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Ballistic-electron-emission-microscopy investigation of hot-carrier transport in epitaxial CoSi2 films
on Si(100) and Si(111)
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The attenuation lengths A, 's of hot electrons in thin films of epitaxial CoSi2 on Si(100) and Si(111)were

measured as a function of energy using constant-height-mode and constant-current-mode ballistic-

electron-emission microscopy (BEEM). Between —1 and —3 eV above the Fermi energy, the A, 's were

found to be significantly anisotropic and their energy dependencies differed strongly from the free-

electron behavior. At higher energies, e -e scattering in CoSi& was found to be dominant, giving a ma-

jority of the BEEM current and largely determining the spatial resolution of both forward and reverse

BEEM imaging, both of which could be used for direct mapping of interfacial steps. Also, constant-

height-mode BEEM was used to investigate the interfacial transport across CoSi2/n-type Si(111),
CoSi2/p-type Si(111), and CoSi~/n-type Si(100). Evidence for different interfacial structures of
CoSi /Si(100) was observed.

I. INTRODUCTION

It has been more than six years since ballistic-electron-
emission microscopy (BEEM) was first used to measure
Schottky barrier height and to study the uniformity of
the metal-semiconductor (m-s) interface, ' and subsequent
work established BEEM as a method for the characteri-
zation of the m-s interface as well as for the study of hot-
carrier transport through the metal overlayer. In a typi-
cal BEEM experiment, a scanning-tunneling microscope
(STM) tip is used as an injector of electrons or holes into
a metal overlayer on a substrate. When the tip is biased
with respect to the overlayer, tunneling of electrons gives
rise to a hot-carrier distribution in the overlayer, and the
overlayer is made thin enough so that a significant frac-
tion of the injected charge carriers travel across it to be
incident upon the m-s interface. A fraction of the in-
cident carriers are transmitted into the substrate if (1)
there are final states available in the substrate, and (2) the
kinematic constraints governing the particular m-s inter-
face are satisfied. The current collected in the substrate is
called the 8EEM or the ballistic-electron-emission-
spectroscopy (BEES) current, depending on whether the
emphasis is on microscopy or spectroscopy. One can
draw an analogy to a transistor, and think of the STM tip
as an emitter, the metal overlayer as a base, and the sub-
strate as a collector. We will use this convention, and
refer to the metal overlayer as the base and the BEEM
current as the collector current I, .

In addition to studying the Schottky-barrier height and
the interfacial uniformity, BEEM can also be used to
study the energy-dependent hot-carrier scattering in the
base and the energy-dependent transmission probability
across the m-s interface. The attenuation lengths k's of
hot electrons for PtSi/Si(100), Au/Si(100), Pd/Si(111),
Au/GaP(110), and Mg/GaP(110) (Ref. 6) have already
been measured by BEEM. The measured A, 's were used
to infer the inelastic mean free path lengths A, s, using

transport modeling such as Monte Carlo simulation. '

Free-electron-like band structures were assumed for the
metals studied, and adequate phenomenological descrip-
tions of the data could be found by variation of the pa-
rameters associated with a free-electron theory of e -e
scattering.

Previously, we reported performing in sI', tu BEEM at 77
K on epitaxial CoSi2/n-type Si(111)grown by molecular-
beam epitaxy (MBE). ' We also measured the A, of hot
electrons along the (111) direction in CoSiz using a
constant-height (CH) mode" BEEM. ' We have now
also done measurements of A, along the (100) direction
on epitaxial CoSiz/n-type Si(100), and the two A, 's are
found to be quite different. In this paper, we will make a
quantitative comparison between the two A, 's, and also
compare the A, 's to a free-electron theory of e -e
scattering. It will be shown that the observed behavior is
clearly non-free-electron-like.

For CoSi2/n-Si(111), in the higher-energy range, secon-
dary electrons created in the base were found to be
significant, even forming the majority fraction of the
BEEM current and changing the transport through the
base from ballistic to diffusive. ' By performing reverse
BEEM spectroscopy' on CoSi2/p-type Si(111), the con-
tribution of secondary electrons generated either in the
base or in the Si could be estimated, and reverse SEEM
imaging showed that most of the secondaries were gen-
erated in the base rather than in the Si.

We also performed CH-mode BEEM for CoSi2/n-type
Si(111),CoSi2/p-type Si(111),and CoSi2/n-type Si(100) to
study the transport across these m-s interfaces. In CH-
mode BEEM, the effect of the unknown tunnel-current
distribution is eliminated as much as possible. " We will
discuss the observations in terms of k

~~

and energy conser-
vation. ' During our study, at least two different kinds of
interfacial structures of CoSiz/n-type Si(100) were detect-
ed by BEEM, consistent with a previous TEM investiga-
tion of this interface.

An outline of this paper is as follows. First, an intro-
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duction to transport processes in BEEM will be given in
Sec. II A, and this will be followed by a brief description
of CH-mode BEEM. Next, a result from a free-electron
theory of e -e scattering will be presented and applied
to CoSiz, Au, and Al in Sec. IIC, and the attenuation
length will be discussed. In Sec. III, the experimental
procedure will be described. In Sec. IVA, comparisons
will be made between the spectra for CoSi2/n-type
Si(111) and CoSi2/p-type Si(111). Next, comparisons be-
tween the spectra for CoSi2/n-type Si(111) and CoSiz/n-
type Si(100) will be made. The electron attenuation
lengths for the ( 100) and ( 111) directions of CoSi2 will
be discussed next, and the paper will conclude after a
consideration of the spatial distribution of charge carriers
and the role of the secondary charge carriers in BEEM.

II. THEORY AND BACKGROUND

A. Introduction to transport processes in BKKM

In discussing BEEM, it will be convenient to separate
various transport processes and to define certain terms.
There were many BEEM theories" " ' that were
developed within the last decade, and, rather than
describing each in detail, it would be more useful to talk
in general terms in anticipation of the much more specific
discussion later in this paper dealing with the transport
physics of epitaxial CoSi2/Si. For a more detailed over-
view of transport processes in SEEM, the reader is re-
ferred to Ref. 2.

The initial process in BEEM is the injection of elec-
trons or holes by the STM tip into the metal base. The
distribution of the tunnel current, P (E, k~~ ), in the base is
very important and will be brought up numerous times.
Integrating P, one obtains the tunnel current, 1„which is
held constant in the conventional BEEM. In Sec. IIB,
another mode of BEEM will be discussed that eliminates
as much as possible the dependence of BEEM on the un-
known P(E, k~~).

Within the base, injected hot carriers travel until they
(1) undergo elastic scattering from impurities or defects,
(2) undergo semielastic scattering from phonons, (3) un-
dergo e -e scattering (one can just as well talk about
h-h scattering), or (4) cross the m-s interface. The
scattering from defects can be observed by BEEM and it
is one of the technological motivations for this technique.
In principle, defects can be minimized. Phonon scatter-
ing in a metal appears to be insignificant in comparison to
e -e scattering for hot carriers, just a few tenths of an
eV away from the Fermi energy EF. When e -e
scattering occurs, an injected carrier loses some of its en-
ergy and momentum and excites electron-hole pair(s)
from the metal Fermi sea. It is convenient to talk in
terms of the primary current injected by the STM tip and
the secondary current generated in the base. In a free-
electron-like system, it can be shown that a typical elec-
tron loses —', of its excitation energy above E~ after an
e -e scattering. The secondary current' can contrib-
ute to the collector current (BEEM current) I„daitnwill
be demonstrated belo~ that it is quite important at high
energies.

Other considerations for the base are quantum effects,
be it quantum-size effects (QSE's) or transport through
superlattices. Formation of quantized subbands due to
QSE s in epitaxial thin films of CoSi2 were observed by
current-imaging tunneling spectroscopy' and modula-
tion spectroscopy, ' and they were also found to
inAuence the conventional BEEM spectrum slightly. In
this paper, QSE's in BEEM will not be discussed. Even
though QSE's resulted in significant alteration of the lo-
cal density of states (LDOS) and hence of P (E,k

~~

), it was
found that QSE's could be neglected in analyzing the
constant-height-mode SEEM data to be discussed in Sec.
II B, because most of the change in dI, /d V due to QSE's
disappeared when this quantity was normalized by
dI, /d V. This topic will be dealt with elsewhere.

Another important process in BEEM is the transmis-
sion across the nz-s interface. This probability is deter-
mined by the availability of the final states, e.g. ,
Schottky-barrier and satellite bands, as well as by kine-
matic constraints due to energy and k~~ conservation,
which may hold to varying degrees. With full conserva-
tion and disregarding all complications, one essentially
has the Bell-Kaiser (BK) theory, ' which well fits the
BEEM spectra for many m-s systems. A modified version
adding in a dynamic effect of quantum-mechanical
reAection has also been successfully used. ' Non-k~~-
conserving theories also do well. ' '

For the collector, there are several ways to take into
account the effect of the image force on the Schottky bar-
rier. Some of BEEM theories"" ' ignored the pres-
ence of band bending due to image force, whereas others
added a truncated-image potential to the potential of the
Schottky barrier, thereby distinguishing the metallurgical
interface and the actual Schottky-barrier height max-

0
imum, which may lie tens of A away from the metallurgi-
cal interface. ' Depending on the choice of the image po-
tential or on the complete lack of it, one could obtain
quite different transmission probabilities across the inter-
face. Phonon scattering and impact ionization in the
substrate are in principle relevant, but, for the interpre-
tation of the results to be presented in this paper, they
were found nonessential.

B. Constant-height-mode BKKM

The conventional 8EEM can be called constant-
current-mode (CC-mode) BEEM, because the tunnel
current I, is always maintained to be constant. ' As de-
scribed in Sec. IIA, the collector current I, is approxi-
mately proportional to I, and is an integral over energy,
so the unknown tunneling current distribution P (E,k

~~
~) is

very important. Although there now exist many theories
dealing with STM tips, it would be desirable to perform
BEEM in a way less sensitive to the tip condition. Just as
importantly, the surface LDOS of the sample can have
strong features that also affect P (E, k~~ ) directly. In addi-
tion, excitations and resonances in the tunnel junction
can affect the tunneling process and alter P (E,k

~~

). '

Stiles and Hamann" proposed constant-height-mode
(CH-mode) BEEM, in which the tip-sample separation is
held constant during the taking of a BEEM spectrum and
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(2)

The tunnel current I, is

I, =e f"dEgt(E, kl, v, d) . (3)
0

Because t, to a good approximation, is a function of
co =E +eV/2, (dt /dE) = (dt /dco) and (dt /d V) =
(e/2)(dt/dco), so that

dt e dt
dV 2 dE

(4)

Diff'erentiating Eq. (3) with respect to V, using Eq. (4),
and integrating by parts, one obtains

dI~ 3e2 2

dV 2 g t(eVk~~, Vd) + t(O—, k~~, Vd) . (5)II'

Diff'erentiating Eq. (1),

dI, ,i dt(E, kii, V, d)' =e f' dEg (Tn, E, ~k)

+e2 g t(eV, kl, V, d)T(n, eV, kl ) (6)

In the SH theory which treats V & 0, the second term in
Eq. (5) and the first term in Eq. (6) are dropped, so that

dI, /dV

dI, /d V

where P is the transmission probability (TP) across the
base into the substrate averaged over the IBZ. In Ref.
11, scattering in the base was neglected so that the Tp
was the same as the interfacial transmission probability
(ITP) defined below as Pt in Eq. (8). In the zero-thickness
limit, P is the same as Pz,

W(E, k~~, V, d)=t(E, k((, V, d) +t(E, k~), V d), (9)

where 8'is a normalized tunnel-current distribution that

the tunnel current I, and the BEEM current I, are mea-
sured simultaneously as a function of the tip-sample bias
V. [In Eqs. (1)—(11), d is a constant. ] This is exactly the
same as scanning-tunneling spectroscopy, ' but an addi-
tional quantity, namely I„is measured. As such, one has
both the surface electronic structure and the BEEM com-
ponent in the data.

In the Stiles-Hamann (SH) theory, " I, takes the fol-
lowing form:

f "Eg '(E kii V d)T(" E kii)
0

where T is the transmission probability across the base
into the substrate, and t (E, k~~, V, d) is the tunneling prob-
ability under the &KB approximation for an electron of
energy E and kI~ to tunnel across a planar-tunnel junction
of thickness d, biased by a voltage V. The energy E is
measured from the base Fermi energy Ez. g is an in-
tegral operator defined as below, where the integration is
over the interface Brillouin zone (IBZ), and n refers to all
states with a given E and kII in the base:

depends on the tip-sample separation, d, but only weakly
on V at low voltages. (Under certain tunneling condi-
tions, this behavior predicted by the planar tunneling cal-
culations may not hold, but this is beyond the scope of
this paper. ) The approximations made within the SH
theory are valid when V & 0, because
t(e V, k~~, V, d)))t(O, k~~, V, d) in this case. However,
when V) 0, the inequality reverses; the holes injected
into the base are more populated near E~ (V-O), and
much less below it. It follows from Eq. (5) that, for
V&0,

dI,
dV 2

gt(O, k~~, v, d) . (10)

The free-electron theory can be used to obtain an esti-
mate for the inelastic mean free path length A, ;, which is
the mean distance that a hot electron will travel before
undergoing an e -e collision. This is instructive in al-
lowing comparison to other metals and in providing a
framework to discuss the experimental results. We will
use the theory of Quinn, who used the Lindhard dielec-
tric constant to derive the imaginary component of the
energy, E&. The lifetime of an excited electron, ~, is relat-
ed to it by the Heisenberg uncertainty relation. A, ; is
defined as the product of v. and the electron group veloci-
ty ug. Assuming a free-electron expression for u, QuinngP
obtained the following result (expressed here in con-
venient units):

(E —E )2
(12)

where

y=14.4
(pEF)' '

n&/2
tan 'P ' + 1+

(13)

Above, P=ar, /m, a=(4/9m)'~3, r, is the mean distance
between electrons in units of the lattice constant of the
metal, E is the kinetic energy of the electron, and EF is
the Fermi energy (shown here in units of A for A,;, E~ in
eV, and E in eV). For CoSiz band-structure computa-
tions ' ' exist that agree excellently with experimental
measurements. ' Reference 23 gives r, =3.95 and
EF=3.21. Applied to Eq. (13), y=32. 1. For compar-

Furthermore, the second term in Eq. (6) becomes small so
that the first term can no longer be dropped. Therefore,
it is clear from Eqs. (6) and (10), that, in the general case,

dI, /d V
A —', P for V)0.

dI, /d V
(11)

In this paper, P will be dined by Eq. (7) as an experi-
mental quantity. Below we will discuss the TP for the
V & 0 case, but is should be kept in mind that, in this
case, P is not proportional to the transmission probabili-
ty.

C. Free-electron theory of electron-electron scattering
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ison, corresponding I r„E~,y I for Au and Al are
I3.01,5.53,46. 7I and {2.07, 11.7, 79. 1I, respectively.
Figure 1 shows A, ; for Au, Al, and CoSi2 plotted between
0.1 and 6 eV. It can be seen that, based on this theory,
CoSi2 is expected to have A, 1.45 times smaller than Au
and 2.46 times smaller than Al.

A minor improvement on Eq. (12) can be made by
keeping U explicit. In many metals, the bands near the
Fermi level have a linear E-k relation giving a constant
group velocity. This is true for CoSi2, which has a nearly
linear band A3 along I I. (parallel to the (111)direction)
extending from 3.41 eV above EF through EF. There
are two other bands in this energy range along I L,. One
is a A, band, which is inverted and has a maximum at
0.87 eV, so that it is irrelevant for transport above 0.87
eV from EF. The other is an electron A& band that has a
minimum at 1.89 eV. Hence it is rigorously correct to as-
sociate a single group velocity between 0.87 and 1.89 eV.
Therefore, the following equation, obtained from Eq. (12)
by keeping U explicit, holds rigorously between 0.87 and
1.89 eV, and is an approximation for higher energies up
to 3.41 eV:

k, =24. 3
(pE )3/2E i/2UF

~1/2tan-'P-'"+ ' (E —E, )'
1+P

(14)

with Ug in 10 cm/s. For the A, band, U~=0. 72 and Eq.
(14) gives

E 1 /2
A, , =38.7

(E EF)— (15)

The above gives a substantially smaller A, , than Eq. (12),
and it is also plotted in Fig. 1 for comparison. For exam-
ple, at E = 1 eV, one gets 79 rather than 135 A for A,;. In
Sec. IV B 1, a comparison will be made between the above
theoretical form and the experimentally measured at-
tenuation length by BEEM for CoSiz/n-type Si(111).

10

10

10

10~

1 0 2 4
E (ev)

FIG. l. The inelastic mean free path length A, for CoSi2 (dot-
ted line, model A), predicted by a free-e1ectron theory by Quinn
(Ref. 8) was calculated using a band-structure computation of
CoSi2 (Ref. 20) and it is shown as a function of electron energy
E above EF. Also shown is I, for CoSi2 (dash-dotted line, model
B) resulting from a constant group velocity (0.72X10 cm/s)
and A, 's for Au (dashed line) and Al (solid line).

D. Attenuation length

The attenuation length in BEEM is experimentally a
precisely defined number that should be distinguished
from the inelastic or elastic mean free path length of hot
carriers. To define an attenuation length A., one assumes
that the collector current I„under the same tunneling
conditions, is an exponential function of the base thick-
ness,

I, (D,E)=I,(D =O, E) exp

where D is the base thickness, and A, (E) is the attenuation
length at energy E. By comparing BEEM spectra for
samples of different thicknesses, one can obtain A.(E).

On the other hand, normally the inelastic mean free
path length A, ; and the elastic mean free path length A,,
cannot be measured directly by BEEM. These are more
fundamental quantities directly related to the lifetimes
for inelastic scattering, w;, and for elastic scattering, ~, .
In the past, several attempts were made to infer these
from BEEM data by performing Monte Carlo sirnula-
tions. ' In such simulations there are typically a dozen
unknown but relevant parameters, e.g., the tip-sample
separation, the effect of nonplanar tunneling geometry,
A,

„

the degree of k~~ conservation at the interface, the de-
gree of backscattering from the substrate by phonon
scattering, the specularity of the interface scattering, the
specularity of the surface scattering, the momentum dis-
tribution of secondary electron-hole pairs generated in
the metal, the likelihood of impact ionization in the sub-
strate, the effect of the change of tip-sample separation
during the taking of a spectrum, and dynamic transmis-
sion effects such as quantum-mechanical reAection.

In our case, there were fewer uncertainties, and we
tried to perform BEEM in a way that eliminated as much
as possible the effect of the unknown tunnel current dis-
tribution, P(E, ki ). For epitaxial CoSiz, there is strong
evidence that transport is ballistic within the base in the
energy range between the Schottky-barrier height (0.66
eV for n type at 77 K) and a few eV above E~. Defect
scatterings at dislocation cores and point defects in CoSi2
films have been observed with nm resolution by BEEM in
this energy range. ' ' This implies that (1) our films
have relatively low defect density, (2) multiple-scattering
events from the interface and from the surface are not
significant, and (3) P(E, k~~) is sharply forward directed.
In terms of the hot-carrier lifetime, ~, exceeds ~, in this
energy range. In this ballistic limit, X is equal to A, ; aver-
aged over P(E, k~~ ).

In addition, we use the CH mode of SEEM to mini-
mize the effect of the unknown P(E, k~~). Therefore, the
interpretation of our attenuation length is much simpler
than was possible for previous studies. For us,
A, (E)-A,;(E), the only significant uncertainty being the
angular distribution of injected carriers in the base. This
justifies a direct comparison of A, to the theoretical X;.

At higher energies the transport becomes diffusive due
to the excitation of secondary carriers, rather than by
elastic scattering from defects. ' We now have data for
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both forward BEEM of CoSi2/n-type Si(111) and for re-
verse BEEM of CoSi2/P-type Si(111),which allow a good
estimate of the contribution of the secondary carriers to
l, in the high-energy regime. In this regime, A, can be-
come larger than A.; because the secondary carriers can
contribute to the SEEM current and give rise to current
multiplication, i.e., a single injected carrier generates
multiple carriers (either in the base or in the collector)
that may contribute to I, . Therefore, comparison of A,

and A, ; is meaningful only in the low-energy range. (This
is estimated to be below —3 eV, by examining the ratio of
forward to reverse SEEM current, as explained in Sec.
IV B2.) In Sec. II C, the TP's were discussed. From Eqs.
(7) and (16) it follows that

P(E)=Pi(E) exp (17)

By fitting the TP's as a function of thickness to an ex-
ponential form, A, (E) can be obtained in the CH-mode
SEEM. ' It should be noted that one should only com-
pare spectra taken with the same tip-sample separation
(the same stabilization conditions for V and I, ) and over
the same surface structure.

III. EXPERIMENTAL METHOD

Like many metals, carelessly prepared CoSi2 will form
polycrystalline thin films or films with pinholes. By using
molecular-beam epitaxy (MBE) and carefully controlling
growth temperature, deposition rate, annealing time, and
annealing temperature, it was possible to grow single-
crystalline CoSiz on Si(111) and Si(100) used for this
study. Being single crystalline, these films did not have
any grain boundaries.

The lattice constant of CoSi2 is smaller than that of Si
by 1.2% at room temperature, and CoSi2 has a CaF2
structure. It is possible to grow relaxed or strained (also
called coherent) films of CoSi2 on Si(111) by MBE, and
these films have low resistivity [3 p, Q cm at 4 K (Ref. 23)],
characteristic of a metal. For our study of CoSi2/Si(111),
the layers were grown to be partially relaxed; i.e., misfit
dislocations were created in the film to accommodate the
lattice mismatch, and the interfacial regions between the
dislocations were nearly coherent. For our CoSi2/n-type
Si(100), the layers were grown coherently, so that there
were no misfit dislocations and the films were lattice
matched to the Si(100) substrate by strain.

Our samples were grown using a commercial Si MBE
system for 3-in. wafers. The MBE chamber was connect-
ed to a STM chamber, and a home-built STM was used to
investigate in situ the samples grown by MBE. The base
pressure of our MBE chamber was —10 " mbar, and
the pressure during growth remained below —10
mbar. The STM was especially made to examine 3-in.
wafers at 77 K for microscopy (STM) and also for
ballistic-electron-emission microscopy (BEEM). The
tungsten STM tips were prepared by chemical etching
and cleaned by in situ Ar-ion bombardment. The MBE
chamber was also connected to a commercial plasma
chamber capable of hydrogen etching SiO2.

In order to obtain Ohmic contacts to the substrates,
only degenerately doped Si substrates were used. The Si
wafers used for our MBE growth had unintentional
misorientations of less than 0.3. Prior to the silicide
growth, the wafers were first outgassed at 500 C for -2
h and then at 700 C for —

—,
' h. For most samples, the

wafers were then ramped to 840 C, exposed to a weak Si
flux (less than -0.5 A/s) to remove residual SiQz, and
then 3000—10000-A-thick undoped Si buffer layers were
grown at 700'C. For some wafers, plasma etching was
used for oxide removal prior to the buffer growth. As
characterized by BEEM, there was no unambiguous
difference between samples prepared with and without
plasma etching.

For p-type wafers, boron segregation during the 840 C
oxide removal step caused an increase in Si buffer defect
density and consequently lowered the quality of the sili-
cide films. Two methods were found to solve this prob-
lem. In the first, plasma etching was done without a pro-
cess going over 700'C. In the second, one monolayer of
Si was deposited at 840'C and then 100 A of Si were de-
posited at 400 C, followed by annealing for -30 min at
600'C. After both of these, 7X7 surface reconstruction
could be seen by reflection high-energy electron
diffraction (RHEED), and a good quality Si buffer could
be grown on top.

For growth on Si(111), thin films of CoSiz were made
by stoichiometric codeposition of Co and Si onto the
7 X 7 Si(111) surface at room temperature followed by a
monolayer of Si-capping layer and annealing at 600'C for
2—10 min. The excellent quality of the preparation of the
7 X 7 Si(111)surface has been previously confirmed by our
group in in situ STM and RHEED studies. For the
present case, the same preparation was done.

The deposition rates were monitored by two quartz-
crystal-thickness monitors. The thickness calibration
was done by growing a layer of nominal thickness then
measuring it ex situ by Rutherford-backscattering spec-
trometry or by weighing. In the latter method, knowing
the density of CoSi2 and the weight of the wafer before
the deposition, the deposited film thickness could be cal-
culated with less than —10% error.

The procedure for silicide growth described above is
known to produce pinhole-free CoSi2, consisting of atom-
ically smooth interfacial regions bounded by misfit dislo-
cations. The partially relaxed CoSiz is found to contain
a nearly hexagonal network of misfit dislocations, which
are always associated with steps at the CoSi2/Si inter-
face. Hence neighboring CoSi2 regions, separated by a
dislocation, always differ in thickness by one or two
atomic layers, but appear flat on the surface, except for
small protrusions ( & 1 A, and having a Lorentzian
profile) near the dislocation, due to the elastic deforma-
tions around its core. ' Hence it is possible unambigu-
ously to identify interfacial steps in topographic STM im-
ages. The surface was mostly 1X1, except in very thin
layers where some areas of strain-induced 2X1 recon-
struction could be seen.

The growth on Si(100) was done using a template
method. For a typical sample, first 1.6—2 A of Co was
deposited onto 2X1 Si(100) followed by codeposition of
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0
5 —7 A of silicide with a stoichiometry of CoSi& 6-CoSi& 8

at room temperature. This template was then annealed
for -2 min at 350 C and allowed to cool to room tem-
perature. Then additional silicide with the same
stoichiometry was deposited, and a few monolayers of Si
cap were also deposited to create a film of the desired
thickness. This film was finally annealed at 600 C for
2 —10 min. As for CoSi2/Si(111), the CoSi2/Si(100) films
grown by the template technique were single crystalline
and without pinholes (confirmed by a detailed study re-
ported in Ref. 32). However, since our CoSi2/Si(100)
samples were thinner than the critical thickness for the
onset of misfit dislocations ( —100 A), the 30—50-A-thick
samples used for this study were strained (coherent).

IV. RESULTS AND DISCUSSIQN

A. Interfacial transmission probabilities

1. CoSi2/n type Si(-111)vs CoSi2/p type Si-(111)

sion probability across the interface should be much
larger for the p type than the n type substrates. However,
the unknown dynamic transmission effects at this inter-
face may be significant. They were calculated to give ap-
proximately a factor of 3 difference in ITP for type-A and
type-B NiSi2/Si(111). "

In Fig. 2, two representative averaged TP's for a 30-A-
thick CoSi2/n-type Si(111) film and for a 30-A-thick
CoSi2/p-type Si(111) film are shown. The derivatives
used to compute the TP's were extracted numerically.
Linear least-square fits (LSF's) were done to examine the
threshold behaviors, and these are shown with the data.
For CoSi2/n-type Si(111), the linear fit gives an energy-
axis intercept of 0.72 eV, which agrees well with the ex-
pected Schottky barrier height of 0.66 eV within the ex-
perimental error, which is estimated to be 1 —2 times the
data spacing and comes from the numerical
differentiation used to obtain the TP's. The numerical
differentiation was done by doing a LSF to a quadratic

It is fairly well established that, in the absence of
scattering, the tunneling electron distribution &(E,kii)
between planar electrodes or from the STM tip to the
metal surface is sharply forward directed. In other
words, the tunneling electrons have small k~~. If k~~

con-
servation held across the m-s interface, then this together
with energy conservation would impose a severe kinemat-
ic constraint on I„especially for semiconductors with
conduction-band minima away from the zone center.
This was originally pointed out by Schowalter and Lee,
who also demonstrated that k~~ conservation must not
hold for Au/Si, because 1,(E) is nearly identical for
Au/Si(100) and Au/Si(111). A more recent study also
confirmed this experimental finding. Scattering in Au
(Refs. 7, 16, and 35) or at the Au/Si interface' was
presumed to cause this.

However, unlike Au/Si, it is known that the interface
of epitaxial CoSi2/Si is atomically abrupt and that
translational invariance is preserved along most of the in-
terface (except at misfit dislocations and point defects), so
that one would expect at least a partial conservation of
kii. For Au on n-type Si(111), it was pointed out that
elastic scattering should tend to increase I„byproviding
the k~~ necessary to match the k~~ of the Si conduction
band projected on the interface. We have observed that,
indeed, elastic scattering at the misfit dislocation core
does increase the BEEM current for CoSiz/Si(111). Fur-
thermore, a typical BEEM image showed many small re-
gions of higher I, which are associated with localized
point defects in the CoSi2 film. However, it was not clear
if the absolute magnitude or the spectral shape were as
predicted by the BK theory.

In principle, additional confirmation of k~~ conserva-
tion can be made with help from CoSi2/p-type Si(111),
which has exactly the same surface and interface struc-
ture as CoSi2/n-type Si(111). For the p-type substrate,
the final state in Si is a zone-centered valence band which
projects near the interface Brillouin-zone center. This
implies that, if ki~ conservation held at this interface, (1)
elastic scattering should decrease I, and (2) the transmis-
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FICx. 2. (a) An average of -2000 transmission probabilities
(TP's) for a 30-A-thick CoSi2/n-type Si(111) film taken in the
CH-mode BEEM. The data were taken every 70 mV, and the
stabilization condition was V= —0.6 V and I, =0.2 nA. A
least-square fit (LSF) gave the linear line drawn through the
threshold region. It has an energy-axis intercept of 0.72 eV and
a slope of 0.090/V. (b) An average of -2000 TP's for the 30-
A-thick CoSi~/p-type Si(111) Alm. In this case, a LSF gave the
displayed line that has an energy-axis intercept of 0.45 eV and a
slope of 0.025/V. The data were taken every 70 mV, and the
stabilization condition was the same as in (a).
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equation using two points on both sides of each data
point. An effective smoothing is thus done, and it gives a
conservative error estimate. The slope of the fit line is
0.090/V. For the case of CoSi2/p-type Si(111) shown in
Fig. 2(b), the linear line through the data has an energy-
axis intercept of 0.45 eV, which agrees with the expected
value of 0.51 eV (Schottky-barrier height) within the ex-
perimental error, and the line has a slope of 0.025/V.
The ratio of the slopes is 3.5. Not only is the TP smaller
rather than larger, as expected by purely kinematic con-
siderations, but it is substantially smaller.

For the most part, this anomaly may be due to a break-
down of the approximations in the theory for CH-mode
SEEM when the tip-sample bias is positive, which was
demonstrated in Sec. II B. The effect of P (E,kii ) will be
discussed further in Sec. IV A 3.

Away from the threshold, the spectral shapes are non-
linear in both cases. For the n-type substrate, there is a
roll-off near the band-gap energy of. Si at —1.2 eV, and
an additional threshold at —1.8 eV. The ro11-off has been
previously assigned to electron-hole pair creation at the
metallurgical interface' ' and the high-energy threshold
to transport into L

&
of the Si conduction band.

The averaged spectrum for the p-type substrate also ex-
hibits a roll-oF at —1.2 eV. Higher-energy features can-
not be unambiguously identified due to the effect of

0.1 5—

0.1—

0.05-

0—
n-Si(1 00)

E (ev)

FIG. 3. An average of —2000 Tp's for a 30A thick
3&2 X &2-surface-reconstructed CoSi~/n-type Si(100) taken
with a tip-stabilization condition of —0.6 V and 0.2 nA. A
least-square At gave the displayed line that has an energy-axis
intercept of 0.68 eV and a slope of 0.20/V. The data were taken
every 50 mV.

2. CoSi2/n type Si(1-11) us CoSizjn type Si-(100)

Within the purely kinematic BK theory, ' I, for
Au/Si(100) should be more than an order of magnitude
larger than for Au /Si(111). For CoSi2/Si, this is not cer-
tain, because the surface structures are quite different for
CoSi2/Si(100) and CoSi2/Si(111). It has been shown pre-
viously that surface reconstructions can significantly
change I, . Whereas most of the CoSiz/Si(111) surfaces
are unreconstructed, the CoSi2/Si(100) surface always
displays surface reconstructions, the dominant one being
3+2X V'2R45' and sometimes V 2X+2R45' also ap-
pearing (we will omit R 45' from here for brevity).

In Fig. 3 we show an average of TP's taken over a re-

gion of CoSi2/Si(100) that was atomically resolved to be
3&2 X&2. The base thickness was 30 A and the tip-
stabilization condition was the same as for Fig. 2. A
least-square fit (LSF) gave the displayed line, which has a
energy-axis intercept of 0.68 eV and a slope of 0.20/V. In
comparing the slope here to that of CoSi2/Si(111), one
finds a TP that is 2.2 times larger. It will be shown in
Sec. IV B 1 that A, for CoSi2/Si(100) is -2.0 times shorter
(at 1.5 eV) than for CoSiz/Si(ill). Thus, in the zero
thickness limit, the ratio of TP's are expected to be -4
times larger.

It is possible that interfacial scattering may play some
role. Whereas CoSi2/Si(111) is known to have eightfold-
coordinated Co atoms everywhere, with Si being bulk ter-
minated at the interface, two interfacial models were
proposed for CoSi2/Si(100). In one, Co atoms at the in-

terface are sixfold coordinated and interfacial Si atoms
preserve their bulk tetrahedral bonding geometry and
lengths. In the other model, the interfacial Si atoms form
a 2X1 reconstruction. We do see at least two types of
interfaces. In Fig. 4(a) we show two TP's (averages of
-2000 each) taken over two 3+2 X &2 regions
(confirmed by atomic-resolution STM) lying next to each
other, and in Fig. 4(b) we show CC-mode spectra taken
over the same regions along with a difference spectrum.
The error bars do not show simple correlation with the
magnitude of I„andthis may be partially due to the er-
ror being real spatial variation of I„which can have an

energy dependence; for example, scattering from a dislo-
9 O

cation depends on energy. The sample was a 50-A-thick
CoSiz/Si(100) film. There is no surface step separating
the two regions. In both modes of BEEM, the spectra
can be seen to cross at a certain voltage. The value of the
voltage is different between the CH-mode and CC-mode
spectra, but this may be expected from the difference in
the two techniques. It was shown in Ref. 10 that CC-
mode spectra and CH-mode spectra can be quite different
at high bias due to effects in the tunnel gap. However,
even in the CC mode, the spectra are reproducible, and
there exist many regions with essentially the same spec-
tra. The crossing of the spectra cannot be explained by a
thickness effect, ' which is expected to be dominant at
high energies and is expected to increase monotonically
as a function of energy. Quantum-size effects (QSE's) for
CoSi2/Si(100) are expected to be relatively weak in com-
parison to CoSi2/Si(111), since Si has no gap (from -0.7
eV above EF to much higher energies) in the (100) direc-
tion to allow the formation of bound one-dimensional
(1D) states in CoSi2 along I X, and ubiquitous surface
reconstructions would broaden any weak resonances in
the films. Even though we observed strong QSE's for
CoSi2/Si(111) by current-imaging-tunneling spectroscopy
and modulation spectroscopy, ' ' until now we have not
observed any for CoSi2/Si(100) by the same techniques.
Therefore, we are led to conclude that there must exist at
least two types of interfacial structures for CoSi2/Si(100).

3. E+ect of tunnel current distribution

The development of CH-mode BEEM was motivated
by the need to eliminate the effect of the unknown tunnel
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current distribution, P (E,kii ), as much as possible. " It
was demonstrated' to give a very different high-energy
spectrum from CC-mode BEEM, in which the tunnel
current is always kept constant by adjusting the tip-
sample separation. At high energies, peaks in the CC-
mode BEEM spectra appeared where the CH-mode spec-
tra were nearly featureless.

Another example of the importance of P (E,k
ii

) for
BEEM can be seen in forward BEEM of CoSiz/p-type
Si(111), in which the tip voltage is biased positively with
respect to the sample. P (E,kii ) is always peaked near the
cathode's Fermi level because the electrons with the
highest energies are most likely to tunnel across the vacu-
um barrier. In p-type forward BEEM, only the low-

energy tail of P (E,k
ii

) can contribute to the BEEM
current, so that, in the CC mode, I, in forward BEEM
of CoSi2/p-type Si(111) is expected to be much smaller
than the I, in forward BEEM of CoSi2/n-type Si(111). In
Fig. 5, a pair of CC-mode BEEM spectra are shown to
compare the relative magnitudes of the forward BEEM
currents between a 22-A-thick CoSi2/p-type Si(111) film
and a 22-A-thick CoSi2/n-type Si(111) film. While the
latter tends to increase monotonically, the first reaches a
maximum at —3~ V~ then decreases. If one ignores unex-
pected pathological transmission probabilities into the Si
valence band, the roll-over of the spectrum must be due
to the sharpening of the energy distribution of the tunnel-
ing electrons at high bias (CC-mode BEEM), which
makes fewer electrons available at its tail to contribute to
I, in forward BEEM of CoSi2/p-type Si(111).

The CH mode may eliminate some of the dependence
on P(E, kii). However, even for the normal case when
STM injects electrons into the base, the tip-stabilization
condition (effectively the same as the tip-sample separa-
tion, d) for the CH-mode BEEM may be important. For
an ideal interface where subtle dynamic and kinematic
effects can be seen, the TP was predicted to be sensitive
to d. Figure 6 shows three TP's taken for three different
tip-stabilization conditions over the same area on a 72-
A-thick CoSi2/n-type Si(111) film. Even though the tip-
stabilization voltage took on values of —0.2, —0.6, and
—0.9 V, the actual d should have changed by less than
an A. d was not measured in this case (I, =0.2 nA), but
the statement was found to be true when I, =1 nA.
There is a tendency at high bias for TP's stabilized at
larger d's (corresponding to larger Vs) to be larger, and
this may be due to a breakdown of the assumptions of SH
theory at higher voltage. " At low energies, the two TP's
stabilized at —0.6 and —0.9 V are nearly identical, but
the one at —0.2 V is substantially smaller. However,
scaling it by a factor of 1.3 makes it similar to the others.
It can be concluded that the TP does depend on d, as ex-
pected. However, it should be noted that, while in theory
one can change d by dozens of A at will, in practice one

FIG. 4. Over two side-by-side regions on a 50-A-thick
3&2 X &2-surface-reconstructed CoSi2/n-type Si(100)
(confirmed by atomic-resolution STM), CH-mode BEEM and
CC-mode BEEM were performed. There is no surface step
separating the two regions. (a) For each region, -2000 TP's
were averaged. Region 1 (filled circles) shows a larger TP than
region 2 (unfilled circles) at low energies, but a smaller TP at
high energies. The tip stabilization was at —0.6 V and 0.2 nA,
and the data were taken every 70 mV. (b) Two averages of
-600 spectra each show BEEM current I, /I, (taken in the CC
mode) for regions 1 (filled circles) and 2 (unfilled circles). The
difference spectrum is also shown with error bars calculated
from error bars for each spectrum. A pure thickness effect
would always make one spectrum larger than the other. There-
fore, regions 1 and 2 must have different interfacial structures.
The crossover points in (a) and (b) are different, and this is attri-
buted to differences between CC-mode and CH-mode BEEM, as
explained in the text.
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FIG. 5. A pair of CC-mode BEEM spectra is shown to com-
pare the relative magnitudes of the forward BEEM currents be-

0
tween a 22-A-thick CoSi2/n-type Si(111) film (diamonds) and a
22-A-thick CoSi2/p-type Si(111)film (filled circles). In the latter
case, the BEEM current I, /I, is strongly shaped by the asym-
metry of the tunnel current distribution.
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ment of the free-electron theory and the data can be seen
for the entire range, including the range below 3 eV
where electron transport through the base is expected to
be ballistic. (See Sec. IV B 2 for a discussion on the tran-
sition to the diffusive regime. In the diffusive regime, A, s
measured by BEEM overestimate the true A, because of
the contribution from secondary electrons created in the
base. ) This is hardly surprising because CoSi2 consists of
three-nested hole sheets at the Fermi surface, and hence
it is not expected to behave like a free-electron metal.

FIG. 6. The TP's {averages of -2000 each) for three different
tip-stabilization conditions {corresponding to three different

0

tip-sample separations, d's) over the same area on a 72-A-thick
CoSi2/Si(111) film. The tip-stabilization conditions were
V = —0.2 V and I, =0.2 nA (filled circles), —0.6 V and 0.2 nA
(+'s), and —0.9 V and 0.2 nA (open circles). For low energies,
the latter two are the same within the uncertainty in the TP's
(not shown, but approximately a few percent of a TP). The first
TP is substantia11y smaller, but it has the same shape as the oth-
ers. %'hen multiplied by 1.3 (shown in diamonds), it converges
with the other two.
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cannot change it too much without leaving the range of
detectable signals, either by obtaining values of I, and I,
that are too large or too small during the taking of a
spectrum.

B. Hot-electron —electron scattering in (CoSi2

1. Comparison between (III) and (100)
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For our attenuation length study of CoSi2/n-type
Si(111) using CH-mode BEEM, relaxed samples of
thicknesses 25, 30, and 72 A were used. For CC-mode
BEEM, samples of 30, 42, and 72 A were used. The re-
laxed samples had mostly unreconstructed surfaces. Due
to a systematic error in the thickness calibration, it is es-
timated that there is a —10% systematic error in our
measured A, 's.

In Fig. 7(a) we show A, (in A) obtained from the CH
mode for CoSi2/n-type Si(111)along with a best-fit line of
the form

~ 1/2
A, =a +b (E EF)+-

(E EF)—
where a =39.5, b = —3. 17, and c =19.2. The above is a
phenomenological equation inspired by Eq. (15) of the
free-electron theory. The fit was done to give a con-
venient and accurate description of data that can be used
for comparison with other data.

The error bars shown in Fig. 7(a) are uncertainties
from the least-square fits (LSF's) done to obtain X. Be-
cause the TP's are ratios of derivatives, they are suscepti-
ble to noise. Also shown is the theoretical A, given in Eq.
(15), which was computed using band-structure parame-
ters from Ref. 20 and Quinn's theory. A clear disagree-

(b)
'2 3

E (eV)

FIG. 7. (a) The attenuation length k measured by CH-mode
BEEM on CoSi2/n-type Si(111)is shown along with the predict-
ed inelastic mean free path length A s, by Quinn's free-electron
theory [model A, dashed line, Eq. (12) of the text] and by a
modified free-electron theory [model 8, dotted line, Eq. (15) of
the text]. Also, a fit (solid line) through the data using a phe-
nomenological form [Eq. (18) of the text] is shown. The
discrepancy between the free-electron theory and the data is evi-
dent. For the data, three samples of thicknesses 25, 30, and 72
0

A were used. For each sample, -2000 CH-mode BEEM spec-
tra were taken over arbitrary locations. For all CH-mode
BEEM, the initial stabilization condition was the same in order
to obtain a constant tip-sample separation; the tip was stabilized
at V= —0.6 V and I, =0.2 nA before the STM feedback loop
was interrupted for the taking of a CH-mode spectrum. (b) The
same measured by CC-mode BEEM. For each sample, -2000
CC-mode BEEM spectra were taken over arbitrary locations.
Below -2 eV, quantum-size effects distorted the spectra and
hence it was dificult to determine Iw. A,(E) at high energies
ceases to decrease, and becomes nearly constant, due to the in-
creasing contribution of secondary electrons to I, . In that re-
gime, A, WA, ; and the transport is diffusive rather than ballistic.
Also shown is a phenomenological fit to Eq. (18).
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Furthermore, low-energy optical interband transitions
are allowed to occur (b5 —+b, , at -0.3 eV and X&~X& at
-0.5 eV), and may have been seen. The phase space
for electronic interband transitions is expected to be
larger, so these are expected in CoSiz/Si(111) even at en-
ergies below the Schottky-barrier height. Interband tran-
sitions should make the A, even shorter.

In Fig. 7(b) we show A, obtained in the CC mode and fit
to the same function. They both show a monotonic de-
crease with energy up to 4 eV, and fit well to the same
function shown in Eq. (18) but with parameters that are
quantitatively very different: a =12.2, b =0.762, and
c =76.6 in this case. Only A, 's above 2 eV are shown, be-
cause, below, quantum-size effects afFected the spectra.
Energy-dependent QSE's in CoSi2/n-type Si(111) were
previously reported. ' The high-energy portion of k is
shown to illustrate that it ceases to decrease at high ener-
gies and becomes nearly constant. This is due to the con-
tribution of secondary electrons to I, at high energies.

A, 's for CoSiz/n-type Si(100) taken in the CH and CC
modes are shown in Fig. 8(a). Also shown is a fit to Eq.
(18) with a =17.6, b =2. 16, and c =3.89. For the CC-
mode measurement, samples of thicknesses of 30, 38, and
50 A were used, while for the CH mode thicknesses were
30 and 50 A. To ensure that surface effects did not play a
dominant role, atomic-resolution STM was performed,
and the spectra taken only over 3&2X +2-reconstructed
areas. The spectra over two kinds of interfacial struc-
tures (explained in Sec. IV A 2) were weighed equally and
averaged. In Fig. 8(a), A, is seen to be substantially small-
er than A, for CoSi2/n-type Si(111), the ratio being -0.5

at 1.5 eV. The error bars were calculated from errors of
the TP's used.

Similar A, , obtained from CC-mode SEEM spectra, can
be seen in Fig. 8(a). Spectra for 30- and 50-A-thick films
were taken from exactly the same location as for the
CH-mode spectra. To obtain A, , ln(I, ) for 30, 38, and 50

O

A were plotted on a linear scale, and linear LSF's were
performed, as shown in Fig. 8(b). The reciprocals of the
slopes were!.aken as k's, and the errors associated with
the fits were assigned as the error bars shown. It can be
seen in Fig. 8(b) that Eq. (16) (assuming the exponential
dependence of I, on D) is a good assumption. The CC-
mode k should not be taken to be precise, since it can be
affected by a change of the unknown P (E, ki~~

). However,
k from the CC-mode spectra supports the noisier A, from
the CH-mode spectra.

Therefore, both CH-mode and CC-mode BEEM
showed that A, for CoSiz/n-type Si(100) is significantly

smaller than A, for CoSiz/n-type Si(111). It is possible

that the difFerence is partially caused by a wider angular
distribution of electrons under the 3V2X/2-
reconstructed surface. It could also be a band-structure
effect. For CoSiz/n-type Si(100), there is a b, 2 band be-

tween 0.79 and 1.57 eV with relatively low group veloci-
ties, and there are two other bands (b, , and b, s) in the

same energy range that could participate in interband
scattering. In any case, in the ballistic transport regime
below 3 eV, the shape and magnitude of A, differ strongly
from predictions of the free-electron theory shown in

Figs. 1 and 7(a).

2. Spatial distribution of hot carriers

At higher biases, electrons injected into the sample by
the STM tip have enough energy to either excite
electron-hole pairs in the base' or in the semiconductor,
giving rise to secondary carriers that can increase the
BEEM current. There are many works dealing with im-
pact ionization in the semiconductor.

The BEEM current does become large at high biases.
To determine whether this is due mostly to charge multi-
plication in the base or to impact ionization, or to nei-
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FIG. 8. (a) The attenuation lengths A, 's measured by CH-
mode and CC-mode BEEM on CoSi2/n-type Si(100) are shown.
The stabilization parameters were the same as for CoSi2/n-
Si(111) (

—0.6 V and 0.2 nA), and about -2000 spectra taken
were averaged. Also, a fit (solid line) through the CH-mode
data using a phenomenological form [Eq. (18) of the text] is

0
shown. Two samples of thicknesses 30 and 50 A were used for
the CH-mode data. The spectra over two kinds of interfacial
structures (explained in Sec. IV A2) were weighed equally and
averaged. For the CC-mode data, three samples of thicknesses

0
30, 38, and 50 A were used. The error bars shown were derived
from uncertainty in the least-square fits {LSF's) shown in (b).

0
For the 30- and 50-A-thick films, the CH-mode and CC-mode
data were taken consecutively over the same regions, and the
same weighing and averaging were performed. It can be seen
that the I, shown is very different in both magnitude and shape
from the X for CoSi2/n-type Si(111). {b) To calculate the CH-
mode 1,'s shown in (a), ln(I, /I, ) for the three thicknesses were
plotted in a log-linear scale and LSF lines were fit, as shown
here. The reciprocal of the slopes gave the X's. It can be seen
that, to a good approximation, I, /I, is an exponential function
of the base thickness D for the energy range between 1.4 and 2.4
eV above EF. The lower fit lines correspond to smaller E's.
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ther, one should first consider the spatial resolution of
BEEM. Previously, it was shown that atomic thickness
variations in the base can be detected by SEEM imaging.
If impact ionization from primary electrons (those inject-
ed by the STM tip that did not undergo any inelastic col-
lision in the base) dominates, then a BEEM image at high
bias should show nm-scale thickness contrasts. The
reader should note that we observe nm-scale resolution in
low-bias BEEM of CoSi2/n-type Si(111), ' ' and that,
at high bias, the tunnel current distribution becomes
more sharply focused because the tip-sample separation
increases in order to maintain the same I, . Hence,
neglecting the contribution to I, from the base, the spa-
tial resolution of BEEM should only become better at
high bias. However, should the contribution to I, from
secondaries be significant, then the resolution (of interfa-
cial objects) will directly reAect the spatial distribution of

the secondaries in the base, which is expected to be
diffusive. The net BEEM current will be a sum of the pri-
mary current with nm resolution and secondary current
with much worse resolution. Degraded resolution for
high-bias forward BEEM has been observed previously. '

Figures 9(a) and 9(b) show a pair of simultaneously tak-
en STM and forward BEEM images of a 22-A-thick
CoSi2/n-type Si(111) film. The STM image is an empty-

0
state image showing three monolayer steps each 3.1 A
high and a nearly hexagonal network of faint lines due to
strain fields surrounding misfit dislocations. The BEEM
image shows nearly discrete contrasts due to atomic
thickness variations of the base. Thinner areas of the
base transmit more electrons and hence appear lighter in
the BEEM image.

An arbitrary line section has been taken from the im-

age, and has been fit to an erf function defined as below in

; '?'p
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FIG. 9. (a) and (b) are a pair of simultaneously taken STM and forward BEEM images of a 22-A CoSi2/n-type Si(111)film over a
3000X 3000-A area. Empty states were probed and V = —6 V and I, =2 nA. The STM image shows three monolayer steps each 3.1

A high, and a strain field due to dislocation appearing as a light network. The BEEM image shows atomic thickness variations of the
film. The gray sca1e in the BEEM image is from 467 (black) to 736 pA (white). Areas appearing darker are thicker areas. (c) and (d)
are an arbitrary pair of STM and BEEM line sections taken from the area shown in (a). The topography profile was fit to a Lorentzi-
an, and the BEEM profile was fit to an erf function as described in the text.
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order to quantify the resolution:

(u —xo)
I, =Io+ —f exp — du,

77 $2
(19)

200—
CL

100—

o CoSip/n-Si(111)
~ CoSip/p-Si(1 1 1 ),o

000
00

0
000

00 ~ee
0 ~

0

~
ae

=0
0 ==::---

s

0 2
-V

FICz. 10. A pair of CC-mode BEEM spectra are shown to
0

compare a forward BEEM spectrum on a 22-A-thick CoSi2/n-
Si{111)film {unfilled circles) to a reverse BEEM spectrum on a
22-A-thick CoSi2/p-type Si{111) film {filled circles). In both
cases, the tunnel current distribution should be exactly the
same. However, in the forward BEEM case, primary and secon-
dary electrons are collected while, in the reverse BEEM case,
only secondary holes are collected.

where Io is the lower BEEM current, AI is the current
difference away from the thickness contrast, and the
thickness is assumed to change at xo and to be larger on
the positive-x side. In Figs. 9(c) and 9(d) we show the to-
pographic line section fit to a Lorentzian (the FWHM is
35 A& the height is 0.38 A, and the section is centered at
240 A), and a corresponding BEEM section with a fit to
Eq. (19). For the fit shown, 5=40 A (centered at 209 A),
and the fit is excellent. However, some BEEM line sec-
tions deviate slightly from the erf function form. It is
more appropriate to define a more robust spatial resolu-
tion R of BEEM as the distance over which the BEEM
current changes from 10% to 90% of its final value. For
an erf function, R =1.816, so that R in Fig. 9 is 72 A.
From ten cross sections of the image shown in Fig. 9(a),
an R of 76+20 was obtained for forward BEEM of 22-A-
thick CoSi2/n-type Si(111)at —6 V.

If one performs reverse BEEM on p-type Si, then the
tip-sample bias is negative, so that the tunnel current dis-
tribution is exactly the same as for forward BEEM on n-

type Si, and hence almost exactly the same processes
should occur in the base and in the semiconductor. One
important difference is that, for p-type(n-type)Si, only
holes (electrons) are collected, and that the transmission
probability for electrons and holes differs. At a few eV
above the Schottky barrier, ITP's for both electrons and
holes are expected to approach unity, and hence it should
be a good approximation to assume equal ITP's for high-
energy electrons and holes. In addition, we assume that
the distribution of the secondary electrons and holes are
approximately the same. Then reverse BEEM on p-type
Si (collecting only secondary holes) allows one to obtain a
good estimate of the secondary current for the forward
BEEM on n-type Si (collecting only electrons). Figure 10
shows a pair of CC-mode BEEM spectra to compare for-

ward BEEM on n-type Si and reverse BEEM on p-type
Si, both for 22 A CoSi2/Si(111). It can be estimated that
at 6 V 3 of the contribution to I, comes from secon-
dary electrons. At —3.7 V, I, for p-type Si becomes 50%
of I, for n-type Si. Under the assumptions we stated
above, we may define energies above -3 V as a high-
energy regime where the contribution from the secondary
carriers begins to dominate I, .

If one examines a high-bias reverse BEEM image, then
one should obtain a slightly worse spatial resolution due
to the absence of primary current, but should still see
mostly the same features as the high-bias forward BEEM
image, since in both cases secondaries generated in the
base dominate. Figures 11(a) and 11(b) show a pair of
simultaneously taken STM and reverse BEEM images of
a 22-A-thick CoSi2/p-type Si(111) film. The STM image
is an empty-state image, the gray scale ranging over 7.46
A. As for Fig. 9, atomic thickness variations show up as
nearly discrete contrasts in the BEEM image. However,
due to the opposite polarity of holes, thinner regions
transmit more reverse BEEM current and appear darker
in Fig. 11(b). In Figs. 11(c) and 11(d) we show arbitrarily
taken line sections from Figs. 11(a) and 11(b). The topog-
raphy section is again fit to a Lorentzian (the FWHM is
35 A& the height is 0.47 A, and the section is centered at
194 A), and the BEEM profile is fit to Eq. (19). For the
fit shown, 6 = 55 A (R = 100 A, and is centered at 198 A)
and the fit is excellent. Taking ten random line sections
from the image and defining the spatial resolution as be-
fore, an R of 106+22 is obtained, in fulfillment with our
expectations.

V. SUMMARY

Ballistic-emission microscopy was performed to study
hot-carrier transport in epitaxial films of CoSi2 on Si(111)
and Si(100). The attenuation length A, in the ( 100) direc-
tion for CoSi2/n-type Si(100) has been measured by both
CH-mode BEEM and conventional CC-mode BEEM,
and its was found to be significantly smaller than the A, in
the ( 111) direction on CoSiz/n-type Si(111), the ratio of
the A, 's being -0.5 at 1.5 eV above Fermi energy. For
both directions, the A. 's were found to behave very
differently from predictions of a free-electron theory.

As the energy of the injected carries was increased, a
transition from ballistic transport in the metal overlayer
to a diffusive transport was observed, with an accom-
panying significant degradation of the spatial resolution
of both forward and reverse BEEM, which implied that
the dominant contribution to the BEEM current must
originate from the base. A comparison of forward
BEEM on CoSiz/n-type Si(111) and reverse BEEM on
CoSi2/p-type Si(111) allowed an estimate of primary and
secondary BEEM current contributions.

Constant-height-mode BEEM was used to investigate
0

the transport across these interfaces. For a 30-A-thick
film, the TP near the Schottky-barrier threshold for
CoSi2/n-type Si(100) was -2.2 times larger than for a
CoSiz film of the same thickness grown on n-type Si(111).
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FIG. 11. (a) and (b) are a pair of simultaneously taken STM and reverse BEEM images of a 22-A CoSi2/p-type Si(111) over a
3000X3000-A area. Empty states were probed and V= —6 V and I, =6 nA. Horizontal streaks in the images are due to instabili-
ties of the STM tip. The STM gray scale ranges over 7.46 A and the BEEM gray scale ranges from 572 (white) to 1480 pA (black).
Note that the larger I, appears darker here. Similar to forward BEEM (shown in Fig. 9), atomic thickness variations in the film give
rise to the contrast in the BEEM image. (c) and (d) are an arbitrary pair of STM and BEEM line sections taken from the area shown
in (a). The topography profile was fit to a Lorentzian, and the BEEM profile was At to an erf function, as described in the text.

Extrapolating to zero thickness using the measured A, 's, a
factor of -4 diA'erence in the TP's is predicted at zero
thickness. However, the TP for CoSi2/p-type Si(111) of
same thickness was smaller, and this is attributed to an
effect of the tunnel current distribution and a breakdown
of the Stiles-Hamann theory for V )O. For CoSi2/n-type
Si(100), evidence of at least two diff'erent interfacial struc-
tures was found, consistent with an independent TEM in-
vestigation.
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