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Ballistic-electron-emission microscopy (BEEM) has been used to study the PtSi/n-type Si(100) inter-
face. Hot-electron transport has been investigated by measuring the ballistic-electron transmission as a
function of position (BEEM imaging), energy (BEEM spectroscopy), and PtSi thickness (BEEM attenua-
tion length). Hot-hole transport and electron-electron scattering have also been investigated as a func-

tion of these parameters. This study has been conducted on in situ fabricated PtSi/n-type Si(100)
0

Schottky diodes in UHV with the silicide thickness ranging from 20 to 500 A. The PtSi films were

granular and the BEEM transmissivity was found to be homogeneous on individual grains but strongly
varying from one grain to another. We attempt to compare the absolute BEEM current level with exist-

ing models and find its limiting value for small silicide thicknesses to be close to 1 depending on the
model considered, indicating efficient transmission due to strong forward focusing of the electrons in the
base or enhancement due to multiple scattering within the grains. BEEM current as a function of sili-

0
cide thickness shows a change from a rapid to a slower decrease at about 150 A. Reverse BEEM
(RBEEM) attenuation lengths also show this qualitative behavior, but the attenuation with increasing
PtSi thickness is distinctly weaker, indicating that BEEM and RBEEM intensities are di6'erently

influenced by the elastic and inelastic hot-carrier mean free paths. RBEEM spectra are found to be
anomalous, indicating an anomalous distribution of the tunnel-injected hot holes in the base.

INTRODUCTION

In ballistic-electron-emission microscopy (BEEM), hot
carriers of controlled energy are injected with high spa-
tial resolution by tunneling from a scanning tunneling mi-
croscope (STM) tip into a sample containing a subsurface
electronic barrier. In the case of a Schottky barrier with
an n-type semiconductor, the tip is biased negatively with
respect to the metal layer ("base"). BEEM spectra are
obtained by measuring the collector current in the semi-
conductor ("collector" ) as a function of tunnel voltage.
This method has already been used to characterize the
Schottky barrier height and its spatial homogeneity in
various metal-semiconductor systems. Biasing the tip
positively, one obtains "reverse BEEM" (RBEEM) spec-
tra by the collection of secondary hot carriers that are
created via a collision process involving the initially in-
jected carriers, in analogy to an Auger process.

The nature of the hot-carrier transport in the BEEM
experiment is subject to ongoing discussion. The initial
BEEM model by Bell and Kaiser (BK model) assumes
completely ballistic carrier transport from the emitter
across the base and into the collector. The component of
the crystal momentum parallel to the metal-
semiconductor interface (k~~ ) is assumed to be conserved
which gives rise to a critical angle beyond which the elec-
trons are totally rejected. In the BK model, any electron
that is scattered in the base, elastically or inelastically, is

considered lost for collection. This is justified if the ma-
jority of the injected hot electrons are strongly forward
focused and the probability is small that once scattered,
an electron is scattered back into the critical angle cone.
The BK model is in good agreement with the experimen-
tally observed BEEM spectra, in particular for semicon-
ductor interfaces where the conduction-band minimum
lies at the center of the projected Brillouin zone. This is
the case for Si(100)-metal interfaces, if the metal has
nonzero density of states in the k-space region of interest.
In contrast, the BEEM spectra observed on Au/n-type
Si(111) were reported to deviate from the prediction of
the BK model for this case where the conduction-band
minima lie off the center of the Brillouin zone, and it has
been suggested that the electrons undergo elastic scatter-
ing in the base before entering the collector.

The evolution of the BEEM spectral intensity with
base thickness depends on the hot-carrier scattering
behavior. The purpose of this paper is to examine this
evolution in a large range of thicknesses from 20 to 500
A. We have found that the thickness dependences of the
BEEM and reverse BEEM intensities are different. In
our interpretation, this is due to a different inAuence of
the elastic and the inelastic electron mean free path
(MFP's) on the attenuation lengths of the two physical
processes. We confirm that the RBEEM intensity is
higher than expected and also report an anomalous spec-
tral shape. These as yet unexplained effects raise ques-
tions on the spectral distribution of the injected hot holes.
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electrons are more sharply forward focused and also that
their density decreases more rapidly with decreasing Ej .

A different view of the transmission process has been
proposed recently by Lee and Schowalter' (LS model)
who assumed that the hot-electron velocities are com-
pletely randomized in the base due to elastic scattering.
In this case, I, is given as follows:

I, Ls= ARC f fdEldEif (E)0.5[1—cos8, (E)]D(Ei ),
(5)

where the domain of the integral is given by
E )EF, —e (

~ V, ~

—
Vb ), the condition that only electrons

with energy above the Schottky barrier maximum can be
transmitted. We do not, however, include here the effect
of pair creation in the semiconductor that LS also include
in their model. ' 8, (E) is the critical angle in the base for
electron collection and is given by

m, E+e(IV,
I

—V ) —E,
E+e/V, f

Naturally, the onset again follows a quadratic law. Using
the same approximation for D(Ei) and integrating over
E and E~ we find an approximate expression,

m, e s2

I, „s=R —(I V, —Vb) I, .
4&2m fi( e Vb +EF, )&p

Comparing Eqs. (4) and (7), we find that for typical values
of P and s, I, Ls is much lower than I, Bz, taking, for ex-
ample, /=2 eV, s =6.0 A, and EF, =5.5 eV, we have
I, B&/I, Ls=56. This is not unexpected, since a widening
up of the electron distribution necessarily reduces the
probability for the electrons to enter the semiconductor.

As already mentioned, applying a positive voltage to
the tip also gives rise to a collector current and RBEEM
spectra can be measured. In this process (Fig. 2), hot
holes are created in the base by tunneling of electrons to
the tip. The holes are filled by electron-hole collisions
with the maximum energy gain given by the tip voltage.
This energy is transferred to another electron, up to a
maximum kinetic energy in the base of E~ b+e V, . If
V, & Vb, electrons may enter the semiconductor, creating
a collector current of the same sign as the direct BEEM
current. It has been shown experimentally that the on-
set of the RBEEM occurs at the same absolute value of

k':0(8, k'

where 8 is the angle of k' with the interface plane and
R (k, k ) is the transition rate from an initial state with
crystal momentum k to a final state with k' [assuming
free-electron energy dispersions E(k), E'(k'), and
Ei(ki)] and is given as"

2EF b E E
R (k, k') =const X '

&&@, (10)
(E +E'+ 2&EE'cosa )

'

with a the angle between k and k'. Since E «E' (and
because there may be a tendency toward isotropic distri-
bution of the hot holes due to elastic scattering and spec-
ular refiection), we replace R (k, k') by its angular average

2EFb E E
R (k, k') =const X

QE
To first order, we then obtain an isotropic expression for
the scattered electron collection probability,

m, (E~ b
—e Vb E)—

P(E,Ei)=P(E)=
6m (E~,b+eVb)(EF, b E)

(12)

The slow onset of P(E) for E &E~b —eVb comes from
the fact that the hot-electron distribution tails off to zero
at its maximum energy E'=2EFb E. Using Eq—s. (3)
and (8), we obtain an approximation for the collector
current in RBEEM,

=exp( /3[Qp+ e Vb
—v—'p] )

the tunnel voltage as the onset of the direct BEEM.
Assuming again free electrons and zero temperature,

this collector current can be calculated as

I, ~=AC f '

dE f dEiP(E, Ei)D(Ei), (8)
EF b Vr 0

taking kinetic energies in the base, where EF b is the Fer-
mi energy in the base. P(E,Ei) is the probability that a
hot hole with kinetic energy E decays in the manner de-
scribed above and creates a hot electron with energy
above eVb and with its k vector within the critical angle
of collection. We will now derive approximate expres-
sions for P(E,Ei) and I, z based on the model of Bell
et al. '" Assuming that the hot holes lose energy ex-
clusively via this scattering process, and excluding multi-
ple scattering, P (E,Ei ) is given by

P(E,Ei )= g R(k, k') g R (k, k'),

0
Jk

eVb
PQy+evb m, (e V, —e V„)'

X
48m (E~b+eVb)(eVb)

(13)

As we will show with a specific example, this approxima-
tion is only good for a relatively small energy interval
above threshold, due to the rapid decrease of the tunnel-
ing probability with decreasing E.

tip base collector

FIG. 2. Band diagram of the RBEEM experiment.

RESULTS AND DISCUSSION

Typically, the silicide films had a granular appearance
with grain sizes of =100 A as shown in a representative
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FIG. 3. (a) Topographic image and (b)
simultaneously measured collector current im-

0

age for a sample with dp, s; =40 A. Gray scales
are 40 A and 57 pA, respectively. V, = —1.5
V, I, =1 nA.

200 A

STM image in Fig. 3(a). The rms roughness was found to
be practically independent of dpt~, at =8 A which is
close to the rms roughness of =6 A of our Si substrates.
A comparison with the simultaneously measured collec-
tor current [Fig. 3(b)] reveals a striking behavior. Very
typically for our silicides, the collector current is strongly
correlated with the grain morphology, very homogeneous
on an individual grain but with the intensity varying
strongly from one grain to another; drops of I, by more
than a factor of 50 were not unusual. This large contrast
may reAect di8'erent crystalline orientations of the grains,
in agreement with TEM investigations on PtSi over-
layers. ' We note that we do not observe a correlation of
the BEEM intensity with the slope of the surface, as
could be expected due to the critical angle for electron
transmission across the interface ("searchlight effect").

An example where STM showed the PtSi layer to be
crystalline is given in the topograph in Fig. 4(a). Such
evidence of crystallinity as observed occasionally on our
samples, indicating that the films tended to grow with lo-
cal epitaxy. The observed step height of =4 A corre-
sponds to the crystal lattice plane separation of a
known' (110)epitaxial orientation of PtSi on Si(100). In
these images, the collector current intensity was again
strongly correlated with grain morphology.

In order to study barrier heights and to determine
average intensities, BEEM and RBEEM spectra were ac-
quired over an area of 5 X 5 pm, at positions spaced 5000
A apart, which is on the order of the Debye length of the

substrate. At each position, a spectrum was acquired by
averaging over 50 voltage sweeps including both polari-
ties, each sweep taking about 2 s.

Within measuring precision, the Schottky barrier
height V„obtained from fits with BK theory, Eq. (1), was
found to be independent of position for a given silicide
thickness. For apts; =20 A, we found Vb =0.87 +0.02
V; with increasing thickness, Vb decreased gradually to
0.81+0.03 V at apts' =200 A, similar to what we had ob-
served earlier on ex situ prepared PtSi/Si(100) diodes'
and to what has been reported in literature. ' The ob-
served homogeneity of Vb does not, however, rule out
Schottky barrier height variations on a scale much small-
er than the Debye length.

Turning to BEEM spectroscopy, we compare in Fig. 5

an averaged spectrum for dp, s;=120 A with the two
BEEM models discussed above, the BK model, Eq. (1),
and the LS model, Eq. (5). For the purpose of this com-
parison, the data are fitted with a square law in a region
where dI, /dVis linear, thus determining Vb. The model
curves are rescaled to fit the data for

~ V, ~
(1.2 V. We

note that the derivative BK mode spectrum shows a
stronger rollover with increasing voltage' than the ex-
perimental curve while the LS model appears to fit the
data better up to =1.3 V. Taking the full LS theory'
(i.e., including pair creation in the semiconductor) may
lead to a better fit at higher energies although our roll-
over appears to occur at an energy which is higher than
the Si band gap. These are very subtle difT'erences, not

FIG. 4. (a) Topographic image and (b)

simultaneously measured collector current im-
0

age for a sample with dp, z;=50 A which had
crystalline appearance. Gray scales are 25 A
and 30 pA, respectively. V, = —1.5 V, I, =1
nA.

200 A
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FIG. 5. BEEM spectrum (circles) and derivative (inset) for a
0

sample with dp, s; = 120 A with a comparison with the BK mod-
el, Eq. (1), solid line, and the LS model, Eq. (5), dashed line.
The intensities of the model curves are adjusted to fit the data
for

~ V,
~
(1.2 V by scaling them with R =0.020 and 0.82, re-

spectively, using /=2 eV and s =6.0 A. Tunnel current was 5
nA; Vb from the fit is 0.85 V.

apt to discriminate between the models, given the com-
plex system that we are investigating. Finally, we note
that the slightly too low V& together with the low-energy
tail may indicate the presence of a thin n +-doped layer at
the interface. '

Figure 6 shows the PtSi thickness dependence of the
BEEM intensity near onset as determined from fits with
the parabolic law I,=I,B(~ V, ~

—Vb) . Compared with
our earlier results on ex situ PtSi/Si(100) diodes, ' the in-
tensities are about one order of magnitude higher (show-
ing that an oxygen-rich top layer that is invariably
present on ex situ PtSi samples reduces hot-electron
transmission besides inducing variations in the onset of
the spectra). Also indicated in Fig. 6 are the intensities
predicted by the two discussed models for the case of
lossless transmission (R =1). We observe that an inter-

-0
10-'

10

10-' l

100
I

200 300
d (A)

400 500

FIG. 6. Logarithmic average of the BEEM spectral intensity
vs PtSi thickness from fits to the parabolic law
I, =I,B(~V,

~

—Vq) for
~ V, ~

~1.2 V. The dashed lines indicate
the levels for "ideal transmission" (R =1) for the BK model,
Eq. {4), for (a) /=2 eV, s =5.7 A and (b) /=4 eV, s =4.5 A
and for the LS model, Eq. (7), for (c) /=2 eV, s =5.7 A
and (d) P =4 eV, s =4.5 A. Solid lines correspond to

exp( dptsi / A, ) with A, —40 and '9

pretation in terms of the BK model (lines a and b) results
in R & 1 for all thicknesses if a work function on the or-
der of 2 eV is assumed whereas within the LS model (lines
c and d), the transmission probability R is larger than 1

for the thinner layers.
There are several physical effects which may inAuence

the absolute intensity and comparisons with the models
must be exercised with caution. On the one hand, multi-
ple reAections at interface and surface tend to increase
the electron collection efficiency. On the other hand,
quantum-mechanical reAection at the interface tends to
decrease the transmission probability, and so does elastic
or inelastic scattering at the surface. Our data show that
the transmission is strong for small thicknesses in terms
of both models. This seems to indicate that electrons are
strongly forward focused as in the BK model, but it is
also conceivable that elastic scattering of the electrons in
the base is strong and that the high intensity is due to
much enhanced collection efficiency through multiple
scattering at interface and surface.

From Monte Carlo simulations, ' hot-electron at-
tenuation in a metal is expected to be approximately ex-
ponential. In contrast to this, we observe (Fig. 6) that the
decrease of the logarithm of B with thickness comprises
two linear regions; the initial decrease is described ap-
proximately by I, —exp( —dp, s; /40 A), and for
thicknesses above —150 A, the decrease is less pro-
nounced with I, -exp( —dp, s;/91 A). This may reAect a
bilayer nature of the thicker silicide films, with an elastic
MFP of =40 A for one layer and =91 A for the other
layer. This bilayer nature is speculative; it may, for ex-
ample, be due to the systematic presence (for example, in
a region near the interface not thicker than 150 A) of
dislocations, defects, or slight compositional difFerences
below detection limit of Auger electron spectroscopy. '

The study of RBEEM spectra and intensities provides us
with an additional powerful tool to explore hot-carrier
behavior. Figure 7 shows an RBEEM spectrum for
dp~s' =20 A, obtained by averaging a series of spectra.
Owing to the slow onset and the low currents, we can
only give an upper limit for the onset of the spectrum; a
significant collector current was only observed above
—1.1 V. Figure 7 also shows a fit to the fourth power ap-
proximation, Eq. (13) and a comparison with Eq. (8), nu-
merically evaluated using the isotropic collection proba-
bility P(E). [Using the anisotropic P(E,E~) numerically
calculated from Eq. (9) gives a very similar result. ]
Surprisingly, the agreement is very good for the approxi-
mate formula but less satisfactory for Eq. (8) which
should actually be more exact. As mentioned before, Eq.
(13) is a good approximation of Eq. (8) only closely above
threshold. At higher energies, the curves deviate strong-
ly from one another, due to the exponential nature of the
tunneling transmission coelftcient D (Et ). This unexpect-
ed spectral behavior and the fact that the RBEEM
current is higher than expected as has been reported be-
fore both point to an anomalous hot-hole distribution in
the base. The hot-hole density appears to decrease less
strongly with energy than predicted from the electron-
tunneling process across the vacuum barrier.

The RBEEM intensity vs PtSi thickness is shown in
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FIG. 7. RBEEM spectrum (circles) for a sample with
d pts' =20 A and I, = 1 nA together with the fourth power law
according to Eq. (13) (solid line), multiplied by 2.0 to fit the ex-
perimental curve and a numerically calculated curve (dashed
line) according to Eqs. (8) and (11) (see text), also multiplied by
2.0, both for Vb =0.85 V.

FIG. 8. Logarithmic average of the RBEEM spectral intensi-
ty vs PtSi thickness, from fits to the fourth power law
I, =I,3 ( V, —V&) in the voltage interval from 0.5 to 2 V. The
dashed line indicates the level of intensity predicted by

0
Eq. (13) for /=2 eV and s =5.7 A. Lines correspond to

p( dptst/~) mth A=46 and 174 A.

Fig. 8. This intensity decreases less strongly with increas-
g dp, s; than does the direct SEEM intensity. The

difference was also clearly visible in the individual spectra
as the ratio between the reverse and direct intensities
changed with dp~s' ~ A qualitative explanation of this
behavior might be that in RBEEM, the excited hot elec-
trons in the base are expected to have a nearly isotropic
distribution, unlike the injected electrons in direct
BEEM. It is therefore natural to assume that the I, z vs
dpts' dependence is governed by the attenuation 1ength'
L, i.e., the diffusion length for inelastic collisions rather
than the elastic MFP. The attenuation length is the net
distance a carrier can travel without undergoing a high
energy loss (electron-electron) scattering event while its
trajectory is a random walk due to (quasi)elastic col-
lisions. That the characteristic length is the attenuation
length may be plausible if one assumes, as in Refs. 3 and
11, that all hot holes decay by the electron-electron
scattering channel, and that the loss of intensity occurs
due to scattering of the hot electrons before they can
enter the semiconductor. However, other intensity re-
ducing mechanisms may also be significant such as hot
holes entering the valence band of the semiconductor and
losing energy there, hot holes or electrons losing energy
by optical-phonon collisions, or hot carriers decaying ra-
diatively by interband transitions. But the high intensity
of the RBEEM signal seems to indicate that these effects
are not very strong in the present case.

As for the direct BEEM, the RBEEM intensity vs dp, s;
plot shows two regions. Assigning the slope of the loga-
rithmic I, vs dp, s; plot to the attenuation length L, we

find L =46 A for dp, s; (150 A and L =174 A for the
thicker layers. If our interpretation is correct, then we
have a bilayer structure with one layer where both elastic
and inelastic MFP's are short, with the latter barely
longer than the former, and another layer with larger
MFP's and the inelastic MFP significantly larger than the

elastic one. These results are thought to give a qualita-
tive trend; a precise quantitative determination of L
would require a more detailed knowledge of the angular
distribution of the elastic-scattering events.

In summary, we have performed a detailed study of
direct BEEM and reverse BEEM on PtSi, and in particu-
lar of the detailed spectral shapes and the intensities vs
silicide thickness from 20 to 500 A. Our principal
findings can be summarized as follows.

(i) The BEEM transmission process is an efficient one;
the high BEEM intensity for thin base layers indicates
that the hot electrons in the base are either strongly for-
ward focused or are able to make multiple attempts to
enter the semiconductor due to multiple scattering at the
metal-vacuum and the metal-semiconductor interfaces.
The interface transmission probability appears to be
strongly dependent on grain orientation.

(ii) Spectral shapes deviate from the standard models
for BEEM and in particular for RBEEM. This is indica-
tive of a modified hot-carrier distribution in the base, par-
ticularly for RBEEM; this distribution appears to be less
dependent of energy than expected.

(iii) BEEM and RBEEM intensities deviate from a sim-
ple exponential dependence on thickness. Tentatively,
this can be attributed to a bilayer structure for the thick-
er films. These appear composed of a layer with relative-
ly short elastic mean free path and attenuation length
( =40 and 46A) and a layer where these quantities are
larger ( =91 and 174 A).
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