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We extend the theoretical description of ballistic-electron-emission microscopy~BEEM! to the study of
buried heterojunctions. We calculate the collector current and its first and second derivatives with respect to
tip-base bias voltage for buried single-barrier and double-barrier resonant tunneling structures and show how
they systematically vary with the parameters of the heterostructure. We show that the second derivative of the
collector current is approximately a product of the heterostructure transmission coefficient and a slowly vary-
ing function of bias voltage. The calculated results are in good agreement with the first measurements of
BEEM used to probe buried double-barrier heterostructures.@S0163-1829~96!09839-6#

Ballistic-electron-emission microscopy~BEEM! has been
shown to have unique capabilities to probe metal/
semiconductor interfaces with nanometer resolution.1–10

Very recently BEEM techniques have been extended to the
study of buried semiconductor heterostructures11 including
single-barrier and double-barrier resonant tunneling struc-
tures ~DBRTS!. In Ref. 11, it was shown that BEEM is a
powerful probe of heterostructures because the electron en-
ergy distribution incident on the heterostructure can be var-
ied independently of the energy-band profile. In conventional
heterojunction device structures, both the incident electron
energy distribution and the energy-band profiles of the het-
erostructure change with bias voltage. In Ref. 11, second
derivatives of the collector current with respect to voltage
bias were shown to yield peaked structure which could be
associated with the various heterostructure transmission
channels and thus provide a spectroscopic study of hetero-
structure transmission. The purpose of this paper is to extend
the theoretical description of BEEM to the study of buried
heterostructure to help interpret the results of this new spec-
troscopic tool.

Figure 1 shows the schematic energy-band diagram of
BEEM used as a probe of buried heterostructures. The
dashed box to the left represents the scanning tunneling mi-
croscope~STM! tip with Fermi energyEf and work function
F. To the right of the STM tip is a thin vacuum region
followed by a base region formed by a thin metal layer on
the surface of the semiconducting sample. To the right of the
base is a drift region formed by a capping layer of the semi-
conductor sample. The drift region is thin compared to an
electron mean free path. The Schottky barrier between the
base and drift regions isES . The heterostructure to be stud-
ied, in this schematic a DBRTS with energy barriersEb ,
follows the drift region. To the right of the heterostructure is
a collecting region. Ad-doping layer in the collector region
is used to keep the bands flat in the drift and heterostructure
regions and to provide a collecting field.11 Electrons injected
from the STM tip into the drift region are transmitted or
reflected at the heterostructure. Transmitted electrons are col-
lected by the field from thed-doping layer and yield a col-
lector current. Reflected electrons are captured in the base
region and contribute to the base current. The distance be-

tween the tip and the base is adjusted to keep the base tun-
neling current constant and the collector current is measured
as a function of tip voltage.

BEEM has been described using a planar tunneling model
in which the STM tip and the base are modeled as planar
films of free electron metals.1–5Other theoretical approaches
which relax parallel wave-vector conservation6,7 or which
utilize first-principles description of the metal/semiconductor
interface10 have also been presented. Here we work within
the context of the planar tunneling model. In the planar tun-
neling model, tunneling current to the base is calculated us-
ing the WKB approximation. The tunneling electrons in the
base which traverse the base/semiconductor interface deter-
mine the BEEM current. For simple metal/semiconductor
structures, all the electrons which pass into the semiconduc-
tor contribute to the BEEM current. Here we consider the
case in which there is a buried heterostructure in the semi-
conductor and only those electrons which pass into the semi-
conductor drift region and are also transmitted by the hetero-
structure contribute to the collector current. In this case, the
collector current can be written as a product of the electron
flux distribution in the drift region in front of the heterostruc-
ture and the transmission coefficient of the heterostructure,

FIG. 1. Schematic energy band diagram of BEEM as a probe of
buried heterostructures.
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where I c is the collector current,V is the magnitude of the
bias voltage,e is the magnitude of the electron charge,A is
the area in the planar tunneling model,kd is the wave vector
of an electron in the drift region~a sum on spins is included
in the wave-vector sum!, F is the electron flux distribution in
the drift region, andT is the transmission coefficient of the
heterostructure. If there is no heterostructure~T is unity! this
expression reduces to the usual expression for the BEEM
current. Equation~1! assumes that multiple scattering be-
tween the heterostructure and the base/drift interface is not
important.

The flux distribution is found by multiplying the flux dis-
tribution of electrons that impinge on the surface of the STM
tip by the transmission coefficient for tunneling to the base,
the probability for traversing the base ballistically and the
transmission coefficient at the base/drift interface
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wherekt, kb, andkd are wave vectors in the tip, base, and
drift regions, respectively,Q is the step function,f t and f b

are Fermi distribution functions in the tip and base, respec-
tively, n is the normalization volume of the tip,l is the thick-
ness of the vacuum region, the Kronecker delta ensures en-
ergy and interface parallel wave vector conservation for
vacuum tunneling,db is the thickness of the base,j is the
ballistic path length in the base, the WKB factorg is
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andGkb,kd is the transmission coefficient for an electron with
wave vectorkb in the base to wave vectorkd in the drift
region. The first factor in square brackets on the right side of
Eq. ~2! is the flux distribution in the tip, the second factor is
the transmission coefficient for tunneling to the base, the
third term gives the probability for traversing the base bal-
listically, and the fourth term is the transmission coefficient
at the base/drift interface.

We consider small voltage biases for GaAs/GaxAl12xAs
structures where only the electrons in theG valley can con-
tribute and describe the semiconductor drift region and het-
erostructure using the nonparabolic energy-dependent
effective-mass model where the effective mass has the
form12

m* ~E!5m* S 11
E

Eg
D ,

wherem* is the band-edge effective mass andEg is the
energy gap. In the original theory of BEEM,2 Gkb,kd was

taken to bedkd,kd0(kb) , that is, unity ifk
d satisfies energy and

parallel wave-vector conservation conditions and zero other-
wise. Here we include quantum-mechanical reflection at the
base/drift interface3–5 so that flux is conserved at that inter-
face,
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wheremd is the energy-dependent effective mass in the drift
region. The heterojunction transmission coefficient is calcu-
lated using the method of Ref. 13. Evaluating the integrals at
zero temperature, Eq.~1! reduces to
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energy and interface parallel wave-vector conservation. We
select parameters appropriate for a Au tip and base,Ef
equals 5.5 eV andF equals 5.1 eV, a GaAs drift region,
md* equals 0.067m and heterojunction barriers made from
Al0.42Ga0.58As, Eb equals 0.325 eV, andm* equals 0.102m.

FIG. 2. Normalized collector current~upper panel!, first ~middle
panel, units 1023/V!, and second~lower panel, units 1023/V2! volt-
age derivatives of the normalized collector current with no hetero-
structure~solid line!, the DBRTS~dashed line!, and the single bar-
rier ~dotted line!.
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The inelastic attenuation factore2db /j and the Schottky bar-
rier at the base/drift interface are fit to the experimental re-
sults of Ref. 11 when there is no heterostructure so thatT is
unity ~0.0783 and 0.955 eV, respectively, were the fitting
values!. The thickness of the vacuum tunneling regionl is
adjusted so that the base tunneling current is fixed at 2 A/cm2

for each voltage bias. This gives values forl which depend
slightly on bias but are near 1 nm.

The upper panel of Fig. 2 shows the calculated collector
current normalized to the base tunneling current as a function
of bias voltage for no heterostructure barrier~solid line!, the
2.3/1.7/2.3 nm DBRTS~dashed line! and the 10-nm single
barrier ~dotted line! which were studied experimentally in
Ref. 11. The middle and lower panels show the first~units,
1023/V! and second~units, 1023/V22! derivatives, with re-
spect to bias voltage, of the normalized collector currents,
respectively. The second derivative curves in the lower panel
of Fig. 2 closely resemble the transmission coefficients of the
DBRTS and the single-barrier heterostructure. To understand
this, we take the second derivative with respect to bias volt-
age taken of Eq.~3!. The primary voltage dependence of Eq.
~3! is due to the integration limits so its second derivative
becomes
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where all functions ofE'
d or Ed are evaluated at~eV2ES!.

Except for very close toeV5ES , the factor in front of the
transmission coefficient is a slowly varying function ofeV.
Thus the second derivative of the collector current is ap-
proximately the heterostructure transmission coefficient
modulated by a slowly varying function and is therefore a
particularly interesting quantity in the study of heterostruc-
tures. This result provides a specific motivation for investi-
gating the second derivative of the collector current.

In the upper panel of Fig. 3 we compare the calculated
collector current normalized to the base tunneling current as
a function of bias voltage for no heterostructure~i.e., the
conventional BEEM result! and for the 2.3/1.7/2.3 nm
DBRTS with the measured results of Ref. 11 at 77 K. The
inelastic attenuation factor and the Schottky barrier at the
base/drift interface were fit to the conventional BEEM data
without a heterostructure but there were no additional adjust-
able parameters in the DBRTS heterostructure calculation.
The lower panel compares the calculated second derivatives
for the DBRTS heterostructure with the measured results of
Ref. 11. The calculation agrees quite well with the DBRTS
data for bias voltages below about 1.3 V and describes fairly
well the first peak in the second derivative spectrum which
results from tunneling through the resonant level in the
DBRTS structure with no parameters adjusted for the
DBRTS result. The agreement between the calculated and
measured results for the DBRTS at bias below 1.3 V and for
the lowest bias peak in the second derivative spectrum veri-
fies the assignment in Ref. 11 that this current and peak are
due to transmission through the resonant level of the
DBRTS. At bias voltages greater than about 1.25 V trans-
mission into theL valleys of GaAs becomes energetically

FIG. 3. Comparison between the measured~dotted line, from
Ref. 11! and calculated~solid line! normalized collector current
without a heterostructure and with the DBRTS~upper panel! and
the second voltage derivative of the collector current with the
DBRTS ~lower panel!.

FIG. 4. Normalized collector current~solid lines! and second
voltage derivative of the normalized collector current~dashed lines!
for DBRTS with a 1.5-nm~upper panel!, 3.0-nm~middle panel! and
4.5-nm~lower panel! quantum well.
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possible~parallel wave-vector conservation must be broken
for transmission into theL valleys!. For both the conven-
tional BEEM data without a heterostructure and for the
DBRTS heterostructure, there is additional current in the ex-
periment that is not reproduced by the model, which does not
include transmission into theL valleys, at voltages greater
than about 1.3 V. An additional peak is seen in the second
derivative spectrum at a bias of about 1.27 V. Because the
additional current and peak in the second derivative spec-
trum occur at voltages that correspond to the GaAsL valley
energy, they most likely result from transmission into these
valleys.

In Fig. 4, we show the calculated normalized collector
current and second-derivative of the normalized collector
current as a function of bias voltage for a series of DBRTS in
which the width of the quantum well has been increased
from 1.5 to 3.0 to 4.5 nm. In all cases the barriers are 2.3 nm
wide and 0.325 eV high. For the 1.5-nm well DBRTS, there
is a single, relatively wide peak in the second derivative
curve that results from transmission through the resonant
level of the structure. As the width of the well is increased,
this peak moves to lower voltages and narrows. A second

resonant peak show up as the well is further increased to 4.5
nm. This result predicts how the collector current varies sys-
tematically with the parameters of the heterostructure.

For semiconductor heterostructures whose transmission
properties are unknown, the application of BEEM techniques
can provide a powerful method to study these transmission
properties. GaAs/GaxAl12xAs heterostructures have been
studied by other methods and much is known about their
transmission properties. These heterostructures can be used
as filters on the electron flux distribution to better character-
ize the BEEM process.

We have extended the theoretical description of BEEM to
the study of buried heterojunctions. We have shown how the
collector current and its bias voltage derivatives systemati-
cally varies with the parameters of the heterostructure. The
calculated results are in good agreement with the measure-
ments of Ref. 11 for low bias voltages where theG valley
dominates the transport.
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