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In situ ballistic-electron-emission microscopy~BEEM! and spectroscopy have been performed at 77 K on
epitaxial CoSi2 films on n-Si~100! and Si~111! of both doping types. Two different mechanisms have been
identified, by which structural defects at these interfaces give rise to variations of the carrier transmission
across the interface on a nanometer scale: On CoSi2/Si~111! interfacial misfit dislocations locally enhance the
scattering probability at the interface. By the same mechanism individual interfacial point defects can be
resolved in BEEM images. No variations of the Schottky barrier have been observed at this interface. In
contrast, on CoSi2/Si~100!, certain interfacial dislocations and other defects lower the Schottky barrier by up to
0.1 eV on a nanometer scale.@S0163-1829~96!05124-7#

I. INTRODUCTION

The trend in modern microelectronic technology to reduce
device dimensions is still unbroken. At present typical fea-
ture sizes in a very large scale integration circuit are on the
order of 0.5mm. Recently, the operation of a metal-oxide-
semiconductor field effect transistor with a gate length of
only 40 nm has been demonstrated.1 The performance of
such an ultrasmall device will be increasingly influenced by
local fluctuations of the material properties on a nanometer
scale, rather than their average overmm dimensions. In par-
ticular, inhomogeneities of the semiconductor heterointer-
faces, such as individual local charges, nanometer-scale in-
terfacial disorder, point and line defects, etc. will affect the
device characteristics. Therefore, there arises the need to in-
vestigate carrier transport across interfaces on a trulymicro-
scopicscale.

This has become possible with the invention of ballistic-
electron-emission microscopy~BEEM! and spectroscopy
~BEES! by Kaiser and Bell.2 BEEM is an extension of a
two-terminal ~tip-sample! scanning tunneling microscopy
~STM! experiment to a transistorlike configuration. The
STM tip is used to inject hot carriers into a metallic base
layer on top of a semiconductor heterostructure. By measur-
ing the factionI c of the total tunneling currentI t , which is
finally collected in the semiconducting substrate, one can
extend the spatial resolution capabilities of STM to the study
of the transport across the buried interfaces. BEEM has
mainly been applied to simple metal-semiconductor~M -S!
contacts,3 but also to more complicated structures such as
p-n diodes,4 semiconductor heterojunctions,5 resonant tun-
neling structures,6 metal-insulator-semiconductor,7 metal-
oxide-semiconductor8 structures.

The purpose of the present work is to investigate the
mechanisms, by which individual interfacial defects affect
the hot-carrier transmission across a simple, epitaxialM -S
interface. To resolve spatial variations of the carrier trans-
mission around individual interfacial defects the spatial reso-
lution capabilities of the BEEM technique have to be fully
exploited. This has become possible by~a! performing the
experimentin situ and at low temperatures~77 K!, and ~b!
choosing a well-ordered epitaxial base layer~CoSi2 on Si!
with atomically smooth surfaces and interfaces. In this way
scattering of the carriers in the metal and at its surface is

reduced. Scattering in the base broadens the electron beam
injected by the STM tip, i.e., deteriorates the spatial resolu-
tion of interfacial inhomogeneities, and also renders the in-
terpretation of BEEM images more complicated. CoSi2/Si is
one of the prototype systems of the epitaxialM -S interface.

Individual interfacial defects have been found to give rise
to contrast in BEEM images by two different mechanisms.

~1! Interfacial defects perturb the lattice periodicity in the
interface plane and, therefore, scatter the carriers incident
upon the interface. In a previous study9 we have reported on
the observation of scattering at interfacialmisfit dislocations
at the CoSi2/Si~111! interface. Here, we focus on scattering
at individual interfacialpoint defectsat this interface. Point
defects have been resolved in BEEM images with a density
of 1012–1013 cm22. This establishes BEEM as one of the few
experimental techniques, by which individual interfacial
point defects can be detected. Their observation, which has
become possible by a further improvement of the signal-to-
noise ratio compared to our earlier experiments, enables us
to take BEES spectra in perfectly ordered interfacial regions,
i.e., regions that contain neither dislocations nor point de-
fects. These spectra give new insight into carrier scattering
mechanisms at this epitaxial interface as well as into the still
puzzling absence of a delayed BEES onset in the experimen-
tal CoSi2/Si~111! BEES spectra. Such a delayed onset is pre-
dicted by theory10 ~Sec. III!.

~2! Apart from scattering, dislocations may also give rise
to a change of the band lineup at the interface, because the
local atomic interface structure can affect the interface dipole
and the height of the Schottky barrierFb . At the
CoSi2/Si~100! interface a lowering ofFb around certain dis-
locations and other defects has been observed. In contrast,
such spatial variations ofFb do not occur at the
CoSi2/Si~111! interface. The role of interfacial defects in pin-
ning the Fermi level at aM -S interface has been pointed out
by Spiceret al.,11 but is still not understood completely,12

although being of crucial practical and fundamental impor-
tance~Sec. IV!.

II. EXPERIMENT

CoSi2 films have been grown by molecular beam epitaxy
~MBE! on n-Si~100! and Si~111! of both doping types. All
films are single crystalline with the~100! and ~111! planes,

PHYSICAL REVIEW B 15 JUNE 1996-IVOLUME 53, NUMBER 23

530163-1829/96/53~23!/15944~7!/$10.00 15 944 © 1996 The American Physical Society



respectively, of the silicide parallel to the Si substrate. The
films do not contain any grain boundaries. The substrates are
degenerately doped 3-in. Si wafers (n1,p1.1019 cm23!.
Before deposition of the silicide a 3000-Å undoped Si buffer
layer is grown. The residual doping in the buffer layer has
been measured to be below 1015 cm23. Details about the
growth procedure can be found in Refs. 13 and 14.

The STM and BEEM experiments have been performed at
77 K in a home-built, low-temperature UHV STM suited for
3-in. wafers.15 Chemically etched tungsten tips have been
cleaned by Ar sputtering in the STM chamber. All BEES
spectra have been taken in the constant current mode, and
have been normalized to a tunneling currentI t51 nA. The
value of I t , with which the spectra have been taken, is indi-
cated in the figure captions.

III. HOT-CARRIER SCATTERING AT POINT DEFECTS
AND DISLOCATIONS AT THE CoSi 2/Si„111…

INTERFACE

In a previous work it has been shown that individual mis-
fit dislocations at the CoSi2/Si~111! interface can be resolved
by BEEM. They give rise to a sharply localized increase of
the BEEM current on CoSi2/n-Si~111! ~see dashed line in
Fig. 1! ~Ref. 9! and a decrease on CoSi2/p-Si~111!.

16 At the
dislocations we donot observe a variation of the Schottky
barrier. In the case ofn-Si, spectra taken on top of a dislo-
cation set in at 0.6660.03 eV, at the same value as those in
the neighboring dislocation free regions@see Fig. 2~a!#. The
contrast at the dislocations is rather due to carrier scattering
at the dislocation core, which perturbs the lattice periodicity
in the interface plane. The interface transmission probability
~ITP! T(E,ki) close to the BEES threshold is nonzero only
for electrons with a sufficiently large momentum component
ki in the CoSi2/n-Si~111! interface Brillouin zone~IBZ!.
This is so because the Si conduction-band minima~CBM!
close to theX point project onto a pointk i

050.8 Å21 away
from the zone center of the~111! IBZ. In contrast, on
CoSi2/p-Si~111!, holes are transmitted into the zone centered
valence-band maximum. The angular distribution of the car-
riers injected by the STM tip is forward focused, i.e., mainly
contains electrons withki'0. Therefore, interface scattering
providing the carriers with an additionalki component is
expected to increase the BEEM current in the case of
CoSi2/n-Si~111! and to decrease it on CoSi2/p-Si~111!, as
observed in the experiment.9,16

Here, we focus on the observation of individual interfacial
point defects by the same contrast mechanism. Figure 1 dis-
plays a STM topograph~a! and BEEM image~b! of a 32-Å
CoSi2/n-Si~111! film. Apart from the contrast at dislocations
~see dashed line! we also observe an increase of the BEEM
current by'10% in pointlike regions~A!. By taking STM
topographs at low tip voltage (Vt<0.1 V!, where the unre-
constructed atomic surface structure of the silicide can be
resolved, it has been verified that the current enhancement in
region~A! cannot be attributed to surface point defects. The
surface in region~A! is perfectly ordered. Therefore, the con-
trast has to be attributed to subsurface point defects, located
either in the silicide or at the buried interface. We regard the
second possibility as being more likely because the average
distance between those point defects is on the order of 50–

100 Å, whereas for bulk CoSi2 as well as for thick CoSi2
films mean free path lengthsl of the order of 1000 Å~at 4.2
K! have been measured for electron energies close toEF .

17

Only when the film thickness is below 50 Å does the residual
resistivity increase, giving evidence for nonspecular scatter-
ing either at the surface or the interface.18

The spatial resolution of the point defects is determined
by the spatial extent of the injected electron beam at the
interface, rather than the physical size of the point defects
themselves. This we conclude from the observation that the
full width at half maximum~FWHM! of the BEEM profiles
across a point defect depends significantly on the tip condi-
tions. On thin films~d'20–30 Å! the FWHM is smaller for
sharp than for blunt tips. The sharpness of the tip is esti-
mated from the STM topography resolution.19 A typical
value for the FWHM is 1 nm. Therefore, the physical size of
the point defects must be smaller than 1 nm; i.e., it must be
on the atomic scale. Although from BEEM we do not get any
further information about the structural and chemical nature
of these atomic-size defects, their mere observation is never-
theless an important result. In recent years evidence has been
growing that even the presumably most perfect heterointer-
faces are not perfectly ordered, but contain point defects on a
nanometer scale.20 BEEM allows one to locate such point

FIG. 1. STM topograph~a! and BEEM image~b! of a 32-Å
CoSi2/n-Si~111! film. The corrugation in the STM topography im-
age is not due to the unreconstructed~131! atomic surface structure
but due to a small mechanical vibration. The BEEM current is
enhanced at individual interfacial dislocations~dashed line! and
subsurface point defects~A! due to hot carrier scattering.
~Vt521.8 V, I t510 nA!.
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defects, and more importantly, to investigate their effect on
the carrier transmission across the interface.

The above results prove that the probabilitya for the
electrons to be scattered at the interface is significantly en-
hanced locally at interfacial dislocations. However, this does
not necessarily imply thata is strictly zero in dislocation
free regions. Indeed, during the course of our experiments
several pieces of evidence have been found that suggest that,
even in dislocation free regions, the scattering probabilitya
is finite.

~a! As has been shown in Fig. 1, in the dislocation free
regions point defects with a density on the order of
1012–1013 cm22 exist, at which the carriers are scattered.

~b! We observe a contribution to the BEES current from
states in two-dimensional hole subbands confined in CoSi2.
Those states are formed by quantum interference,21 and lie
close to the center of the IBZ, whereT(E,ki)50, i.e., where
the electrons are confined in CoSi2. Therefore, they can only
contribute to the BEEM current, ifki is not strictly
conserved.22

~c! The magnitudes of the BEEM current on
CoSi2/n-Si~100! andn-Si~111! are comparable.14

~d! The experimental BEES spectra do not exhibit a de-
layed BEES onset, as predicted by theory. A theoretical cal-
culation of the ITPT(E,ki) ~Ref. 10! shows that for energies
up to 0.85 eV aboveEF

CoSi2 there is no overlap between the
projected phase space of Si and CoSi2 in the ~111! IBZ. As a
consequence, the BEES onset should be delayed by'0.2 eV
from the value of the Schottky barrier. However, we observe
an onset right at the Schottky barrier, atVt50.66 V.23 Pro-
vided that the accuracy of the theoretical calculation is suf-
ficient to allow for a direct comparison with the
experiment,24 this would be an unambiguous proof for a non-
zeroa because belowVt'0.85 eV electrons can only cross
the interface by aki-violating process. It is important to note
that even in dislocation and point defect free regionswe do
not see any evidence of a delayed BEES onset, nor of a
second threshold aroundVt'0.85 eV. This is shown in Fig.
2~b!, where the spectrum taken in the point defect free region
~B! in Fig. 1~b! is displayed.

From the ensemble of these results we regard it as likely
that a certain probability for scattering existseverywhereat
the epitaxial CoSi2/Si interface. At present we feel unable to
give a reliable quantitative estimate ofa. However, it should
be emphasized thata cannot be close to 1, as it would be at
a completely disordered interface, because this would con-
tradict the significant enhancement of the scattering probabil-
ity at individual interfacial defects and the formation of
quantum interference states in CoSi2.

21

What might be the additional scattering mechanism that is
responsible for a nonzero scattering probabilityeverywhere
at the epitaxial CoSi2/Si interface? The absence of a delayed
BEES onset in regions such as~B! in Fig. 1~b! renders it
improbable that the scattering mechanism is related to the
presence of the localized point defects~A!, which are re-
solved in BEEM images with a density on the order of
1012–1013 cm22. In view of the BEEM attenuation length on
the order of 100 Å and the small interfacial area illuminated
by the electron beam it appears rather improbable that the
nearest localized interfacial defects, which are more than 50
Å away, strongly scatter the electrons, even if multiple
passes through the metal are taken into account. We con-
clude that the interface scattering mechanism responsible for
the absence of a delayed onset in the experimental BEES
spectra, even in apparently perfectly ordered regions, must
be an inherent one, such as electron phonon scattering at the
interface, rather than scattering at localized interfacial de-
fects. The possibility of electron-phonon scattering might be
tested in the future by temperature-dependent experiments
down to 4 K.

IV. SCHOTTKY BARRIER FLUCTUATIONS
AT THE CoSi2/Si„100… INTERFACE

ON A NANOMETER SCALE

We now turn to the CoSi2/Si~100! interface. Because of
the different atomic interface structure other types of dislo-
cations occur at this interface. It will be shown that their
effect on the interface transmission is fundamentally differ-
ent from the simple scattering mechanism observed at the
CoSi2/Si~111! interface. In this section we discuss only dis-
locations rather than point defects, because at the~100! in-
terface we have not been able to resolve point defects. This

FIG. 2. ~a! BEES spectra right on top of a dislocation~crosses!,
like the one in Fig. 1~a!, and in the neighboring dislocation free
region ~open circles!. The spectra were taken on a 35-Å
CoSi2/n-Si~111! film. The subtle spectral features near the threshold
are due to quantum interference effects in CoSi2 ~Ref. 22!. In the
inset is shown the square root of the BEES current. At the disloca-
tion the BEES current sets in at the same value as in the adjacent
dislocation free region.~b! BEES spectrum taken in the apparently
point defect and dislocation free region~B! in Fig. 1~b!. In the inset
the square root of the BEES current is displayed~I t55 nA!. Even
in this region no evidence of a delayed BEES onset is seen.
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does not mean that point defects do not exist at this interface.
As discussed below, their observation may be prevented by
the complicated~100! surface reconstructions and surface
scattering.

The STM and BEEM images in Fig. 3 show a 30-Å
CoSi2/n-Si~100! film. Two different types of interfacial de-
fects are observed in this image: Near the left edge runs a
b5~a/4)^111& misfit dislocation. Dislocations of this kind
occur at monolayer steps on the Si substrate with a height of
a/451.35 Å ~see Fig. 4!, because the minimum step height
in the silicide isa/2 rather thana/4. The silicide covers such
steps on the substrate smoothly, i.e., without an interfacial
step in the silicide. Since the silicide thickness on both sides
of the interfacial step is the same, this gives rise to a smooth
topographic contrast of 1.35 Å in the STM topography,
which indicates the position of theb5~a/4!^111& dislocation
at the interface. Such a topographic contrast is observed at

the dashed line in Fig. 3~a!. These dislocations give rise to an
increase of the BEEM current. In addition, the BEEM cur-
rent is also enhanced in the linear regions indicated by the
two broad arrows. These bright lines are along the^011&
direction and have a typical length of 500–1000 Å. They end
abruptly somewhere at the interface; i.e., they do not form a
continuous network. There might, however, be weaker lines,
which are barely resolved in Fig. 3~b! ~thin arrow!, but ap-
pear to connect the bright lines. This contrast is clearly due
to some subsurface linear defect, because on the surface
there is neither an atomic-scale discontinuity nor a long-
range surface distortion. The surface in Fig. 3 is homoge-
neously 3A23A2R45° (3A2 in short! reconstructed. Only
on some small stripes, one of them being labeledS in Fig. 3,
we have resolved aA23A2R45° (A2! surface reconstruc-
tion. TheseA2 stripes, oriented along thê100& direction,
appear slightly brighter in the STM and BEEM images. This
surface effect is due to a dependence of the magnitude of the
BEEM current on the atomic surface structure and has been
investigated elsewhere.26 In the following the unusual inter-
facial defects will be denoted as ‘‘linear defects,’’ distin-
guishing them from theb5~a/4!^111& dislocations.

The contrast in the BEEM image at the interfacial defects
cannot be due to scattering as on CoSi2/Si~111!. Two of the
six CBM project onto the zone center of the CoSi2/n-Si~100!
IBZ. For the same reason as on CoSi2/p-Si~111!, scattering
should decrease rather than increase the BEEM current.
Therefore, a different contrast mechanism must be dominant
in this case. Figure 5 displays BEES spectra measured right
on top of ab5(a/4)^111& dislocation and in the neighboring
dislocation free region. From a fit to a quadratic power law,
i.e., I c5R(Vt2Fb)

2, ~Ref. 3! we find that the Schottky bar-
rier Fb at the dislocation is lower by 0.04–0.08 eV than the
value of 0.75 eV in the dislocation free region. We observe
some variation ofFb along the dislocation line, whose origin
is not understood at present. However, the shift of the BEES
onset~see inset! is statistically significant. TheR value on
top of the dislocation is larger by 50–80% than in the neigh-
boring region.

A similar lowering of the Schottky barrier is observed at
the linear defects@see Fig. 6~a!#. It is even more pronounced
and amounts to 0.1 eV, whereas the scale factorR is about
the same on top of the linear defect and in the defect free

FIG. 3. STM topograph~a! and BEEM image~b! on a 30-Å
CoSi2/3000 Å i -Si/n1-Si~100! film. The dashed lines indicate a
b5~a/4!^111& interfacial dislocation; the broad arrows point to
other linear defects at the interface. At those interfacial defects the
BEEM current is enhanced by typically 20% due to a lowering of
the Schottky barrier on a nanometer scale~Vt522 V, I t53 nA!.

FIG. 4. Schematic diagram of the atomic
structure at the CoSi2/Si~100! interface. A mono-
layer interfacial step with a height ofa/451.35 Å
is associated with ab5~a/4!^111& dislocation. On
both sides of the step the interface is unrecon-
structed. The same dislocation may also occur at
the 231 reconstructed interface.~From Ref. 25.!
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region. This can clearly be seen in the inset of Fig. 6~a!,
where the square root of the spectra is shown. This is clear
proof that the BEEM contrast observed at both theb5~a/
4!^111& dislocations and the linear defects is due to a lower-
ing of the Schottky barrier, in contrast to the one observed at
misfit dislocations at the CoSi2/Si~111! interface @compare
Fig. 2~a!#.

The behavior of theR value at the dislocation is difficult
to interpret. From the results presented in Sec. III one might
expectR to be decreased at the dislocation due to scattering
effects. However, it should be kept in mind that the param-
eterR does not only reflect scattering effects.R also depends
in a complicated way on the value of the local Schottky
barrier height, i.e., on the band lineup, becauseFb deter-
mines which silicide states couple to the Si CBM in the
IBZ.10 Furthermore, in the case of theb5~a/4!^111& disloca-
tions surface effects also have to be considered. Right at the
smooth surface step associated with the dislocation we usu-
ally observe a small stripe with theA2 surface structure,
whereas the rest of the surface is 3A2 reconstructed. This
change of surface structure is possibly induced by the surface
strain around the smooth surface step. TheA2 surface does
not affect the BEES onset, of course, but it gives rise to a
larger magnitude of the BEEM current, i.e., a largerR
value.26 This can be clearly seen on theA2 stripeS, which
exhibits a higher BEEM current than the surrounding 3A2
regions on that terrace.27 The absence of a decreasedR value
on top of the dislocations suggests that scattering effects
might be masked by such band lineup and surface effects.

To investigate the spatial variation of the potential profile
in more detail we have taken BEES spectra such as those in
Fig. 6~a! as a function of the distance perpendicular to the
linear defect. By fitting the individual spectra to the above
quadratic power law we obtain a profile of the BEES onset
Fb and the scale factorR across a linear defect@see Fig.
6~b!#. To quantify the lateral width of the region exhibiting a
lower Schottky barrier height, theFb profile has been fit to a
Lorentzian~solid line!. The fit yields a FWHM of 4065 Å.
Similar values are obtained for theb5~a/4!^111& disloca-

tions. TheFb profile is a map of the potential barrieron a
truly nanometer scale.

The observed loweringdFb of the Schottky barrier is
caused by a lowering of the electrostatic potential at the in-
terface by an amountD. The quantityD is more fundamental
thandFb , because the latter is affected by the screening of
the true potential variation at the interface in the semicon-
ductor ~‘‘pinch-off effect’’ !,28 i.e., is strongly dependent on
the doping characteristics of the semiconductor. Far away
from the defect the potential energy in the undoped Si buffer
layer decreases linearly from its valueFb

05Vbb1Vn50.75
eV at the interface~z50! to Vn at the interface between the
buffer and the degenerately doped substrate~z5W53000
Å!. ~Vbb is the band bending in the buffer.! Note that in a
homogeneously doped semiconductor the variation would be
quadratic rather than linear. Following Tung29 let us assume
thatat the interfacethe potential is lowered by an amountD
from its valueF b

050.75 eV far away from the defect in an
infinitely long stripe of widthL0 (2L0/2,x,L0/2!. Ne-
glecting the effect of the image force the potential in the
semiconductor is given by

V~x,z!5VbbS 12
z

WD1Vn2
D

p S tan21
uxu1L0/2

z

2tan21
uxu2L0/2

z D . ~1!

FIG. 6. ~a! BEES spectra measured on top of the linear defects
~crosses! and in the neighboring defect free region~open circles!. In
the inset the square root of the BEES current is shown~I t53 nA!.
It can be seen clearly that also on top of the linear defects the
Schottky barrier is lowered, in contrast to CoSi2/Si~111! @compare
Fig. 2~a!#. ~b! Profile of the BEES onsetFb and the scale factorR
across a linear defect. The solid line is a fit of the potential profile
to a Lorentzian yielding a FWHM of 4065 Å.

FIG. 5. BEES spectra taken on top of ab5~a/4!^111& disloca-
tion ~filled circles! and in the neighboring dislocation free region
~open circles! ~see Fig. 3!. In the inset the square root of the BEES
current near the threshold is shown. The spectrum drawn by crosses
belongs to a different location on top of the dislocation~I t53 nA!.
On top of theb5~a/4!^111& dislocation the Schottky barrier is low-
ered.
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Within this modelD can be estimated from the valuedFb at
the center of the defect~x50!:

D'
pWdFb

2

4VbbL0
. ~2!

An upper limit for L0 can be estimated from the FWHM of
the potential profiles such as the one in Fig. 6~b!, i.e.,
L0
min'40 Å. L0 might be smaller than this value because the

FWHM might be affected by the spatial extent of the elec-
tron beam at the interface.30 If we assume an average value
of dFb50.06 eV for theb5~a/4!^111& dislocations we ob-
tain a lower limit forD: Dmin'0.3 eV; i.e.,D must be sig-
nificantly larger thandFb ~pinch-off regime!. For the 0.1-eV
lowering at the linear defects we obtain values forD that are
close to or even larger thanF b

0. However, for such large
lowerings on a nanometer scale, resulting in large electric
fields, a classical treatment may no longer be appropriate.

The observation by BEEM of Schottky barrier fluctua-
tions on a nanometer scale has been reported already for the
Au/Si and Au/GaAs system.31,32 However, in these studies
the nature of the corresponding interfacial defects could not
be identified. They are most probably related to chemical
intermixing at the interface. Here, at least in the case of the
b5~a/4!^111& dislocations, we can attribute the lowering of
the potential barrier to a known structural defect at the inter-
face, for which even a structure model~see Fig. 4! has been
proposed.25 This will be useful for a theoretical understand-
ing of the relationship between the Schottky barrier fluctua-
tions and the atomic interface structure around the disloca-
tion.

In the case of the linear defects, however, the structural
nature is not known at present. It appears that they cannot be
identified with any of the dislocations that have been ob-
served in a thorough transmission electron microscopy
~TEM! study of the CoSi2/Si~100! interface.25 The BEES
spectra taken to the left and to the right of a linear defect are
identical up to voltages of at least26 V. This renders it
improbable that the linear defect is due to a phase boundary
between two different interface structures. From the lack of a
BEEM contrast at high voltages between the two adjacent
regions it can be excluded that the linear defects are associ-
ated with an interfacial step. Since there is no topographic
contrast at the surface across the defect, an interfacial step
would imply a change of the metal film thickness, and show
up as an attenuation-related BEEM contrast at high
voltages.14

Two different CoSi2/Si~100! interface structures have
been identified by TEM: a 231 reconstructed and an unre-
constructed interface.25 In our films TEM investigations have
shown the interface to be predominantly 231 reconstructed.

It is conceivable that the linear defects are formed by a thin
unreconstructed stripe embedded in a predominantly 231
reconstructed interface region. Another possibility would be
small, nanometer-size troughs formed by~111! microfacets,
which have been observed at the related NiSi2/Si~100!
interface.33 However, up to now neither plan-view nor cross-
sectional TEM investigations on the sample shown in Fig. 3
have been successful in identifying linear defects compatible
with those observed by BEEM.

V. CONCLUSIONS

In this work we have investigated the contrast mecha-
nisms by which individual interfacial defects at the epitaxial
CoSi2/Si interface can be resolved by BEEM. At the
CoSi2/Si~111! interface the probability for the carriers to be
scattered at the interface is significantly enhanced by indi-
vidual interfacial dislocations and point defects. This estab-
lishes BEEM as one of few experimental techniques by
which point defects at a buried interface can be detected,
and, more importantly, by which their effect on the carrier
transmission across the interface can be investigated. Even in
apparently perfectly ordered interfacial regions we have
found evidence for a finite scattering probability at the inter-
face. This suggests the presence of an additional inherent
scattering mechanism such as electron-phonon scattering at
the interface. At the CoSi2/Si~111! interface the Schottky
barrier is homogeneous. However, at the CoSi2/Si~100! in-
terface partial misfit dislocations and certain linear defects,
whose structure has not been identified yet, give rise to a
significant lowering of the Schottky barrier on a nanometer
scale. These BEEM results together with the information
from TEM about the atomic structure at the interface might
be useful for theoretically understanding the relationship be-
tween interfacial defects and the local band lineup at the
interface, as well as the effect of the presence of such defects
on the average Schottky barrier height extracted from the
transport characteristics of a macroscopic diode. The reason
that at the ~100! interface certain dislocations lower the
Schottky barrier whereas at the~111! interface they do not,
must be related to the specific atomic structure at the inter-
face.
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