energies:25

Ea→Ea2eF~r !. ~1!

The indexa labels the basis atom, as well as the correspo
ing orbital.

Once the transmission coefficientsT(E,ki ,k', j→k',i8 )
have been calculated for a dense enough mesh in the Hi
subspace of all possiblein states, the current density throug
the heterostructure can be calculated using a Landa
Büttiker-type expression:13,14,26

FIG. 1. View of the experimental setup together with a sc
matic view of the self-consistently calculated conduction-band p
file of the structure. The direction of the additional magnetic field
Sec. IV C is also indicated.
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3T~E,ki ,k', j→k',i8 !. ~2!

The integration runs over the projection of the Brillouin zo
in growth direction and over energy. The integrand is p
portional to the difference of the Fermi distributionsf of the
emitter and the collector. The potential difference betwe
the STM tip and the base is denoted byVt .

A more complete description of the method can be fou
in Refs. 21,17,18. Before proceeding to the results we bri
discuss the specific model, its relation to effective-mass
culations, and the involved approximations.

Since all measurements were performed at helium te
perature and at very low-collector currents (,1 pA) inelas-
tic processes, as well as electron-electron interaction are
glected. Furthermore, electrons that lose energy in the
base cannot enter the GaAs region and thus, do not con
ute to the BEEM current. This observation led to the assum
tion that the relevant physics can be described by assum
that electrons enter the GaAs cap layer from a Au band st
ture promoted byeVt . In this way, the STM tip enters the
model via its emission spectrum. To test the influence of
Au band structure on the tunneling current, the Au ba
structure was shifted rigidly upwards while leaving th
Fermi energy constant. This had only a negligible effect
the tunneling current. Thus, the Au has the rather pas
role of providing electrons for a wide range of (E,ki) states
below Fermi level. The implicit assumption of planar tunne
ing results in current/voltage characteristics that are in g
agreement with experimental data. Only electrons with
very large lateral wave vector, i.e., those tunneling at h
biases through the L and X valley of AlxGa12xAs, seem to
be more pronounced than experimentally observed.
same effect is observed in other models5,27–29that assumeki
conservation.

To include effects from alloying and the nonepitaxial A
GaAs interfaces, the lateral periodicity was broken down
that of a 331 and 232 lateral superlattice. Consequentl
the conservation ofki is relaxed to that of the correspondin
superlattice wave vector. Within the fist two monolayers
the GaAs cap, Au atoms were placed randomly in a f
interstitial sites. Due to the high-computational effort i
volved, the calculation was confined to small unit cells. Ne
ertheless, a fully atomistic multiband calculation that inco
porates elasticki-scattering effects from nonepitaxial an
alloyed interfaces could be performed.

A further effect that influences the BEEM spectrum is t
image charge effect, which lowers the Schottky barrier a
shifts its maximum into the semiconductor. To see whet
the inclusion of this effect is necessary, BEEM spectra fo
DBRTD located 4 nm below the Au/GaAs interface ha
been calculated with—and without it. It turned out that d
to the moderate electric field within the semiconductor,
onset Voltage increases by less than 10 meV and the cu
density grows in the linear regime by about 15%. Since
tunneling area is unknown and the effective Schottky bar

-
-
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ENHANCED ki FILTERING EFFECTS IN BALLISTIC . . . PHYSICAL REVIEW B 63 205306
height is determined from the BEEM experiment, it is safe
neglect the Schottky effect altogether.

Most theoretical descriptions of the BEEM spectra in
erature are based on the effective-mass model, becau
allows an analytic description. Already the treatment in
pioneering papers by Kaiser and Bell4,5 yields a theoretical
current that matches the experimental data to a very h
degree.

Nevertheless, this agreement is partly due to the six fitt
parameters that are—apart from an overall scale factor
the Schottky barrier height—the energetic separation of
G, L, andX valleys and their effective-mass ratios. While t
energetic separations of the valleys are in overall agreem
with the data obtained by other methods their relative eff
tive masses differ significantly from accepted values. F
thermore, some of these key values show a considerabl
cal variation due to strain and other lattice imperfections

Since BEEM spectra are very sensitive to these, a the
that uses less fit parameters will generally have a po
quantitative agreement. Thus, although the energetic sep
tions of the valleys and their corresponding masses of
sp3d5s* tight-binding model used in this paper match bo
experiments and pseudopotential calculations quite we23

the resulting valley currents differ from measurement. Ho
ever, the qualitative physics emerges naturally so that
model can be used as a starting point for effects such
interface scattering and valley-to-valley transfers on an a
mistic level, which otherwise would have to be addedad
hoc.2,30 Consequently, at the expense of quantitative agr
ment, it is possible to many physical phenomena.

IV. RESULTS

A. Buried GaAsÕAlGaAs RTD

The first structure we focus on are RTD’s with a 10 n
GaAs cap between the top barrier and the Au contact. RT
with a cap layer of 10 nm are referred to as ‘‘buried RTD’s
while those with a much thinner cap layer as ‘‘subsurfa
RTD’s.’’ As in previous studies,4,5 a linear increase of the
BEEM current above some threshold tip voltage is observ
At this bias, electrons from the Fermi level of the STM t
are energetically aligned with the RTD resonance level
further restriction to the propagation imposed by the stron
differing effective masses between Au and GaAs. In con
quence, the metal semiconductor interface acts effectivel
a filter for the lateral wave-vectorki : Only electrons close to
ki5(0,0) propagate in the GaAs conduction bands. T
wave function of electrons with larger lateral wave vecto
are damped exponentially in GaAs. With increasing ST
biasVt , electrons with a higher energy are injected into t
conduction band and can have correspondingly largerki
components.

In our previous work, we were already able to give
semiquantitative explanation of the linear increase of
BEEM current by using a modified Bell-Kaiser model31

within the framework of an effective-mass theory. The
sults of the tight-binding calculations are discussed below

Figure 2 compares the theoretical~solid and dashed line!
and the experimental~crosses! results for this structure. The
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solid line was calculated assuming an ideal Au/GaAs int
face, while for the dotted curve Au interstitials atoms we
randomly placed in the first two monolayers of the Ga
cap. Interestingly, the linear increase in the current-volta
characteristic is not affected by the inclusion of an alloy
interface. Nevertheless, due to the increased scattering a
Au/GaAs interface, the current density is decreased. N
that due to the assumption of planar tunneling in Sec. II
comparison of the absolute current with the experiment is
possible. Both experiments and theoretical data show the
pected linear increase in the current above the threshold v
age. At higher voltages, the onset of tunneling across th
valleys of the Al0.4Ga0.6As barriers leads to a further increas
in the slope.

To shed some light on how the current is distributed o
ki space, we calculated the integrated and weighted trans
sion coefficient

T8~ki!5E dE(
i , j

@ f L~eVt1E!2 f R~E!#

3T~E,ki ,k', j→k',i8 !

for several STM-biasesVt . The two Fermi distributions
were taken at 4 K. The result is shown as a function of
lateral wave vector along theK2G2K-Line in Fig. 3. Inter-
estingly, the maximum remains at zeroki for all applied
biases. Note, however, that the largest contribution to
current comes from electrons with a small, but nonzeroki ,
since the missing two-dimensional wave-vector integrat
introduces an effective weight factor ofukiu. As mentioned
above, theki distribution broadens with increasingVt . This
broadening is a result of the increased total-energyE of the
electrons, which allows a largerki value according toE
5Eres1\2ki

2/2m* . The effective electron mass in the GaA
well and its resonance energy are denoted asm* andEres ,
respectively. This picture does not change for the alloy
interface.

B. Subsurface GaAsÕAl xGa1ÀxAs RTD

An interesting situation occurs when the protective Ga
cap layer is thinned down to only ca. 4 nm. As report

FIG. 2. BEEM current at 4.2 K as a function ofVt . The RTD is
covered with a 10 nm GaAs cap layer. The continuous~dashed! line
is a calculation assuming an ideal~alloyed! Au/GaAs interface,
while the crosses show the measurement.
6-3
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STRAHBERGER, SMOLINER, HEER, AND STRASSER PHYSICAL REVIEW B63 205306
previously,1 experiments reveal a step-like current volta
characteristic as it is shown by the dotted curve in Fig.
This characteristic shape can be found in various subsur
RTD structures,1 although it seems to be more pronounced
conjunction with narrow energy filters.

Applying the above tight-binding model with an ideal A
GaAs interface to this case, one still retains the linear cur
increase with a slightly later onset at roughly 1.08 V. T
fact that the onset is shifted to higher biases can be rea
explained with Fig. 1: A thinner cap implies a smaller vo
age drop between the Au/GaAs interface and the RTD
therefore a relative up-shift of the resonance level. The lin
increase is in accordance with effective-mass calculatio
but clearly deviates from the experimentally found sublin
slope. Furthermore, there is no trace of interferences in
cap layer, which would be a possible explanation of the
served sublinear slope. Sweeping the cap layer thickn
from 3 through 5 nm GaAs does not affect the characteri
linear behavior~cf. Fig. 5!. In this way, interferences can b
ruled out.

FIG. 3. Calculated cumulative transmission probability of th
structure from Fig. 2 as a function ofki along theK2G2K line for
several values ofVt . Distributions for the ideal and the alloye
interface differ only in a constant factor.

FIG. 4. BEEM spectrum for a subsurface DBRTD. The dott
line shows the experimental data, while the solid~dashed! curve is
a calculation assuming a perfect~alloyed! Au/GaAs interface, re-
spectively.
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For all spectra in Fig. 5 a defect free and clearcut Au
GaAs interface was assumed, which is obviously a hig
idealized picture of the actual situation: Among other inve
tigations, BEEM studies32,33have shown that Au/GaAs inter
faces are not perfect and even at room temperature, Au
fuses quickly more than two monolayers deep into
sample.32,34 Moreover, an outdiffusion of Ga or As atom
into the gold can occur so that a considerable amoun
disorder can be expected at the Au/GaAs interface. Since
actual interface morphology is unknown, the Au atoms w
assumed to be randomly distributed over few of the inter
tial sites of the first two monolayers of the GaAs cap. This
done as described in Sec. III by modeling this interface w
a lateral superlattice. This arrangement relaxes theki conser-
vation to that of the corresponding superlattice wave vec
Since the interstitials have~in this model! no internal degree
of freedom, the transmission remains fully elastic. Althou
the modification of the physical model is rather weak, t
resulting effect is profound. Figure 4 compares the calcula
current-voltage characteristics for an alloyed interfa
~dashed line! with those for an ideal interface~solid line! and
the experimental data~dotted line!. Due to scattering, the
current density has decreased. To compare both curves
experimental data the current has been scaled so tha
initial slopes match. The onset bias of the BEEM curren
unaffected by the interstitials, while forVt larger than ca.
1.10 V, the calculated current clearly deviates from the ini
linear increase. In accordance with the experiments, we s
slow, but nonzero further increase of the current. The sh
rise at roughly 1.25 V stems from electrons tunneling ov
the GaxAl12xAs-L valleys. Different distributions of the in-
terstitials and a different shape (232) of the super cell have
been tested, but the qualitative behavior remains unaffec
However, we want to point out that these comparativ
small lateral superlattices can only mimic the situation of
completely aperiodic and randomized interface. The int
duction of scatterers just below the interface leads to a re
tribution of the electrons into the side valleys of GaAs a
consequently to an enhancement of theL-valley current rela-
tive to theG-valley contribution. This effect is believed t

FIG. 5. Calculated BEEM spectra for subsurface DBRTD’s w
an ideal Au/GaAs interface and a capping of 3, 4, and 5 nm Ga
respectively.
6-4
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stem from the sheer number and large effective massesmt
'1.9me ,ml'0.13me) of theL valleys and is in accordanc
with effective-mass calculations performed by Smithet al.30

The distribution of the current inki space changes cha
acteristically with the type of interface: In comparison wi
the distribution for an ideal interface, which is shown in F
6~a!, the larger ukiu values are suppressed in the alloy
structure@Fig. 6~b!# for Vt larger than 1.10 V. At this bias, a
deviation from the linear increase is observed~cf. Fig. 4!.
Even more pronounced is this effect for a larger super c
The same calculation for a 232 superlattice yielded a shar
cutoff at ukiu'0.17 nm21 ~cf. Fig. 7!. This asserts that the
step is due to enhancedki filtering and can be easily unde
stood from the property of aki filter: Since the electrons ar
confined to mostly low-ki values, an increase in the bias do
not result in a larger number of electrons that are able
tunnel resonantly.

Since the step vanishes when the DBRTD is bur
deeper into the GaAs, a proportion of the transmitted e
trons must tunnel through quasilocalized states generate
the interstitials. When the Au/GaAs alloy is close to t
DBRTD the interface states will couple to the quasibou
state of the RTD and electrons are able to tunnel resona

FIG. 6. Transmission probability of a subsurface DBRTD in
grated over energy as a function of the lateral wave vector along
K2G2K line. In part~a! an ideal Au/GaAs interface was assume
while part ~b! shows the corresponding distribution for an alloy
interface.
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via this path. The Au atoms in the intermixed interface ha
no periodicity, thus, the corresponding states have no or o
a small ‘‘dispersion’’ leading to an additional energy/ki fil-
ter for electrons tunneling though them.

C. Magnetotunneling

To further test theki-filtering property of subsurface
DBRTD, BEEM spectra were studied as a function of t
magnetic field applied parallel to the tunneling current~cf.
Fig. 1!. Figure 8~a! shows typical BEEM spectra measured
various magnetic fields. Several features are evident: AB
50 T ~curve 1!, the BEEM current is zero belowVt
51.05 V, which corresponds to the situation, where t
Fermi level in the tip is aligned with the resonant level insi
the double barrier structure. BetweenVt51.05 V and Vt
51.25 V, which means as long as the Fermi level in the
is below the AlxGa12xAs barrier height, a step-like feature
observed. For higher-bias values, the barrier height is o
come and the ballistic current increases strongly. With
creasing magnetic field, the spectral behavior appears t
unsystematic. To illustrate this, three typical curves for hig
magnetic fields are shown. At 2.6 T~curve 2!, the step-like
feature has disappeared and the current is always sm
than at zero magnetic field. Already at B53 T ~curve 3!, the
step is well-pronounced again and the BEEM current is
hanced compared to theB50 T spectrum. At 8.15 T~curve
4!, the step is weak and the ballistic current is genera
reduced compared to theB50 T spectrum but larger than
for the B52.6 T spectrum. In addition, the step is shifted
higher bias. Note that this influence of the magnetic field
only observed at liquid-helium temperatures. AtT5100 K,
the BEEM spectra no longer change with increasing m
netic field.

The BEEM current was also investigated as a function
magnetic field keeping the tunneling biasVt constant. For
this purpose, a set of BEEM spectra was measured at var
magnetic fields, keepingB constant during the measuremen
This procedure was chosen, because the tip position is d
ing in magnetic fields due to magnetostriction effects in
scanning piezo. To make sure that all spectra are measur

-
he
,

FIG. 7. Same as Fig. 6~b!, but for a 232 lateral superlattice.
The double-maximum results from the~artificial! band-structure
folding.
6-5
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the same position, images were taken before each spec
The tip position was then corrected manually taking a pro
nent topographic structure as reference point. In Fig. 8~b!,
the BEEM current is plotted as function of the magnetic fie
for tunneling voltages ofVt51.25 V ~curve 1! and Vt
51.15 V ~curve 2!, respectively. Plotted as a function of th
inverse magnetic field, the data exhibit an oscillatory beh
ior in 1/B and the most pronounced minima are marked
arrows. Comparing both curves, it is obvious that all minim
positions are shifted if the STM bias is changed and the s
increases with increasing magnetic field. The bias dep
dence of the minima positions immediately explains the
parently unsystematicB-dependent behavior of the BEEM
spectra: Each point of the BEEM spectrum oscillates at
own frequency in 1/B, and therefore, no obvious magneti
field dependence can be observed in the spectra directly

As a result from Sec. IV B subsurface RTD’s are a m
mentum filter for electrons aroundki50. In other words,
only electrons aroundEi5\2ki

2/2m* '0 can be transmitted
resonantly, wherem* denotes effective electron mass
GaAs. This explains the observed magnetic-field dep
dence: As long as the Fermi energy in the tip is below
Al xGa12xAs barrier height, it will always be a constant num
ber of electrons that tunnel resonantly, because the allo
energy regime for resonant tunneling is always the sam

FIG. 8. In part~a! the curves one through four show the BEE
spectra measured at applied magnetic fields of 0, 2.6, 3, and 8.1
respectively. The direction of the magnetic fieldB is given in Fig. 1.
All measurements were carried out at T54.2 K and a tunneling
current of 5 nA. An offset was added to the spectra for be
clarity. Part~b! shows the BEEM current as a function of the rec
rocal magnetic field for the STM biases ofVt51.25 V ~curve 1!
and Vt51.15 V ~curve 2!. The solid lines are a guide to the ey
Arrows indicate pronounced minima.
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Ei and independent of the Fermi energy in the tip. Thus,
corresponding BEEM current stays constant in this regim

The oscillatory behavior of the BEEM spectra in magne
fields can be explained in analogy to the Shubnikov de-H
effect in two-dimensional electron-gas systems: In magn
fields, Landau levels will exist inside the resonant tunnel
diode. If the magnetic field is increased, the Landau-le
spacing increases, too. Thus, the number of Landau le
inside the allowedEi range will decrease. As each allowe
Landau level carries a part of the BEEM current, a minimu
in the BEEM current can be expected each time a Lan
level is shifted outside the allowedEi range. The minima
will be equidistant in 1/B and in analogy to the Shubniko
de-Haas effect, the width of the allowedEi range is deter-
mined by:

DEi5
e\

m* DS 1

BD , ~3!

where m* 50.067m0 is the GaAs effective mass, an
D(1/B)51/Bn21/Bn11 is the distance between two adjace
minima in the BEEM current as a function of magnetic fie

If we look at the data in Fig. 8~b!, we observe three clea
minima for the curve obtained atVt51.25 V and two
minima for the curve obtained atVt51.15 V. Inserting the
minima position in the above relation yields a filter width
Ei(1.25 V)513 meV andEi(1.15V)511 meV. This indi-
cates that the filter width increases with increasing ST
bias, but a detailed dependence ofEi(Vt) cannot be ex-
tracted, because the signal to noise ratio is presently not g
enough.

Finally, the width of the calculated current distributio
can be compared with the values obtained from the magn
field data. If the full width at half maximum value is take
for a bias of 1.14 V a value ofki50.17 nm21 is obtained.
This corresponds to anEi value of 16 meV, which is in
reasonably good agreement with the experimental re
from the Shubnikov de-Haas~SDH! oscillations of 11 meV
at a value ofVt51.15 V, in particular if the simplicity of our
model assumption is taken into account.

V. CONCLUSION

BEEM spectra for GaAs/AlxGax21As DBRTD’s have
been calculated in terms of an atomistic Landauer-Bu¨ttiker-
type scattering approach as well as measured for diffe
GaAs cap layers. In accordance with earlier findings,1 the
steplike features in the spectrum for GaAs caps of abou
nm were theoretically attributed to a parallel wave-vectorki
filtering effect due to states localized at the alloyed interfa
The latter are induced by Au interstitials in the first tw
GaAs ML. For an idealized Au/GaAs interface, the calcu
tions yield a linear increase irrespective of the cap thickne
Furthermore, the step vanishes for the alloyed interface
cap layer of 10 nm or larger is assumed. This can be
plained in terms of a decoupling of the localized states at

T,

r
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intermixed Au/GaAs interface and the quasibound state
the resonance.

To confirm this assertion, magnetic-field depend
BEEM studies were carried out on RTD’s grown direc
below the sample surface. The steplike features in the BE
spectra exhibit a Shubnikov de-Haas-like oscillating beh
ior in strong magnetic fields. Both the step and the magne
field dependence are not observed for RTD’s buried 10
below the surface. The filter width from the calculatio
n

l

a

V

l

20530
f

t

-
-

agrees well with the results estimated from the SDH oscil
tions.
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