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Theory of ballistic electron emission microscopy
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A theory of ballistic electron emission microscopy is presented that incorporates constant-tunnel-current
feedback and models the band-structure and space-charge effects on the electron transmission. The computa-
tion is beyond the effective-mass approximation but short of being from first principles. The transmission
coefficient includes detailed symmetry treatments of theG-, L-, andX-point semiconductor conduction chan-
nels and the three-dimensionalk-space current injection dependency. This approach naturally leads to the
inclusion of multiple current channels, i.e., simultaneous inclusion of several propagating and evanescent
bands of various symmetry types. We investigate the effects of the model parameters on theI -V spectra and
compare our predictions to experiment, yielding fairly good agreement. We also compare theoretical and
experimental Au/GaAs~001! dI/dV data and find that theL point does not contribute to an observable threshold
and that the corresponding experimental feature is due instead to band-structure effects.
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I. INTRODUCTION

Since its initial development ballistic electron emissi
microscopy1,2 ~BEEM! has been the subject of a considera
amount of research.3–19 However, the bulk of the publishe
work to date has been focused on the experimental aspec
BEEM. Only a limited number of theoretical treatments20

have been put forth, in terms of which nearly all of the e
perimental data have been interpreted; in particular, Ref.
modifications thereof.8,9,14,16,17,21,22 These models have
gained favor within the experimental community due in p
to their successes in describing BEEM-related phenom
and to the relative ease with which they can be employe
the interpretation of the data. There are, however, a num
of key physical effects that were not addressed in these
lier models. These we will examine in this paper. Our goa
to develop a comprehensive BEEM theory that includes
important physical effects.

The first physical effect that we included in our model
constant-tunnel-current feedback. This necessitates tha
accurately calculate any two of the three BEEM curren
i.e., the base, collector, and tunnel currents. Current con
vation determines the third. TheI -V spectra for the models
cited are obtained in the constant-height mode, i.e., for fi
tip/metal-overlayer separation. Experiments, on the ot
hand, are commonly carried out in constant-tunnel-curr
mode, i.e., for fixed tunnel current andvariable tip/metal-
overlayer separation as a function of voltage.~Calculation of
absolute magnitudes of the currents is nonexistent in the
lier models, as is modeling of the constant-tunnel-curr
feedback.!

In addition, we incorporated a number of other physi
effects that have either been included separately in a lim
fashion or not at all. The effects we included are as follow
~1! Detailed tip-shape effects on the vacuum potential—
the earlier models tip-shape effects are accounted for on
a very rough manner, by uniformly reducing the height of t
vacuum potential by the average of the bias over the vacu
~2! A metal-overlayer thickness dependence.~3! Semicon-
ductor dielectric and doping dependencies as well as the
0163-1829/2001/64~12!/125408~14!/$20.00 64 1254
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fect of temperature on the Schottky-barrier-potential sha
~4! Tunneling through the Schottky barrier and the spa
charge layer—a flat, very wide barrier is used in most of
previous models which effectively precludes tunneling.~In
very lightly doped semiconductors this is a reasonable
proximation but very lightly doped semiconductors are rar
used.! ~5! A detailed transmission coefficient calculation th
couples via boundary conditions the scanning tunneling
croscope~STM! tip, vacuum, metal overlayer, semicondu
tor, and the metal-collector electrode—in the earlier mod
usually only the vacuum23 and the metal-overlayer
semiconductor2,8,24 interface were analyzed in any detail.~6!
Inclusion of three-dimensionalk-space effects, especially a
regards the semiconductor bands.~7! Inclusion of the wave-
function symmetries and parallel-momentum requirement
theG, L, andX conduction channels.~8! Incorporation of the
corresponding evanescent wave functions—which are t
cally present when more than one nondegenerate ban
considered—to the boundary condition matching at the v
ous material interfaces. And~9! inclusion of phenomenologi-
cal damping in the metal overlayer, semiconductor, and
oxide layer between these two materials, if present. All of
above features are incorporated into the transmission co
cient by way of the transfer-matrix method.25–27

A brief summary of the key results was present
in Ref. 28.

In Sec. II the salient features of our BEEM theory a
presented. The theory is then used in Sec. III to make var
I -V spectral predictions regarding experimentally contr
lable quantities, e.g., the effects of doping, temperatu
metal-overlayer thickness, tip size, tunnel-current bias
pendencies, etc., on the correspondingI -V data. Thereafter, a
comparison is made between the model results and the a
able experimental data. Finally, a summary of the work a
the corresponding conclusions that were drawn are prese
in Sec. IV.

II. BEEM THEORY

The main features and computational results of our mo
are presented here~for more details see Ref. 29!. Specifi-
©2001 The American Physical Society08-1
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D. A. PEARSON AND L. J. SHAM PHYSICAL REVIEW B64 125408
cally, we discuss how the BEEM current densities are ca
lated and how they are employed to obtain constant-tun
current feedback. We then discuss the process for calcula
the Schottky-barrier potential. Next the method used
tackle the issue of symmetry effects at theG, L, andX points
on the BEEM threshold voltages is outlined. And, finally, w
discuss the determination of an effective STM tip area
conversion of the current density into current for comparis
with experiment.

A. Current densities and constant-tunnel-current feedback

The injected tunnel currentI t from the STM tip splits into
a base currentI b , which returns through the metal overlaye
and a collector currentI c , which traverses the Schottky ba
rier and returns via the collector electrode~see Fig. 1!.
Constant-tunnel-current feedback is typically present in
BEEM experiment. To incorporate this feedback we need
calculate any two of the three currents. We calculate the
lector and base currents. With the forward propagation dir
tion along the1z axis the net collector-current densityJc is
given by

Jc52
e

~2p!3E T~EkW ;Va!@ f ~EkW !2 f ~EkW1eVa!#
\kz

m0
d3kW ,

~1!

wherekW andEkW are the allowed electron wave vectors for t
system and their corresponding energies, respectively,Va is
the bias voltage,m0 is the free-electron mass,e is the mag-
nitude of the electron charge,f (EkW) is the probability in the

FIG. 1. Energy band diagram used in our BEEM model.Jt , Jb ,
andJc are the tunnel-, base-, and collector-current densities, res
tively. The nonlinear potential drop across the STM vacuum ga
due to the tip shape. The potential along the symmetry axis is u
The parabolic potential in the semiconductor is due to a unifo
space-charge layer, which takes into account the effects of the s
conductor doping and dielectric constant, as well as the temp
ture, on the barrier size. The tip/base separation is determine
constant-tunnel-current feedback control. The zero of energy is
tip conduction band edge. Current flows along the~001! growth
axis. With the exception of the tip, all material interfaces lie para
to thexy plane.
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negative electrode that the statekW is initially occupied, and
T(EkW ;Va) is the BEEM transmission coefficient. The fact
of 2 is the electron spin degeneracy. We assume that a
sithermal equilibrium exists in both the emitter and collec
so thatf (EkW) can be replaced by the Fermi distribution fun
tion.

Three-dimensional (kx , ky , and E) Monte Carlo tech-
niques30 are used to integrate the collector-current dens
Jc , Eq. ~1! and the base-current densityJb ~see Sec. II C 1!.
Specifically, we integrate over the wave vectors/energies
the electrons in the STM tip, and assume that energy
parallel-momentum conservation hold at all interfaces
except where noted otherwise—to relate all the other w
vectors and energies in the other BEEM components bac
the STM tip. The corresponding statistical error, given in t
form of a standard deviation, is estimated in theMISER

Monte Carlo routine30 and is presented in eachI -V plot.
Typically 1000 and 250 sample points were employed in
collector- and base-current density integrations, respectiv

Phenomenological scattering, which reproduces bulk m
bilities, is included inT(EkW ;Va) as complex wave vectors in
the metal overlayer, oxide layer, and semiconductor. We
sume that all the scattered electrons go into the base-cu
densityJb . Hence,Jb is given by replacingT(EkW ;Va) in Eq.
~1! with the corresponding absorption coefficientA(EkW ;Va),

A~EkW ;Va!512R~EkW ;Va!2T~EkW ;Va!, ~2!

whereR(EkW ;Va) is the BEEM reflection coefficient. Simi
larly, the tunnel-current densityJt , is obtained fromJc by
replacing T(EkW ;Va) with 12R(EkW ;Va) ~Fig. 1!, obeying
current conservation.

Given an effective tip area~Sec. II F!, the current densities
are converted to currents for direct comparison to the exp
mental BEEM spectra. The tip separation at a given bia
iteratively31 adjusted such that the calculated tunnel curr
equals the specified, fixed tunnel current within a prede
mined tolerance range. The iteration process is repeated
each increment of voltage, yielding the BEEM spectra
constant-tunnel-current mode.

B. The Schottky-barrier potential

Solving Poisson’s equation32 with the appropriate bound
ary conditions, assuming uniform dopingND , and shifting
the Schottky barrier from the origin toz5b yields the fol-
lowing expression for the Schottky-barrier-energy profile:

E~z!5
e2ND

2e
~z2b2zb!21EF2eVa1Dec , ~3!

where the barrier widthzb5A(2e/e2ND)(eVb2Dec) is de-
fined as the value ofz where the Schottky electric field i
zero. Vb is the Schottky-barrier height relative to the t
Fermi energyEF . Va is the applied voltage between th
STM tip and the metal overlayer.e is the dielectric constan
of the semiconductor.Dec is the energy difference betwee
the semiconductor conduction band edge and the Fermi
ergy. Its value is determined from the difference between
energy gap and the Fermi energy of the semiconductor.

c-
is
d.

i-
a-
by
e

l

8-2



rg
nd
th
er

ve
e
b

de

au

l i

tly
be
in
n
lly
in
m

o
th
le
d
e

en

om
ve
a
in
to

w

o

t

ver
ear

d

al

-
one

he
ri-

in-
ves.

on-
es.

al-
tial

set
he

into
ere
re-

n

re-
plet-
a-

g a
-
the
o-

THEORY OF BALLISTIC ELECTRON EMISSION MICROSCOPY PHYSICAL REVIEW B64 125408
Fermi energy is determined from the requirement of cha
neutrality,33 i.e., requiring that the sum of the electron a
the ionized acceptor concentrations minus the sum of
hole and the ionized donor concentrations be equal to z
The energy gap is determined using Thurmond’s34 empiri-
cally derived temperature dependent equation for GaAs~the
semiconductor we will be using in the calculations!. Dec is a
function of temperature and the semiconductor doping le
The shift to z5b is needed to make the position of th
Schottky barrier consistent with the rest of the BEEM pro
lem geometry. This potential is incorporated into the mo
by using the effective-mass approximation~EMA! inside the
semiconductor. As a result, Schottky-barrier tunneling is
tomatically built into the model.

To account for a metal-electrode contact~collector! on the
right-hand side of the Schottky barrier, the barrier potentia
cut off on this side at a value less thanz5zb1b as specified
by the user, and a flat energy profile is employed~Fig. 1!.
The cutoff length chosen was 100 Å. This is sufficien
thick so that any additional Schottky potential neglected
yond this value is expected to have a negligible tunnel
contribution to the collector current. Only those electro
with energy near the top of the Schottky barrier—typica
within 0.25 eV—have any appreciable chance of tunnel
through it, even if the barrier is heavily doped. The sa
boundary conditions~see Sec. II A! are employed at both
ends of the barrier.~Note that the cutoff length was varied t
check that no unwanted artificial reflections resulted from
semiconductor/collector interface. The corresponding col
tor current decreased when the cutoff was increased an
creased when the cutoff was decreased as expected. Th
tenuation in the semiconductor was sufficient to prev
unwanted artificial reflections from this interface.!

Scattering in the semiconductor is accounted for phen
enologically via the addition of a constant, imaginary wa
vector equal to the inverse of the inelastic mean free p
length in the semiconductor. However, since the nominal
elastic mean free paths for bulk III-V materials were found
be in the range of 500–1000 Å,35 which is greater than the
semiconductor cutoff length of 100 Å used in the model,
instead use mean free paths in the range of 100–200 Å.

We also include the effects of temperature and doping
the semiconductor scattering via the mobilitym. GaAs mo-
bility data have been obtained by Rode and Knight.36 They
were fitted to a product of power laws,

m~T,ND!5m0TaND
b , ~4!

wherea, b, andm0 are fitted to the available data, andND
and T are given in cm23 and K, respectively. The resultan
fits @in cm2/(s V)# are

m~T,ND!55.30831011 T22.3 ND
20.145 for T>58 °K

~5!

and

m~T,ND!57.9553105 TND
20.145 for T,58 °K. ~6!
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These fits reasonably reproduce the mobility data o
a temperature range from 4 to 1000 K, and doping from n
intrinsic, ND51014 cm23, to near degenerate,ND
51019 cm23.

To relate the mobility to the mean free pathl ~scattering
length as used here!, we employ the results of Petritz an
Scanlon,37 i.e.,

l}mT1/2. ~7!

Using Eq. ~7! we obtain an expression relating the initi
base-line~see Sec. III A! mean free pathl i at temperatureTi
and dopingNDi

, to the final mean free pathl f at temperature

Tf and dopingND f
, namely,

l f5
m f~Tf ,ND f

!

m i~Ti ,NDi
!

Tf
1/2

Ti
1/2

l i . ~8!

C. G- and longitudinal X-point transmission coefficient
analysis

The three lowest conduction band edges~BEEM thresh-
olds! of GaAs in terms of increasing energy occur at theG,
L, andX points.35 For the~001! growth axis, all fourL val-
leys are equivalent. TheX valleys are divided into two trans
verse ones in the interface plane and one longitudinal
parallel to the growth axis. We calculate theG- and longitu-
dinal X-point transmission and reflection coefficients via t
corresponding wave functions in the various BEEM mate
als using the transfer-matrix method.25–27

1. Γ- and longitudinal X-point wave functions

In the electron propagation through the semiconductor
terfaces we require the propagating and evanescent wa
For the contributions from theG andX valleys we need the
energy and the wave functions throughout the zone. We c
struct a phenomenological model by using 15 plane wav
TheG-point energies from first-principles band structure c
culations are fitted by a phenomenological pseudopoten
with symmetrized plane waves.

We use a two-step approach29 to calculating the wave
functions. First, starting from a simple plane-wave basis
about the conventional origin, we begin construction of t
symmetrized basis set38 with the Hamiltonian matrix—in the
momentum representation—at the zone center, taking
account the symmetry properties of the crystal lattice; h
the GaAs zinc-blende lattice. The plane-wave basis is
stricted to the lowest 15 energy waves39 at the reciprocal
lattice vectorsGW .40 The potential terms in the Hamiltonia
are evaluated using pseudopotential theory.41–43 With the
Hamiltonian matrix evaluated, we next calculate the cor
sponding eigenenergies and eigenvectors, thereby com
ing the determination of the symmetrized wave-function b
sis at the zone center.

The second part of the approach consists of constructin
full-zonekW•pW Hamiltonian matrix,44 using as a basis the pre
viously determined 15 symmetrized wave functions at
zone center. ThekW•pW matrix elements are adjusted to pr
8-3
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D. A. PEARSON AND L. J. SHAM PHYSICAL REVIEW B64 125408
duce the bands with the proper energies and slopes a
zone edge we are interested in, namely, theX point. These
bands include not only the propagating~real! bands but also
the evanescent~complex! bands, both of which have to b
tracked carefully as the wave vector and energy vary.

We integrate our current densities over total energyE, and
parallel wave vectorskx andky . The reason for this will be
apparent shortly. Hence, we need to determine the co
sponding propagation wave vector along the growth axiskz ,
as a function ofkx , ky , andE. This is readily obtained from
the kW•pW secular equation. Furthermore, we are interested
not only the real but also the complexkz , i.e., the evanescen
bands. This is because the imaginary parts of these com
k points are what connect the real bands together; the ‘‘
lines’’ as defined by Heine.45 It is crucial to include them in
the analysis, if a proper investigation of the electron pro
gation through the semiconductor is to be undertaken.
example, if the injected electron energy lies between the
bands, in the so-called forbidden zone, then the associ
propagation wave vectorkz at that energy has a nonze
imaginary part.

We use a singular value decomposition30 of the full-zone
Hamiltonian matrix—one decomposition for each of then
51, 2, . . . ,15roots kz

(n) of the secular equation—to obtai
the set of full-zone, basis expansion coefficients.44

2. Construction of the semiconductor transfer matrices

We employ standard techniques to construct the tran
matrices.25–27 The entire system~see Fig. 1! is partitioned

FIG. 2. Energy vs the real part ofkz at kx5ky50 for GaAs. The
zone edge lies atkz5G. The top of the valence band is atE5kz

50. Here the ‘‘real lines,’’~Ref. 45! those bands with a nonzer
imaginary part, are the fourpairs of vertical or near vertical lines
labeledr7 throughr11. ~Bandsr6 and r7 for E.4 eV are not
‘‘real lines’’ but instead are degenerate having a zero imagin
part.! The ‘‘real lines’’ come in complex conjugate pairs and co
nect the bands; see Fig. 3. The way to loop through all the ban
simply to follow the labels presented here and in Fig. 3. Note t
roots r10 and r11 lie outside the zone and are neglected in
calculations. All of the remaining roots are retained.
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into layers sufficiently thin so that in each layer the flat p
tential approximation is used to determine the wave pro
gation vectors and full-zone basis expansion coefficie
The wave functions~calculated in Secs. III C 1 and III C 3!,
taking into account the potential in each layer, are th
matched at each of the two respective layer interfaces and
corresponding matching coefficients are factored out, yie
ing the transfer matrix for that layer.~For how these transfe
matrices are used to obtain the transmission and reflec
coefficients see Sec. II C 4.!

There are three items that determine the size~dimensions!
of the transfer matrices. One is the number of basis statexy
projections onto the layer interface planes. This numbe
readily obtained from examination of the 15 plane wav
used to construct the symmetrizedG-point basis wave
functions.38 Inspection of these waves reveals ninexy pro-
jections. Given in terms of the associated reciprocal latt
vector components they are@00#, @11#, @11̄#, @ 1̄1#, @ 1̄1̄#,
@20#, @02#, @ 2̄0#, and@02̄#. The second item is the number o
boundary conditions~BC’s! used to match these projection
across the interface. Here we use 2 BC’s~see Sec. II A!.
Thus, for nine parallel momentum components we hav
total of 18 BC’s.

The remaining item is the number of accuratekz
(n) solu-

tions ~bands! that are available. To determine this, we exa
ine our fitted complex band structure in Figs. 2 and 3. W
observe that the number of bands depicted is less than
total 15 bands in our approximation. This discrepancy in
number of nonzerokz

(n) solutions and the total number o
basis wave functions is to be expected, however, beca
many of the higher-energy bands do not have any direct c

y

is
t

e

FIG. 3. Energy vs the imaginary part ofkz at kx5ky50 for
GaAs. See Fig. 2 for an explanation of the symbols. The curve
the extreme right of the figure are not included in the calculatio
as they connect to bands that lie well above the highest en
considered. Note that only the positive imaginary bands are
played except in the case of the ‘‘real lines’’ where both labels
shown to facilitate comparison with Fig. 2. The kink in rootsr9 and
10, near 2 eV, is a result of imperfect band fitting.
8-4
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THEORY OF BALLISTIC ELECTRON EMISSION MICROSCOPY PHYSICAL REVIEW B64 125408
nection whatsoever to the lower-energy bands in the figu
the corresponding complexkz

(n) or ‘‘real lines,’’45 which con-
nect the real bands together, connect these higher-lying
ergy bands to others that are well in excess of the ener
depicted.

Taking into account both the real and imaginary ban
these figures show that we have five accurate solution
kz

(n) over the givenE range~those bands labeledr5 through
r9 in Figs. 2 and 3!. The bands with the large imaginar
wave vectors to the far right of those depicted in the resp
tive imaginary band figures that are not labeled, however,
not considered. This is because these originate from ba
well above the lowestG-X3 conduction band that are no
accurately fitted, and do not have the correct zero slope a
Brillouin zone boundary. Only the valenceG-X1 , G-X3, and
G-X5 band edges and the lowest conductionG-X1 andG-X3
band edges have been accurately fitted over the energy r
depicted, as well as the corresponding slopes having b
adjusted as near zero as is practicable.

Although we have nine wave functions, only the five a
sociated with the fitted bands are reliable. This is consis
with having chosen only five plane waves and neglecting
@002# set. The larger plane-wave set is used to ensure
accuracy of the smaller basis set. Hence, we drop from
ther consideration the@002# set of plane waves, thereb
achieving a consistent set of wave functions and w
matching coefficients, i.e., an equal number of each to c
out the boundary condition matching and subsequent c
struction of the transfer matrices.

3. Wave functions in the remaining materials

To facilitate boundary condition matching, the plane-wa
states employed in the semiconductor are used to app
mate the wave functions in the remaining BEEM comp
nents, i.e., in the STM tip, vacuum, oxide, metal overlay
and collector electrode.~All metals are approximated by th
free-electron model for Au and therefore we have not
cluded the effects of the metal band structure.46! The corre-
sponding bands in each of these components, with the ex
tion of the vacuum, are all taken to be flat and not distor
by the applied bias~the oxide is assumed to be thin!. There
are no distortions because all the applied bias potentia
dropped entirely across the STM vacuum by construction
BEEM.1,2

Scattering effects in the metal overlayer and oxide
incorporated into the model in the same manner as was d
in the semiconductor. The metal overlayer, assumed to
Au, has a mean free path length of order 120 Å,4 and typical
thicknesses in the range from 50 to 100 Å. In the oxide c
very limited data are available. No scattering length data
available so a range of ‘‘reasonable’’ values is considered
for the oxide thickness, it depends critically on how clean
semiconductor surface is prior to metal deposition, and
some extent on how much interdiffusion occurs between
metal and the semiconductor. From Ref. 47 we find tha
‘‘clean’’ surface would be expected to have an oxide lay
thickness of the order of 20 Å. We assume that the semic
ductor surface can be taken to be ‘‘clean’’ and take the ox
layer to have a thickness of 20 Å.
12540
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The vacuum potential between the STM tip and the me
overlayer is modeled by the potential along the symme
axis between a charged sphere and a ground plane.48 This
potential, by symmetry, depends only on the radius of
sphere and its distance from the plane. When the tip radiu
comparable to or greater than the tip/metal-overlayer sep
tion, the potential drop is nearly linear along the symmet
axis, analogous to the potential drop between parallel pla
as would be expected. On the other hand, when the tip ra
becomes less than the tip/metal-overlayer separation, the
tential drop is quite nonlinear.

This model should be an improvement over parallel pla
models and should yield a better current dependence on
distance, which is essential for the constant-current mod

Finally, these wave functions are then used to constr
the corresponding transfer matrices in each material exa
as in the semiconductor~see Sec. II C 2!.

4. Derivation of the transmission and reflection coefficients

Rather than eliminating all the wave matching coefficie
at each interface to obtain the composite transfer matrix c
pling all the different materials together,25–27 we instead use
the regrouping technique of Schulman and Ting49 to deter-
mine these coefficients. We do this so that we may incre
the physical size of the semiconductor material we can c
sider before numerical instability creeps into the derivat
of these matching coefficients. From these wave coefficie
we then determine the transmission and reflection coe
cients in the standard manner50—averaging them over a uni
cell to remove the remainingxy spatial dependency in thes
coefficients.

D. L-point transmission coefficient analysis

Analysis of theL-point transmission coefficient proceed
in essentially the same fashion as in theG- and longitudinal
X-point cases with two exceptions. First,kW changes direction
to G(111)/2 requiring newkW•pW momentum matrix fitting
elements along theG-L direction. And second, each injecte
electron must experience a significant scattering even~s!,
somewhere along its journey from the STM tip to the sem
conductor, in order that the electron have the proper para
~to the interface! momentum components required to acce
the semiconductorL point. This is because the STM tip in
jects all electrons essentially along the~001! growth axis
direction due to the STM tip focusing.1,2 The relative orien-
tation of theL point to the growth axis~001! then requires a
large change inkx andky . ~In contrast, theG and longitudi-
nal X points both lie along the growth axis, and therefo
such scattering events are not required.! The required scat-
tering occurs either in the metal overlayer and/or at
metal-overlayer/semiconductor interface, and can be ei
elastic or inelastic. However, due to the typically thin me
overlayer~50–100 Å!, it is expected that the majority of th
scattering occurs at the metal-overlayer/semiconductor in
face due to rough surface scattering.

We estimate an upper bound on the current due to sca
ing, by assuming thatall the electrons have scattered in
states with the proper parallel momentum components to
8-5
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cess the semiconductorL point through the interface. We
have found that the resultingL-point collector-current esti-
mate is negligible compared to the previously determinedG-
and longitudinalX-point collector currents.

Specifically, we assume that thekx andky components of
all the electrons are equal toG(0.5, 0.5), the required
L-point parallel momentum components, throughout all
BEEM structures. Thekz wave vector component is not re
stricted. The correspondingkz’s obtained with kx5ky
50.5G, using the band fitting parameters obtained along
G-L direction, yielded four of fivekz’s with large imaginary
parts—three to four times theG-point kz’s. @We use five
bands,kz’s, for the same reasons we did in theG- and lon-
gitudinal X-point cases~Sec. II C 2!.#

The calculation yields a negligibleL-point collector cur-
rent in comparison to theG-point current—at least 10 order
of magnitude less. The dominant contributing factor is
relative size of the imaginary wave vector components,
compared to theG- and longitudinalX-point case. Thus, we
neglect in our further consideration the contribution of t
L-point current to the total BEEM collector current.

E. Transverse X-point transmission coefficient analysis

As in the L-point case, we anticipate that very little co
lector current will be contributed by these points. Similar
we seek an upper bound estimate for the correspon
threshold behavior.

We use the symmetrized combination of plane waves
correspond to theX-point threshold bands of interes
namely, the conduction band~CB! edgesX1 andX3, and the
valence band~VB! edgeX5 at this point built from the set o
four @011# plane waves~Ref. 38, Table VI!.

We treat the two CB’s, which lie approximately 0.4 e
apart at theX point in GaAs, as the current carrying band
and the single degenerate VB, which lies nearly 5 eV be
the X1 band,35 as a perturbation on these two CB’s. We u
nondegeneratekW•pW perturbation theory44 to couple theX1
andX3 bands to the degenerateX5 band in first order in the
wave functions. TheX1 and X3 bands are close enough
energy that thekW•pW perturbation approach yields reasonab
small kz values near threshold for both bands. On the ot
hand, theX5 band is so far away in energy at the BEE
threshold at this point that the correspondingkz estimated for
this band will not be small, so a perturbation treatment
this VB is not valid.

The boundary conditions used here are a slight modifi
tion of the standard Ben Daniel–Duke BC’s.51 These stan-
dard BC’s have been appropriately modified to include n
parabolic effective masses52 in the semiconductor.

Scattering effects are overestimated again by assuminall
electrons to have parallel momentum ofG(01) along the
interfaces.

The calculation results in a transverseX-point collector
current at threshold that is negligible in comparison to
G-point current. Specifically, the values obtained are m
than ten times smaller than the typical noise detection thre
old levels of 0.1 pA.53 Thus, we neglect in our further con
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sideration the contribution of the transverseX-point current
to the total BEEM collector current.

F. Effective tip area

To estimate an effective tip area in our model to conv
the calculated current densities to currents, we examined
potential distribution between the STM tip and the met
overlayer plane to obtain an estimate of the breadth of
potential distribution. These calculations were carried
and yielded ambiguous results, i.e., there was no clear
marcation observed in the tip field lines where one could
that the tunnel current was confined. We shall simply assu
that the effective tip area is given bypr tip

2 , wherer tip is the
tip radius. This is at least correct in order of magnitude a
has roughly the correct tip radius dependence. Unless ot
wise specified, the tip radius is taken to be 20 Å—a typi
value found in the literature.

It is worth noting that, in either the constant-height
constant-tunnel-current mode, not only does the effective
area play the role of determining the current magnitude fr
the current densities@e.g., Eq.~1!#, but also the correspond
ing effective tip radius determines the intensity of the elec
fields between the tip and the metal-overlayer plane,
therefore the magnitude of the intervening vacuum poten
~see Sec. II C 3!. These two tip effects compete in the sen
that decreasing the tip radius increases the tip field stren
thereby reducing the vacuum potential, but decreases th
fective tip area, decreasing the injected current. At all but
highest bias levels, the tip area effects dominate over the
electric field effects because the curvature induced in
vacuum potential, relative to a linear potential drop, does
become significant until the bias voltage approaches a s
stantial fraction of the vacuum barrier height~typically 2 V
or more!. When this occurs, the effective width of the barri
is greatly reduced, most notably in the mid-portion of t
vacuum potential.

In the constant-height mode, this competing behavio
important in determining the magnitude of the collecto
current. On the other hand, in the constant-tunnel-curr
mode, this behavior is not nearly as important because of
feedback built into this operating mode. This is because
vacuum width is adjusted accordingly until the preset tun
current is obtained, irrespective of the effective tip area.
example, using the model in constant-tunnel-current m
and the effective tip area assumed above, it is observed
changing the tip radius from 10 to 100 Å increases the re
tive collector-current magnitudes by approximately 10%
the high end of the bias range—approximately 2 V. This
not a large change given the drastic change in the effec
tip radius. What does change noticeably in the consta
tunnel-current mode in this case is the tip/plane separat
This width increases significantly when a larger tunnel
radius is employed or decreases significantly when a sma
tunnel tip radius is employed. In this example, the cor
sponding vacuum width changes from roughly 5 to 7 Å,
good agreement with observation.54,55
8-6
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III. MODEL RESULTS

The apparent threshold voltage~ATV !, which will be re-
ferred to extensively in the following sections, is defined
be that voltage where the BEEM collector currentI c is just
detected above the background noise level, exactly a
would be determined in an experiment. A typical BEEM cu
rent measuring noise limit lies in the range of 0.1 to 0
pA.53 The lower limit of this range is used to determin
the ATV.

A. Base-line data definition

The experimentally controllable BEEM parameters~dop-
ing, temperature, metal-overlayer thickness, etc.! take on a
wide range of values in the literature. We chose values
the corresponding model input parameters that are freque
observed and used them to define a base-lineI -V result. We
then used this result to determine what effects varying th
input parameters has on the calculatedI -V curves. Our
model base-line input parameters are presented in Tab
Note that the choices for the semiconductor cutoff and
scattering lengths were discussed in Sec. II B.

Additionally, the location of the metal-overlaye
semiconductor interface in relation to the leading semic
ductor atomic plane within a unit cell needs to be specifi
Since our basis set is finite, the calculated current results
dependent on the interface plane location for the wa
function matching. A similar dependency was found
Sham and Nakayama.56 Using their results as a guide, w
chose the relative distance between the nearest semicon
tor crystal plane and the metal-overlayer/semiconductor
terface to be halfway between the two GaAs sublattic
However, because our basis functions are expanded abou
conventional origin38 this choice shifts the interface locatio
onto a lattice point.

To save space, the base-line BEEM collector current,
separation, and base current spectra—using the inpu
Table I—are presented in Secs. III B 5, III B 4, and III B
respectively.@Note that neither theL-point nor the transverse
X-point ~100! data are included in these results since they
negligible.# The ATV is seen to be approximately 980 m
Recall that the input value of the Schottky-barrier height
900 mV. This apparently slightly higher threshold voltage
attributed primarily to the effects of the short scatteri
length, which reduces the collector current, yielding a hig
ATV. For comparison, a longer scattering length of 250
yields an ATV approximately 60 mV below the inpu
Schottky-barrier height due to the reduced scattering and
corresponding increase in the collector current. The long
dinal X-point ~001! threshold occurs somewhere in th
neighborhood of 1.4 to 1.45 V.~Higher voltage resolution is
needed to pin down this threshold.! This range is consisten
with what one would expect based upon the GaAs b
structure.

B. BEEM model results

In each of the following data comparisons we change
parameter at a time in the base-line input data given in Ta
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I. The salient results are discussed. All calculated or m
sured data points are simply connected by line segments
ease of viewing.

1. Doping

In Fig. 4 we present the BEEM spectra as a function
doping.~The low-voltage sampling resolution used here a
elsewhere was needed to keep the length of a given code
down to a few days. Furthermore, the larger error bars
high voltages reflect the limited integration sample size;
integration region increases with voltage.! The doping de-
pendence of the semiconductor scattering lengthsl f are de-
termined from Eq.~8!.

There are two competing effects present in the resu
First, increasing the doping decreases the Schottky-ba

TABLE I. Base-line code input for Au/GaAs~001!. With the
exception of the semiconductor inelastic mean free path length
the physical parameters listed having to do with the BEEM mat
als or equipment are fixed experimentally.

Temperature~K! 300.0
STM tip Fermi energyEF ~eV! 5.51
Fixed tunnel current~nA! 1.0
STM tip radius~Å! 20.0
Initial tip separation~Å! 4.7
Vacuum barrier height relative toEF ~eV! 4.3
Metal-overlayer thickness~Å! 70.0
Oxide layer contribution~1/0! ? 0
Semiconductor lattice constant~Å! 5.65
Number of vacuum transfer matrices 35
Minimum applied bias voltage~V! 0.7
Maximum applied bias voltage~V! 2.0
Number of voltage points 13
Semiconductor energy gap at zero temp~eV! 1.53
Semiconductor energy gap at input temp~eV! 1.43
Schottky-barrier height relative toEF ~eV! 0.9
Acceptor doping level (/cm3) 1.031014

Acceptor ionization energy~meV! 30.0
Donor doping level (/cm3) 2.231017

Donor ionization energy~meV! 5.0
L-band CB edge contribution~1/0! ? 0
TransverseX-band CB contribution~1/0! ? 0
Semiconductor dielectric constant 13.13
Natural Schottky-barrier width~Å! 757.5a

Barrier evaluated at every ? nd lattice point 2
Schottky-barrier-cutoff thickness~Å! 50.0b

Number of Schottky-barrier transfer matrices 4
Additional Schottky-barrier tail thickness~Å! 56.5c

Total Schottky-barrier thickness~Å! 101.7
Semiconductor inelastic mean free path~Å! 120.0
Metal elastic mean free path~Å! 120.0

aWidth corresponds tozb defined in Sec. II B.
bRounded to the nearest multiple of the semiconductor lattice c
stant.

cThickness is in multiples of the semiconductor lattice constant
8-7
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D. A. PEARSON AND L. J. SHAM PHYSICAL REVIEW B64 125408
width and increases the tunneling through the barrier
creasing the ATV. And, second, increasing the doping
creases the impurity scattering in the semiconductor, incr
ing the ATV. The important point to note in the results is th
the ATV is clearly a function of doping, even though th
actual Schottky-barrier height used in the model is held fix
at 900 mV in all these cases. For comparison, when the s
tering length is kept at the base-line value for all dopi
levels, the threshold voltage decreases monotonically w
increasing doping. Beyond the threshold, the overallI -V
curve does not depend sensitively on the doping variat
~The peak near 1.3 V at the lower doping levels is due to
longer semiconductor scattering length. With increased s
tering length there are generally more peaks and valley
the corresponding transmission coefficient, thereby incre
ing the chances of sample biasing in the integration.!

Contrast our results with the earlier BEEM model resu
~e.g., Ref. 2!, where the effects of doping are not explicit
accounted for in any fashion, but rather only implicitly v
fitting of the Schottky-barrier height and an overall sca
factor. Scattering effects would also have to be accounted
by these fitting parameters. Since tunneling effects are c
pletely ignored in these earlier models, these models wo
likely predict a lowering ofVb as the doping was increase

2. Temperature

In Fig. 5 we present the BEEM spectra as a function
temperature. The semiconductor scattering lengths are d
mined from Eq.~8!.

As in the doping case, there are two competing effect
the data. First, increasing the temperature from near abso
zero to room temperature and above decreases the Scho
barrier width and increases its curvature. And, seco
changing the temperature changes the mean free path le

FIG. 4. BEEM collector-current spectrum as a function of t
doping ND . Collector current over a typical bias range and ne
threshold ~inset!. Dot-dash, ND51.031018/cm3, semiconductor
scattering lengthl f596 Å; solid, ND52.231017/cm3, l f5120 Å
~base line!; dash, ND5331016/cm3, l f5161 Å; dot, ND53
31015/cm3, l f5224 Å.
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in the semiconductor. However, the temperature effect on
Schottky barrier is much less dramatic than the correspo
ing effect of changing the doping. On the other hand,
mean free path displays much more dramatic changes a
gards temperature than as regards doping. This is rea
observed in Fig. 5, in the increase in the ATV for both t
very low- and very high-temperature cases, as compare
the T577 K data.

Observe that the magnitude of the ATV change can
explained without recourse to a change in the Schott
barrier height as a function of temperature, as is sometim
observed in the literature.57 This is not to say that there is n
Schottky-barrier height change due to temperature, but ra
that its contribution, as suggested by our model results
small. Indeed, the change in the measured threshold vol
given in the literature57 at low temperature is significantly
larger than can be explained by simply attributing th
change solely to the Schottky-barrier height as determi
from self-consistent barrier calculations. Our results sugg
instead that the ATV change as a function of temperature
be primarily attributed to the large change in the mobility,
the corresponding change in the semiconductor scatte
length.

We have not included the effects of temperature on
GaAs band structure, which may of course influence
above conclusions. Nor have we included the tempera
effects on the metal-overlayer scattering length.

3. Metal-overlayer thickness

For the two smallest metal-overlayer thicknesses in Fig
there is very little overall difference in the BEEM spectr
except near the threshold voltage. This is to be expec
since both these thickness are significantly smaller than
Au metal-overlayer scattering length of 120 Å.4 As the metal
thickness approaches the metal-scattering length, as in

r

FIG. 5. BEEM collector-current spectrum as a function of t
temperatureT. Collector current over a typical bias range and ne
threshold~inset!. Dot-dash,T5500 K, semiconductor scatterin
length l f548 Å ; solid, T5300 K, l f5120 Å ~base line!; dash,
T577 K, l f51390 Å ; dot,T54.2 K, l f544 Å .
8-8
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THEORY OF BALLISTIC ELECTRON EMISSION MICROSCOPY PHYSICAL REVIEW B64 125408
100 Å case, the collector current drops appreciably. Th
thickness dependency of the collector current is more app
ent near the threshold voltage. Also observe that the me
scattering has affected the shape of each spectrum. This i
contrast to the simple scale change predicted by the ear
BEEM models.

In addition to the effects of scattering, another effect
changing the metal-overlayer thickness is that the resonan
of the quasiwell formed between the STM vacuum and t
metal/semiconductor interface change.58 Recall that these
structures are coupled in our model via application of boun
ary conditions. This may in part be responsible for th

FIG. 7. BEEM collector-current spectrum as a function of th
tip radiusr. Collector current over a typical bias range and ne
threshold~inset!. Dash,r5100 Å ; solid, r520 Å ~base line!;
dot, r510 Å .

FIG. 6. BEEM collector-current spectrum as a function of th
metal-overlayer thicknessb. Collector current over a typical bias
range and near threshold~inset!. Dot, b550 Å ; solid, b570 Å
~base line!; dash,b5100 Å . The Au metal-overlayer scattering
lengthl5120 Å . ~Ref. 4!.
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change in shapes observed. Such an effect is entirely ab
from all the previous BEEM models.

4. Tip radius

Figure 7 shows that there is little dependence of
constant-tunnel-current BEEM spectra on STM tip radius
voltages less than 1.5 V, and only a slightly larger variat
of the order of 10% thereafter. In fact, all the remaining d
lie within the error bars of the base-line data. What h
changed markedly here, in contrast to all the previous res
is the STM tip separation exactly as indicated earlier in S
II F. The effective tip area was taken to be proportional to
square of the actual tip radius. Thus, in going from a 10 t
100 Å tip radius, we expect an approximate 100-fold
crease in the corresponding collector and tunnel curre
However, because of the constant-tunnel-current feedbac
our model, the tip in this case has been moved 2 Å further
away from the metal overlayer~Fig. 8! to compensate for
this large current change. The magnitude of this tip shift is
good agreement with observation.54,55

On the other hand, for the constant-STM-tip-heig
BEEM mode, the ratios of the resulting calculated collec
currents would be approximately proportional to the ratio
the squares of the tip radii. Clearly, in this mode there wo
be a substantial difference in the calculated BEEM curre
as compared to the feedback mode results presented
~see Sec. III B 6!.

5. Tunnel current

Figure 9 shows that the spectra scale nearly the sam
the tunnel current as expected. Near threshold, it is clear
the ATV is again a function of the parameter under inves
gation, in this case the magnitude of the tunnel current,
actly as observed in the doping, temperature, and me
overlayer thickness cases.

r

FIG. 8. Tip separation as a function of the tip radiusr. Dash,
r5100 Å ; solid,r520 Å ~base line!; dot, r510 Å .
8-9
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6. Constant-tip-height mode

In Fig. 10 we present the calculated collector and ba
currents as functions of bias voltage for both constant-t
height and constant-tunnel-current modes.

In all but the threshold region, where the two modes we
intentionally set up to be equal, it is clear that the addition
constant-tunnel-current feedback in the model has had
drastic effect on the corresponding collector and base c
rents. The large differences observed in these modes i
direct result of the tip separation changing a mere 1 Å over
the voltage bias range depicted. Contrast our results w
those of the Kaiser and Bell2 model, which predicts very

FIG. 9. BEEM collector-current spectrum as a function of th
tunnel current magnitudeI t . Collector current over a typical bias
range and near threshold~inset!. Solid, I t51.0 nA ~base line!; dot,
I t52.0 nA; dash,I t53 nA.

FIG. 10. Comparison of the BEEM collector and base curren
in constant-tip-height and constant-tunnel-current modes. Collec
and base~inset! current over a typical bias range. Dot, BEEM
constant-tip-height mode; solid, BEEM constant-tunnel-curre
mode~base line!.
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little sensitivity of the BEEM spectra to the tip separation
constant-tunnel-current mode.

Finally, observe that over the last 0.5 V of the bias ran
the feedback has completely changed the character of
respective collector currents, namely, that the feedback m
results suggest a leveling off, whereas the constant-tip-he
mode results display no such analogous behavior. Indeed
constant-tip-height mode data actually appear to be stee
ing near the end of this range.

7. Semiconductor scattering length

Figure 11 presents the BEEM spectra as a function
semiconductor scattering length. Clearly, the semiconduc
scattering length has a profound effect on the over
collector-current spectra and is especially influential ne
threshold. Moreover, observe that the relative changes in
collector-current magnitude diminish with increasing scatt
ing length in excess of the semiconductor cutoff length
expected~Sec. II B!. Note that in most of the earlier model
scattering is accounted for by an overall scale factor.2 It is
obvious that our approach to scattering has done more t
simply scale the spectra.

It is sometimes claimed59,60 that the variation of the ap-
parent Schottky-barrier heightVb as a function of interface
locationx, i.e., Vb(x), as deduced from the Kaiser and Be
based BEEM fitting models, is due to differences in the a
tual height of the barrier along the interface. In view, how
ever, of the preceding results, it is also possible to interp
this observed functional dependency ofVb(x) as a reflection
of the level of scattering below the buried heterostructu
interface and its effect on theapparent Schottky-barrier
height, and not necessarily as an indicator of any variation
the actual Schottky-barrier height. A similar inference coul
also be drawn from the metal-overlayer scattering. If inde
Vb(x) is due mainly to scattering rather than any actu

s
or

t

FIG. 11. BEEM collector-current spectrum as a function of t
semiconductor scattering lengthl f . Collector current over a typical
bias range and near threshold~inset!. Dot, l f560.0 Å ; dash,l f

590.0 Å ; solid,l f5120 Å ~base line!; dot-dash,l f5240 Å .
8-10



th
if

,
e

g-
re
e

s
t

s-
the

ge,
ea-
s.

he

n

l
ng

ro-
e
arly
b-
in

1.2,
n a

tact
in

of

at
M
u-

s

ent

did
o

EM

EM

M

THEORY OF BALLISTIC ELECTRON EMISSION MICROSCOPY PHYSICAL REVIEW B64 125408
variation of the barrier height along the interface, then
resultantI -V curves at the various locations should have d
ferent shapes as indicated by our model.

C. Comparisons with experimental data

The measured data, provided courtesy of B. Morgan61

may be compared with the calculated tunnel spectra in S
III B 5 ~Figs. 12–14!. The general trend in each of these fi
ures is that the theory underestimates the collector cur
below 1.5 V and overestimates it above 1.5 V. The rollov
behavior in our results at the high end of the bias range i
general agreement with the measured data; in particular

FIG. 12. Comparison of the measured and calculated BE
Au/GaAs~001! collector-current spectra atI t51.0 nA. Collector
current over a typical bias range and near threshold~inset!. Solid,
calculated~baseline!; dot, measured.

FIG. 13. Comparison of the measured and calculated BE
Au/GaAs~001! collector-current spectra atI t52.0 nA. Collector
current over a typical bias range and near threshold~inset!. Solid,
calculated; dot, measured.
12540
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roll-off behavior becomes progressively weaker with increa
ing tunnel-current magnitude. Of the three data sets,
agreement between the collector currents withI t52.0 nA
appears to be the best. As for the apparent threshold volta
it is seen that the difference between the calculated and m
sured values is approximately 30, 10, and 10 mV for Fig
12–14, respectively. These differences are well within t
neighborhood of the variations@<650 meV ~Ref. 62!#
typically observed from BEEM scan to scan on a give
sample.

The correspondingdIc /dV derivatives for these tunne
spectra—calculated using Savitzky-Golay smoothi
filters30—are depicted in Fig. 15.~The voltage sampling had
to be increased five-fold in the calculated data to obtain
bust derivative results.! Overall, both sets of data display th
same general behavior. In particular, both sets of data cle
display an inflection point in the 1.6–1.7 V range and su
sequently display rollover behavior. These data are also
good agreement with the model of Kaiser and Bell.2 Further-
more, both sets of data increase at approximately 0.9,
and 1.4 V; the last increase becomes more apparent o
larger plot scale.~ThedIc /dV model features are robust—in
the sense that the overall features of the curve remain in
and in the same general position with regard to changes
the Savitzky-Golay smoothing sampling and the degree
the polynomial fitting30 over a reasonable range of values.!

Kaiser and Bell2 suggest that increases indIc /dV reflect
BEEM voltage thresholds. If this is true, this suggests th
our derivative data have picked up all three GaAs BEE
thresholds. Recall, however, that we found that the contrib
tion of theL point to the total calculated collector current i
negligible ~Sec. II D!.

To try to understand what is the source of the appar
L-point threshold in the modeldIc /dV results, we first ex-
amined what effect the feedback has on these results. We
this by turning off the feedback and switching over t

FIG. 14. Comparison of the measured and calculated BEE
Au/GaAs~001! collector-current spectra atI t53.0 nA. Collector
current over a typical bias range and near threshold~inset!. Solid,
calculated; dot, measured.
8-11
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constant-tip-height mode. Using the same model input
rameters as before revealed that the feedback was no
source for the apparentL-point threshold, as the constant-t
heightdIc /dV results clearly displayed an increase near
V. ~This result was also found to be robust in the same se
as discussed above.! Next we examined theI -V curves with
the parameter changes that were undertaken previously
again found this same general behavior; although it mus
pointed out that this examination was carried out with
lower-voltage sampling used in the base line, so some b
ing of these results is possible.

Hence, by the process of elimination, we conclude t
the source of the apparentL-point threshold is due not to a
actual threshold, but rather to other band-structure effe
and that the ATV at this point is simply a coincidence. Th
the dIc /dV data are not necessarily a good indicator of
Au/GaAs~001! L-point threshold.

Finally, to further improve the agreement between the c
culated and measured data we took the liberty of adjus
various model parameters. Of all the model parameters
could be legitimately adjusted—that is, were not intrinsica
fixed—changing the choice of the relative position of t
metal-overlayer/semiconductor interface and the lead
semiconductor atomic plane within a unit cell~see the dis-
cussion in Sec. III A! resulted in by far the best improveme
in the overall agreement of the two data sets. The value
changed from the originalz5a/8 to z5a/10, wherea is the
GaAs lattice constant. The results of this change, the
justed base line, as well as the original base line and m
sured data for the 2 nA tunnel-current case are given in
16. The measured data lie within the calculated error b
over the majority of the bias range. In the other two tunn
current data sets~1 nA and 3 nA!, the agreement was signifi
cantly improved but not quite as much as in Fig. 16. Phys
justification for such a change in the relative position of t

FIG. 15. Comparison of the measured and calculateddIc /dV
spectra atI t51.0 nA. Dot, model data; solid, measured data. T
model dIc /dV spectrum usednr525, nl510, andm54 ~fitting
polynomial order! to carry out the Savitzky-Golay filtering~Ref.
30!. The calculated curves terminate at 1.8 V due to an insuffic
number of data points for proper smoothing beyond this bias ra
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metal-overlayer/semiconductor interface and the lead
semiconductor atomic plane can be made by appealing to
oxide layer that lies in general between the metal and se
conductor.

IV. SUMMARY AND CONCLUSIONS

In summary, our model~Sec. II! includes both constant-
tunnel-current feedback and calculation of the transmiss
coefficient beyond the EMA—including detailed symmet
treatments of the primaryk-space points. Our results~Sec.
III ! indicate that virtually all the experimentally accessib
model input parameters~doping, temperature, STM tip ra
dius, tunnel-current magnitude, and metal-overlayer thi
ness!, as well as the experimentally inaccessible model inp
parameters~scattering lengths and the semiconductor cut
length! affect to some extent—in some cases significantly
the overall BEEM spectra characteristics, and in particu
the threshold characteristics. It follows that a precise de
mination of the actual Schottky-barrier height from BEE
data must be inferred within the context of a model th
includes realistic approximations of all these parameter
fects. None of the earlier models, which all fitted th
Schottky-barrier height, includes all the parameter effects
scribed.

We also compared our results~Sec. III C! with a limited
set of experimental data and found reasonably good ag
ment. In addition, we compared the correspondingdIc /dV
data and found that our data showed all the same qualita
behavior~inflection point and increases! very near the same
voltages as in the measured data. What was surprising
that our modeldIc /dV data also clearly displayed an appa
ent L-point threshold near 1.2 V as did the measured da
However, we found theL-point contribution to the collector

t
e.

FIG. 16. Comparison of the base-line, adjusted base-line,
the measured BEEM collector-current spectra atI t52.0 nA. Col-
lector current over a typical bias range and near threshold~inset!.
Solid, base line; dash, adjusted base line; dot, measured data.
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current was negligible. By the process of elimination w
were able to rule out feedback and the other model par
eters as the source of the apparentL-point threshold, leaving
only the band-structure effects. Hence, the apparent thr
old at theL point is a coincidence. Consequently, we co
clude that thedIc /dV data are not a good indicator of whe
the band thresholds occur in the case of valleys with fin
in-plane wave vectors.
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