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Ballistic Electron Emission Microscopy for Nonepitaxial Metal/Semiconductor Interfaces
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We present a model of ballistic electron emission microscopy (BEEM) that includes elastic scattering
at nonepitaxial metal/semiconductor interfaces. In the weak scattering limit, the model reduces to the
traditional description of BEEM. In the strong scattering limit, the model quantitatively describes
(1) the relative magnitudes of BEEM currents into theG, L, and X channels for AuyGaAss100d;
(2) the relative magnitudes of the currents for AuySis100d and -s111d; (3) the relative magnitudes of
currents for AuyGaAs and AuySi; and (4) the absolute magnitudes of the currents for these materials.
[S0031-9007(98)05473-8]
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The transport of electrons across nonepitaxial met
semiconductor interfaces is of interest in a wide range
contexts. Ballistic electron emission microscopy (BEEM
is a good way to study such processes because BEE
directly measures the current across interfaces for a w
characterized distribution of incident electrons [1–4
The original theoretical description of BEEM assume
that both energy and the interface parallel component
the wave vector are conserved as an electron traverses
interface [2]. This theory gives a description of BEEM
current as a function of tunneling tip to metal film bia
which has been used extensively to fit BEEM data ne
the threshold of a transport channel [5–11].

The materials systems studied most extensively
BEEM are AuyGaAs and AuySi. AuyGaAs and AuySi
are prototypes for nonepitaxial metal interfaces on dire
and indirect band gap semiconductors, respectively.
BEEM on GaAs, there are three transport channels cor
sponding to electrons going into theG, L, andX conduc-
tion band minima. Six fitting parameters are common
used to describe GaAs BEEM data, one threshold e
ergy and one magnitude factor for each of the three cha
nels [2,5–7]. GaAs has been studied extensively and t
material parameters necessary to determine the quanti
usually taken as fitting parameters are known. When t
expected values are compared with those required to
BEEM data, one finds that the three fit threshold energi
are close to the expected values, but that the three fit m
nitude factors differ significantly from what is expected
Specifically, for BEEM measurements on AuyGaAss100d,
the fit magnitude factors for theG and X channels are
much smaller than expected and the fit magnitude fac
for the L channel is much larger than expected. Tunne
ing predominantly injects forward directed electrons wit
small interface parallel wave vector components into th
metal film. Because the parallel wave vector is assum
to be conserved, the calculated current into valleys wi
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zero parallel wave vectors at the minimum [e.g., theG

and one of the threeX valleys for GaAss100d] is much
larger than the calculated current into valleys with larg
parallel wave vectors at the minimum [e.g., theL valleys
for GaAss100d]. This predicted difference is not observed
experimentally [2,5–7]. For the same reasons, the calc
lated current for Si(100), for which two of theD con-
duction band minimum valleys have zero parallel wav
vectors, is much larger than the calculated current fo
Si(111), for which all of the conduction minima have
large parallel wave vectors. The measured BEEM cu
rents do not show the predicted dependence on orientati
for Si; in fact, the measured BEEM currents for (100) an
(111) oriented Si are very similar [2,8–11].

It has long been recognized that elastic scattering o
electrons, either at the metal/semiconductor interface or
the metal film, might account for the relative magnitude
factors for the three channels in GaAs and the observe
weak dependence on orientation in Si [6,9,11–13]. T
date, however, no unified model quantitatively describin
the BEEM data in these prototypical nonepitaxial materi
als has been proposed. Here, we present a model wh
starts with eigenstates of an ideal interface Hamiltonia
and then allows interfacial elastic scattering to redistribut
the electrons injected by tunneling among these eige
states. In the weak scattering limit, this model reduces
the traditional description of BEEM with the inclusion of
quantum mechanical reflection at the metal/semiconduct
interface. In the strong scattering limit, it quantitatively
describes the BEEM data on AuyGaAs and AuySi.

The model starts with a Hamiltonian consisting of
two parts: H ­ H0 1 dH, whereH0 describes an ideal
interface for which the interface parallel component o
the wave vector is a good quantum number, anddH
describes interfacial scattering centers.H0 has the form
H0 ­ fHmQs2zd 1 HscQszdg, whereHm describes the
metal,Hsc describes the semiconductor, and the interfac
© 1998 The American Physical Society 2433
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is located atz ­ 0. The eigenstates ofH0 have the
form C0 ­ sCm

k',kk
1 aC

m
2k',kk

dQs2zd 1 bC
sc
k0

',kk
Qszd,

where Cm is an eigenstate ofHm, Csc is an eigenstate
of Hsc which may be evanescent, and the coefficientsa

and b are determined by interface matching condition
For each stateC0, there is electron flux transmitted
into the semiconductor. (This flux is zero ifCsc is
evanescent.) The transmission coefficientT for the state
C0 is the ratio of the transmitted flux in the semiconducto
to the incoming flux in the metal for that state. In
BEEM, a distribution ofH0 eigenstates is populated by
tunneling. If there were no scattering, the BEEM curre
in the semiconductor would be a sum over the populat
states of the incident electron flux times the transmissi
coefficient of the state.dH leads to transitions between
the eigenstates ofH0, so the BEEM current becomes

IB ­ eA
X
$ki

Fi
'

"
Ti

√
1 2

X
f

Pi!f

!
1

X
f

Pi!fT f

#
.

Here, $ki is a wave vector in the metal which labels th
eigenstates ofH0, Fi

' is the interface normal flux in that
state induced by tunneling,T is a transmission coefficient,
Pi!f is the probability that a transition is induced bydH
from statei to statef, both eigenstates ofH0, andA is
the area in the planar tunneling model. The first ter
in brackets corresponds to electrons which are not sc
tered bydH and the second term corresponds to scatter
electrons. The eigenstates ofH0 consist of an incident
and reflected part in the metal and a transmitted p
(perhaps evanescent) in the semiconductor. The th
components of the eigenstate have the same interf
parallel wave vector which, because tunneling prefere
tially weights forward directed states, is small for th
likely populated initial states.dH scatters electrons be-
tween the eigenstates ofH0. The scattering conserves en
ergy, but not interface parallel wave vectors. In the fin
state of the scattering process, states with large interf
parallel wave vectors can be occupied with reasona
probability.

The perturbing Hamiltonian results from interfacia
scattering centers. LetP

j
i!f be the probability of scat-

tering from statei to statef from the j0th scattering
center (a number small compared to unity) if there we
no other scattering centers to interfere with this proce
This probability is the ratio of the scattering transitio
rate divided by the rate at which electrons are incide
on the interface.

P
j
i!f ­

s2pyh̄d sjMj2yV2dds´i 2 ´f d
Ash̄ki

'ymd s1yVd
,

where V is the normalization volume,sjMj2yV2d is
the squared scattering matrix element (it is convenie
to display the V dependence of the matrix elemen
explicitly), ds´i 2 ´jd is the energy conserving delta
2434
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function, A is the interface area, and̄hki
'ym is the

velocity at which the electron in statei approaches the
interface (evaluated in a free electron model). The tot
probability for scattering from statei to statef is

Pi!f ­

√X
j

P
j
i!f

!
s1 2 Sd ,

where S is the probability of any scattering eventS ­P
f Pi!f and the factors1 2 Sd accounts for interference

from other scattering events. Solving forS gives

Pi!f ­

P
j

P
j
i!f

1 1
P
j,f

P
j
i!f

.

We take the scattering matrix element to be independe
of the initial and final states of the process correspondin
to scattering from a hard core potential. An electron i
the initial state is then randomly distributed among th
H0 eigenstates of the same energy after a single scatter
event, so it is not necessary to explicitly include multipl
scattering effects.

We evaluate the BEEM current at zero temperatu
using a free electron model for the metal and an e
fective mass model for the semiconductors with sphe
cal but nonparabolic effective masses,mpsEd ­ mp

0s1 1

aEd, where a is the nonparabolicity parameter. The
BEEM current for direct transmission into a valley
is

ID
B ­ eA

∑µ
1

2p

∂2 2m
h̄3 e2dyj

∏ Z eV2Eb

0
dES

µ
mp

m

∂2

3 s2Eid
1
p

Z p

0
du

Z l

0

dxs4ax2d
sa 1 xd2

e22gl

s1 1 hyad

and the BEEM current for transmission into a valley with
scattering is

IS
B ­ eA

∑µ
1

2p

∂2 2m
h̄3 e2dyj

∏ Z eV2Eb

0
dES

µ
mp

m

∂2

3
Z Ei

0

d´e22glshyQd
f1 1 hyQg

1
p

Z p

0
du

Z l

0

dxs4x2d
sa 1 xd2

where d is the metal thickness,j is the hot electron
attenuation length,l is the vacuum tunneling length, and
g is the WKB tunneling factor [14]. Here,V is the tip
bias,F is the work function andEf is the Fermi energy,
Eb is the threshold energy for the valley,

Ei ­ ES 1 Ef 1 Eb , l ­

µ
mES

mpEi

∂1y2

,

h ­
N
A

m
h̄2

jMj2

2p
,
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Q ­ s1 2 ´yEid1y2, k0
k is the parallel wave vector at

the energy minimum, andN is the number of interfacial
scattering centers.

For GaAs, we considerG, L, and X minima, and,
for Si, theD minima. The required material paramete
are known for these well studied materials [15]. Fo
Au, we use a Fermi energy of 5.5 eV, a work functio
of 5.1 eV, and an attenuation length of 13 nm [11
For GaAs, we use the following: For the effectiv
masses,mp

G ­ 0.067m, mp
L ­ 0.22m, andmp

X ­ 0.41m;
for the nonparabolicity parameters,aG ­ 0.69 eV21,
aL ­ 0.65 eV21, and aX ­ 0.36 eV21; for the Au
Schottky barrier, 0.88 eV [16]; and for theG-L and
G-X energy separations, 0.33 and 0.52 eV, respective
For Si, we use, for the effective mass,0.33m; for the
nonparabolicity parameter,0.50 eV21; and for the Au
Schottky barrier, 0.80 eV [16].l is adjusted as a function
of tip bias to give a constant tunneling current dens
chosen so that the tip-to-metal film separation is close
1 nm. In the strong scattering limit, there is essentia
no dependence of the calculated ratio of BEEM
tunneling current onl. The strength of the interface
scatteringh determines the probability that an electro
scatters at the interface, which ishys1 1 hd, and the
probability that it does not scatter, which is1ys1 1 hd.
In the weak scattering limith ! 0, the result reduces to
the traditional description of BEEM with the inclusion o
quantum mechanical reflection at the metal/semiconduc
interface. In the strong scattering limith ! `, all of the
electrons scatter.

Figure 1 compares the calculated ratio of BEEM
tunneling current in the strong scattering limit as
function of tunneling tip bias for AuyGaAss100d with the
experimental results of Ref. [7]. In the strong scatterin
limit, the injected flux distribution is redistributed by
scattering and valleys with zero interface parallel wa
vectors at their energy minimum are not preferentia
weighted. The calculation in the strong scattering lim
gives a reasonable description of the experimental res
without fitting parameters. The inset of Fig. 1 compar
the calculation in the weak scattering limit with th
experimental results. In this limit, the calculated curre
in the G and X channels are much too large and in th
L channel much too small to describe the data. Elas
scattering must both greatly reduce current in theG andX
channels and greatly increase current in theL channel to
describe the data. The scattering strengthh must be large
so that almost all of the electrons scatter at the interface
order to sufficiently reduce the current in theG channel.
Because there was an oxide layer at the interface [7]
this sample, strong interface scattering is to be expecte
s
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Figure 2 compares the calculated ratio of BEEM t
tunnel current in the strong scattering limit as a functio
of tunneling tip bias for AuySi with the experimental
results of Ref. [11]. The calculated results in the stron
scattering limit for Si(100) and Si(111) are very simila
to each other as is observed experimentally [9,10] an
give a reasonable description of the experimental resu
without fitting parameters. The inset of Fig. 2 compare
the calculation in the weak scattering limit with the
experimental results. In this limit, the calculated resu
for AuySis100d is too large and for AuySis111d is too
small to describe the data. Elastic scattering must bo
greatly reduce current for Si(100) and increase current f
Si(111) to describe the data. The scattering strengthh

must be large in order to sufficiently reduce the curre
for Si(100). The AuySi interface is not epitaxial and
scattering centers can arise from structural defects
the incommensurate interface. Hydrogen terminated
surfaces were used in the sample fabrication of Ref. [1
to achieve a chemically clean interface.

Elastic scattering at the metal/semiconductor interfa
is specifically considered in this model. To describe th
BEEM data, it is necessary to go to the strong scatterin
limit. Scattering simultaneously reduces the intensit
of the calculated BEEM current in theG channel and
increases it in theL channel of AuyGaAss100d and, in the
strong scattering limit, the calculated results agree we

FIG. 1. Comparison of the calculation in the strong scatterin
limit for AuyGaAss100d with the experimental results of
Ref. [7]. The dot-dashed line shows theG, the long-dashed
line the L, the short-dashed line theX contribution to the
BEEM current, and the solid line the sum of the three. Th
inset compares the calculation in the weak scattering limit
the same experimental results.
2435
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FIG. 2. Comparison of the calculation in the strong scatterin
limit for AuySis100d (dashed line) and AuySis111d (solid line)
with the experimental results for AuySi of Ref. [11]. These
measurements were made on AuySis111d but measurements
for AuySis100d are very similar to those for AuySis111d (see
Refs. [9] and [10]). The inset compares the calculation in th
weak scattering limit to the same experimental results.

with the experimental results. Both the reduction of th
G channel current and the enhancement of theL channel
by scattering are necessary for the calculated resu
to agree with the experiment. Scattering reduces t
calculated BEEM current for AuySis100d and increases
it for AuySis111d and, in the strong scattering limit,
the calculated results agree well with the experiment
results. Again, both the reduction of the current for th
(100) orientation and the enhancement of the curre
for the (111) orientation are necessary to agree with t
experiment.

In Ref. [11], the attenuation of BEEM current with
metal thickness was shown to be nonexponential at lo
Au thickness, and the shape of the BEEMI-V curve in
AuySis111d for thick Au layers was found to change with
temperature. Elastic scattering in the metal and multip
reflections between the metal surfaces were considered
interpret these results. The electron attenuation length
Au was measured to be 13 nm and the elastic mean f
path at room temperature was estimated to be 40 nm.
only elastic scattering in the metal and multiple reflection
are considered, it is necessary that almost every elect
scatter elastically before it hits the interface to describe t
small BEEM current in theG channel for AuyGaAss100d
and the small threshold current for AuySis100d. This
would require an elastic mean free path much less th
the film thickness, which is typically 5–10 nm. Very
short elastic mean free paths are not consistent with t
observed nanometer spatial resolution in BEEM imagin
of these interfaces [1,8,10].

In summary, we present a model to describe BEE
on nonepitaxial metal/semiconductor interfaces that sta
2436
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with eigenstates of an ideal interface Hamiltonian an
allows elastic scattering processes to redistribute t
incident electrons injected by tunneling among the
eigenstates. In the weak scattering limit, the resu
of the model reduce to the traditional description o
BEEM which assumes interface parallel wave vect
conservation at the interface. In the strong scatteri
limit, it quantitatively describes the BEEM data on
AuyGaAs and AuySi.
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