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Ballistic Electron Emission Microscopy onCoSi2yyySisss111ddd Interfaces: Band Structure Induced
Atomic-Scale Resolution and Role of Localized Surface States
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Applying a Keldysh Green’s function method it is shown that hot electrons injected from a scanning
tunneling microscope tip into a CoSi2ySis111d system form a highly focused beam due to the silicide
band structure. This explains the atomic resolution obtained in recent ballistic electron emission
microscopy (BEEM) experiments. Localized surface states in thes2 3 1d reconstruction are found
to be responsible for the also reported anticorrugation of the BEEM current. These results clearly
demonstrate the importance of bulk and surface band structure effects for a detailed understanding of
BEEM data. [S0031-9007(98)07776-X]
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Ballistic electron emission microscopy (BEEM) and its
spectroscopic counterpart (BEES) are powerful techniqu
invented for exploring the electronic properties of meta
semiconductor (M-S) interfaces [1]. Thin metallic films
are deposited on different semiconductor materials a
the BEEM current, i.e., the current arriving at the sem
conductor after injection into the metal surface from
scanning tunneling microscope (STM) tip, is measure
as a function of the tip-metal voltage [2]. The inter
pretation of these experiments is based on a three-s
model: (i) First, electrons are injected from the tip into th
metal (tunneling); (ii) then, electrons propagate throug
the film suffering collisions with different quasiparticles
(transport), and (iii) finally, electrons overcome the Scho
tky barrier and enter into the semiconductor (matching
metal and semiconductor wave functions across the
terface). The difficulty in analyzing experimental BEEM
data stems from the strong influence of all three steps
quiring a careful theoretical modeling to avoid spuriou
correlations between the parameters involved. Recent
it has been shown that the electronic band structure of t
metal, which had been completely neglected in earlier fre
electron models, plays a crucial role in this regards [3].

Recent experimental BEEM investigations on metalli
silicide films deposited on Si show (i) an atomic scal
resolution of theM-S interface [4] and (ii) a striking
dependence of the interface BEEM current on the silicid
surface topography [5]. Dislocations and point defects
the interface were well visible giving direct access to it
quality. This is rather important in view of the interface’s
role in building the Schottky barrier or with respect to th
growth mode of silicides which are promising material
for microelectronic applications [6]. Equally important is
the quantitative understanding of how the obtained atom
scale resolution is produced and why the BEEM current
related to the surface topography. In this paper, we sho
that the high lateral resolution is caused by the silicide
band structure, which in the case of CoSi2ySis111d,
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on which we concentrate, makes the electrons focus
the k111l direction. This tells that the experimentall
observed focusing is an intrinsic feature of such films th
might be exploited in future applications. Additionally
the introduction of the appropriate surface electron
structure explains the BEEM current dependence on
tip position mainly as a result of the weight of localize
surface states on the reconstructed surface.

We use a full quantum-mechanical description of t
BEEM problem based on a Keldysh Green’s functio
method [3]. This formalism presents the important a
vantage over standardE-space Monte Carlo approache
of yielding an appropriate description of the electron
band structure. Moreover, inelastic effects associa
with electron-electron interactions are also included in o
method by adding a positive imaginary part to the ener
of the electron. In order to analyze the first two steps
the BEEM process, we choose a local orbital basis for
description of the electronic structure of the tip and sam
and the coupling between them. In particular, for CoS2
we use a slight modification of the tight-binding paramete
given in [7], which accurately reproduce the band structu
of this silicide around the Fermi level [8]. For the analys
of the interaction between tip and sample we assume
only the last atom in the tip (0) is connected to the samp
Hence, we express the coupling tip sample in terms o
set of hopping matriceŝT0m that link the tip atom (0) with
the atom (m) in the sample surface. For eachT̂0m, a WKB
derived exponential damping is applied, valid because
tip-sample distance in BEEM is rather large.

Being interested in understanding the observed na
metric spatial resolution of this technique, we first analy
currents in real space. Within our formalism, the curre
between two sitesi and j in the metal can be obtained
from the following formula [3,9]:

JijsV d 
4e
h̄

Im
Z eV

eVo

Tr
X
mn

fT̂ijĝR
jmT̂m0r̂00T̂0nĝA

nigdE ,

(1)
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where T̂ij is the hopping matrix linking local orbitals of
both sites (i andj), and the trace denotes summation ov
these orbitals. ĝR

jmsEd is the retarded Green’s function
for the surface decoupled from the tip. This functio
describes the propagation of an electron between atomj
andm inside the metal, including the effect of the surfac
Atom m in Eq. (1) is coupled to the tip atom0 by a
hopping matrixT̂m0, and r̂00sEd is the density of states
matrix at the tip atom. The advanced Green’s functio
ĝA

nisEd, describes the electron propagation from an atomn
at the surface down to the atomi, closing the loop to give
the current between atomsj and i. The summation runs
over all tunneling active atoms in the sample surface,m
andn. The energy integration is performed between t
Schottky barrier (eVo, assumed to be 0.66 eV [4]) and th
applied voltage (eV ). However, due to the exponentia
energy dependence of the coupling matrices,Tm0, T0n, the
integrand is a strongly increasing function with energ
so that already the contribution at the highest ener
(eV ) provides the dominant fraction of the elastic BEEM
current in the near threshold region. To elucidate t
physics behind the observed effects, the presented res
will therefore be restricted to this highest energy.

With Eq. (1), the elastic propagation of electrons
real space from the tip down to theM-S interface can
be followed. In order to obtain the final BEEM curren
we further need to calculate the momentum distribution
the electrons that reach theM-S interface,JIsE, kkd. This
momentum distribution can be expressed as [9]

JIsE, kkd 
4e
h̄

Im Tr
X
b

fT̂bcĝR
c1T̂10r̂00T̂01ĝA

1bg , (2)

where in this casêgR
c1sE, kkd is the retarded Green’s

function for the unperturbed metal, linking layerc (the
metal layer at theM-S interface) and the surface layer1
which is connected to the tip by a hopping matrixT̂10skkd.
T̂bcskkd is the hopping matrix connecting all upper laye
b with the interface layerc and finally ĝA

1bsE, kkd is the
m
mum
FIG. 1. Current distribution in a Si2 layer parallel to the surface after propagation through a 30 Å CoSi2s111d film. Injection from
the tip at 1.5 eV occurred in the center of the shown plane (whiteX), where the maximum current propagating in a focused bea
along thek111l direction can still be found. The linear gray scale indicates current intensity at each atomic site: black maxi
to white zero current. The right hand panel displays a cut through the focused beam in thek21̄1̄l direction from which a FWHM
of 8.9 Å can be derived.
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advanced Green’s function linking the surface layer wit
layer b. These advanced and retarded Green’s functio
and the ones appearing in Eq. (1) can be readily comput
using renormalization group techniques [10].

First of all, we apply our formalism to the case of
a CoSi2s111d-s1 3 1dSi-rich surface terminated film [11]
and analyze the propagation of electrons from the tip
the CoSi2ySis111d interface in real space. In thek111l
direction, this metal may be characterized by a stackin
sequence of Si1-Co-Si2 trilayers (cf. Fig. 3a) with the
interface to Si mainly formed below a Si2-type layer [11]
Figure 1 shows the current distribution on every atom i
such a Si2 layer 30 Å below the surface as to compa
with experiments performed on films of equal width [4].
The prominent effect we deduce from this figure is tha
the electrons injected into the silicide are focused inside
very narrow beam propagating perpendicular to the film
The right hand panel in Fig. 1 shows the intensity in rea
space along a line in thek21̄1̄l direction through the center
of the beam: the obtained FWHM of 8.9 Å compare
very well with the resolution ofø10.0 Å with which
interface point defects could be resolved experimentally
such films [4]. This, up to now, highest achieved spatia
resolution with BEEM had been impossible to explain
assuming free electron propagation inside the meta
predicting beamwidths of 25 Å for the same distance.

The electron focalization is due to the particular shap
of the constant energy surface sheet responsible for t
major current propagation (see inset in Fig. 2); it can b
shown that betweenEF andEF 1 2.5 eV these sheets are
practically the same except by a uniform shrinkage th
increases linearly with energy. The shaded regions a
nearly flat terraces perpendicular to thek111l direction,
and act as a kind of “condenser lens” on the electro
beam, keeping the electrons with correspondingk vector
propagating along thek111l direction [3]. This reasoning
is complementary to the current distribution we hav
calculated inkk space using Eq. (2) and shown in Fig. 2
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FIG. 2. Electronic current distribution in the 2D interface
Brillouin zone, JI sE, kkd, evaluated at 1.5 eV after 30 Å film
propagation. The current intensity is drawn with a linear gra
scale, black representing maximum current. Also shown are
ellipsoids defining available states in the semiconductor belo
1.5 eV. The inset contains the constant energy surface sh
mainly responsible for the current propagation: the shaded
terraces point in thek111l direction and correspond to the dark
areas of the 2D current distribution.

The three dark regions of the 2D Brillouin zone where th
kk current is mainly concentrated correspond to the fl
areas of the constant energy surface.

The onset of BEESIsV d characteristics is linked to
the Schottky barrier height between the metal and t
semiconductor. In our calculations that onset appears
0.9 eV, 0.24 eV larger than the Schottky barrier heig
commonly accepted for the CoSi2-Si interface [12,13].
This is related to the assumedkk conservation and to the
absence of states in the metal matching the conduct
band minima in the semiconductor. The same delay
onset has been obtained by Stiles and Hamann [14], an
has been argued [13,15] that a smaller onset can appe
a non-kk-conserving scattering process is operative for t
injected electrons at the silicide-silicon interface. Indee
the results reported by these authors for CoSi2ySis111d
seem to point out that the effect of such processes is
modify only slightly the BEEM current beyond 0.9 eV
but is enough to yield the appropriateM-S barrier height
at ø0.66 eV. Therefore, for energies larger than 0.9 eV
current injection conservingkk dominates the spectra, a
expected intuitively from the good matching between th
Si and CoSi2 lattices, and our theory applies. We shoul
also mention, however, that non-kk-conserving processes
must play an important role for the BEEM contrast o
defect images at theM-S interface due to the nanometric
size of the electron beam.

In our next step we consider the case of thes2 3 1d
surface structure of CoSi2ySis111d. Stalder et al. [16]
reported this Si-rich reconstruction for CoSi2s111d with a
geometry very similar to Pandey’sp-bonded chain model
[17]. Figure 3a shows a side view of this surface geome
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with its topmost Si bilayer reconstructed in alternating hig
and low chains. We have analyzed how the geomet
of the reconstructeds2 3 1d surface modifies the electron
focalization discussed above for thes1 3 1d surface. The
main effect of the reconstruction is to broaden the FWHM
of the focused beam to 13.6 Å. This effect, which we
associate to a larger area of the surface unit cell where t
tunneling electrons are injected, has also been observ
experimentally by Sirringhauset al. [4].

A very interesting result observed for this reconstruc
tion is that in the constant-current STM mode, the BEEM
image of the interface reflects the atomic surface periodi
ity, but out of phase with the topographic corrugation [5]
This BEEM anticorrugation has previously been attribute
to atomic-scale variations of the energy tunneling distribu
tion of the injected electrons [5]. In order to analyze thes
results, we calculate the current that reaches theM-S in-
terface as a function of the tip position for a constant tun
neling current (1 nA). In general, to compute the BEEM
current injected into the semiconductor we would need
use a transmission coefficient,T sE, kkd, determined from
the matching of states at the interface. However, this is n
necessary to study the particular dependence of the BEE
current on the tip position, asT is independent of the tun-
neling injection. Moreover, we have found that thekk

distribution of the current is nearly the same for all the dif
ferent positions of the tip, in accordance with the conclu
sions raised in [5]. Therefore, to study the effect that th
surface reconstruction introduces in the BEEM current w
can simply analyze the total current reaching the interfac
Figure 3b shows that this quantity presents anticorrugatio
with respect to the one found in the surface reconstructio

To understand the physics behind this effect, we hav
studied the injected current along the different meta
layers. Figure 4 shows our results for the tip locate

FIG. 3. (a) Side view of the (2 3 1) surface reconstruction
with tip positions 1 (high chain injection) and 2 (low chain
injection). (b)M-S interface current at 1.5 eV after 30 Å film
propagation as a function of the tip position (higher curve
left scale in pA). The lower curve gives a schematic surfac
topography along the scan line (right scale in Å).
4965



VOLUME 81, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 30 NOVEMBER 1998

g-
i-
n

is
are

sis
a

e
n

the

h
ts

ut
d

h
-
t

p.

s.

.
.

.

.

100

200

300

400

1000

0 5 10 15 20 25 30

J 
 in

  p
A

d in Ao

low chain

high chain

~~

0

0.5

1

1.5

2

-0.5 E 0.5 1.0 1.5

D
O

S
  i

n 
 s

ta
te

s/
eV

Energy in eV
F

Si(high 2)

Si(low)

Si(high 1)

FIG. 4. Current across the first 30 Å of the silicide film a
1.5 eV after injection on a high chain (solid line) or on a low
chain (dotted line). The diamonds at the bottom indicate t
trilayer Si1-Co-Si2 sequence of CoSi2 in the (111) direction,
with the final reconstructed Si chain bilayer. The inset show
the surface density of states projected on the high and low ch
atoms in the energy region important for BEEM.

either on the highest or on the lowest position on th
reconstructed surface (points1 and 2 of Fig. 3a). Two
important conclusions can be drawn from our results: fir
the injected current along the metal layers is damp
by the introduction of an imaginary component fo
the energy,E 1 ih, that simulates the electron-electro
scattering processes (in our case we have usedh 
0.05 eV, which yields attenuation lengths in accordanc
with experimental data [18]); only at long distances th
damping results in an exponential behavior for the curre
Second, at short distances the current presents a fa
decrease associated with the injection of electrons alo
surface states channels. As Fig. 4 shows, in thes2 3 1d
reconstruction the current decreases by 65% after
electrons cross the first two Si layers and the first CoS2
trilayer (where surface states are mainly localized). Th
is the effect of having the injected electrons propagati
also along the surface bands, departing in this way fro
the bulk states channels that contribute to the curre
propagating across the metal layers.

The anticorrugation obtained in Fig. 3b for the tota
current arriving at theM-S interface can be understood
in terms of this role played by the surface states. The
states have larger weights on the atoms of the high
chains than on the low chain ones as we can see in
surface density of states shown in the inset in Fig.
Therefore, for those tip positions in which electrons a
injected predominantly into high chain atoms, there
a larger probability for having those electrons propaga
ing along surface states channels than the one obtai
for injection on the low chain atoms. Consequently,
the usual experimental constant-current STM mode, le
current crossing the metal layers and reaching the int
face remains. This difference with respect to the curre
injection, which stays almost constant after crossing t
first CoSi2 trilayer (5 Å), explains why the BEEM image
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shows anticorrugation with respect to the surface topo
raphy. Note, however, that the absolute order of magn
tude of this effect depends strongly with energy: as show
in Fig. 3b, the anticorrugation contrast is 25% for 1.5 eV
and a lower contrast is obtained for larger voltages. Th
dependence is related to the fact that surface states
concentrated rather close to the Fermi level.

In conclusion, we have presented a theoretical analy
of the propagation of an electron beam injected in
CoSi2s111d crystal using a STM tip. Our results show
conclusively that the silicide electronic band structur
plays a central role in the focalization of the electro
beam. This behavior and the specifickk contribution to
the current have been associated with flat terraces of
constant energy surface producing acondenser lenseffect
on the electron propagation. Our results explain the hig
resolution observed in real space for BEEM experimen
performed on CoSi2ySis111d interfaces. Additionally, we
have also shown how the BEEM current can map o
the silicide surface reconstruction due to the role playe
by the localized CoSi2s111d-s2 3 1d surface states on the
current injected from the tip.
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