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Using a quantum mechanical approach, we compute the ballistic elec-
tron emission microscopy current distribution in reciprocal space to compare
experimental and theoretical spectroscopic I(V') curves. In the elastic limit,
this formalism is a “parameter-free” representation of the problem. At low
voltages, low temperatures, and for thin metallic layers, the elastic approx-
imation is enough to explain the experiments (ballistic conditions). At low
temperatures, inelastic effects can be taken into account approximately by
introducing an effective electron—electron lifetime as an imaginary part in
the energy. Ensemble Monte Carlo calculations were also performed to ob-
tain ballistic electron emission microscopy currents in good agreement with
the previous approach. . .

PACS numbers: 61.16.Ch, 72.10.Bg, 73.20.At

1. Introduction

A very interesting application of the scanning tunneling microscope (STM)
has become recently established as a technique on its own: the ballistic electron
emission microscope (BEEM) [1]. In the standard version of this technique, the
STM acts as a microscopy gun injecting a very narrow and coherent beam of
electrons in a metallic layer deposited on a semiconductor. The injected electrons
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propagate through the metallic layer and are finally detected in the semiconduc-
tor, after passing the metal-semiconductor interfacial Schottky barrier. Then, the
standard model describes BEEM as a process consisting of three different steps [2]:
tunneling of the electrons from the tip to the sample, propagation through the
metallic layer and, finally, transmission across the metal-semiconductor interface.

In this paper, first of all, we concentrate our discussion in presenting a the-
oretical approach that describes the microscopic mechanism governing the prop-
agation of the electrons from the tip to the metal-semiconductor interface. This

“approach takes into account the main effects associated with the electron band

structure, and shows how coherent electron propagation through the metal layer
results in the focussing of the electron beam and in a strong modification of the
momentum electron distribution at the metal-semiconductor interface. Then, by
calculating the transmission coefficient for this ideal interface we obtain the ideal
BEEM current if no other scattering mechanism limits its intensity. In a final step
we discuss some inelastic processes reducing the value of the total BEEM current.
‘We analyse this problem in two different ways, by introducing an imaginary part
in the frequency of the Green functions describing the propagation of electrons
through the metal or by means of a k-space ensemble Monte Carlo technique.
Both cases yield similar results and show how to analyze the electron—electron
scattering process.

2. Theory for the electron propagation through the metal base

We discuss this propagation by introducing the following Hamiltonian:
H=Hyp+ Hs+ Hy, (1)

where the tip fIT, the metal ffs, and the interaction }?II Hamiltonians are defined
by the following equations [3]:

Hr=) caia+) Topllls, Hs=) afi+) Tyele; and
o a,f i i,

Bi=Y el 2
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Here, a (greek subindexes) and ¢ (latin subindexes) refer to the different tip and
metal orbitals, while T' defines the hopping integrals between different orbitals. In
our approach we assume Hamiltonians (2) to be well defined; in particular, the two
first Hamiltonians yield the band structure and the electronic properties of the tip
and the metal [4], respectively, and the third defines their coupling interaction.
We assume the tip and sample to have different Fermi levels, Er(T) and
Ep(M), with Er(T) > Ep(M) and eV = Ep(T) — Ep(M). Then, we proceed to
compute the tunneling currents and the induced metal density currents by using a
I’{\eldysl}\ forma,liim [5]. The central objects in this formalism, the Green functions
Gty, G&~, or G, are obtained from a Dyson-like equation through the Green
functions of the uncoupled parts of the system, & and g2 (the retarded and
advanced Green functions), and the different hopping elements, T [6, 7]. From
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G+, currents between sites a and b in the metal are obtained using the equation
Jap = / Te{To (G — G )E, ' (3)

where T and G are matrices associated with the orbitals located at sites a and &,
and Tr means the trace of the matrix.

It has been shown elsewhere [6] that Eq. (3) leads to the following equation
for the current between a and b: -

T = 2R [ 4BUI(B) - NI BTG (B Eiopon () Ton ), ()

where, for 81mphc1ty, we have assumed that a single active tip atom, 0, is only
coupled to a single metal atom 1. Then, in Eq. (4), the term g;rlaTaz,gb1 plays
the role, in our LCAO-formalism, of the term ¥* V1 deﬁnlng the density current
in elementary quantum theory. Moreover the term T10p00T01 is related to the
tip-sample coupling and [fr(E)— fm(E)] to the differences in the occupied states
of the tip and sample (f is the corresponding Fermi distribution function).

Equation (4) is the basis for our calculation of the density currents inside
the metal in real space. In these calculations, we obtain the retarded and advanced
metal Green functions by means of a decimation technique [8], and use Eq. (4) to
calculate Jgp.

The current distribution in reciprocal space is also necessary in order to
match the metal wave functions with the semiconductor states at the metal-semi-
conductor interface. The kj-space current (ky is the momentum parallel to the
surface) between two layers, say p and g, Jpq(k”) is given by an expression formally
identical to Eq. (4). In particular, Fourler—transformlng Eq. (4) we get the followmg
equation:

Tnt) = [ 4B, B)= 2R /i SEIF2(8) - (B

XTr{glp(kll E)qu(kll)gql(k”’E)floﬁOO(E)TOI}" . (5) ‘

where TiopooTp: is the same factor appearing in Eq. (4) that couples the tip (0)
to the first layer (1) while gf(ky, £) and g5 (ky, E) define the Green functions
coupling layers 1 — p and g — 1, respectively.

From Eq. (5), using the advanced and retarded Green functions, we can
easily calculate the kj-space density currents inside the metal.

3. Real space and kj-space current distributions

In this section, our formalism is applied to the case of the growth of an Au
metal layer on a Si(111) orientation. The experimental evidence collected with
LEED, Auger and STM for Au films on Si suggests that the metal grows in a
(111)-crystalline direction, except for the first few layers near the interface that
may present some drsorder [9]. Accordingly, in our theoretical calculations we
assume to have the tip located on top of a Au(111) surface with the metal forming
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(a) (b) :

Fig. 1. Real space density current distributions calculated in the direction perpendic-
ular to the layers (a) 2, (b) 5 and (c) 15 for a voltage of 1 eV.

a perfect structure extending up to the interface with the semiconductor. Injected
metal density currents in real space or in kj-space are calculated using Eqgs. (4)
and (5). Regarding the real space distribution, in Fig. 1 we show our results for
the density current calculated in the direction perpendicular to the layers p = 2,
5, and 15 for a voltage of 1 eV. These results show how the current injected in the
metal evolves from a localised spot in the first layers to the formation of narrow
beams and lines for deeper layers. This effect was predicted on the basis of a
semiclassical approach [6] that yields the Green functions necessary to compute
Eq. (4) and is now confirmed when working with more accurate, full quantum
mechanical calculations.

We have also studied the kj-space current distribution. Although details
will be published elsewhere, let us mention here our two main results: (a) first of
all, we find our kj-distribution function independent from the layer we consider.
This can be easily understood by realizing that once electrons are injected into
the metal, and the coherent wave function is formed, their kj-momentum distri-
bution cannot be changed unless other scattering mechanisms are present in the
system. (b) On the other hand, for the propagation of electrons along the Au(111)
direction, we find that electrons with small k) component cannot propagate along
the crystal: this is a consequence of having necks in the Au-Fermi surface along
those 111-directions [10]. Our results also show that, outside these necks, electrons
propagate with a practically constant distribution function in the solid angle of the
momentum phase space. This angular distribution is one of the most important
results found in our calculations as it is essentially different from the conventional
assumed forward cone that people have used for the interpretation of BEEM re-
sults. ’

4. Ballistic currents. Transmission through
the metal-semiconductor barrier

Previous calculations yield the propagation of the injected electrons across
the metallic layer. In order to get the BEEM current, we have to match those
metallic states to the semiconductor wave functions. In general, a full quan-
tum mechanical calculation is complicated because both crystal surfaces, Au(111)
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and Si(111), do not match. The simplest model, keeping the quantum character
of the problem, for obtaining the transmission coefficient assumes the metal a
free-electron gas, while the semiconductor is described using a reduced number of
plane waves as discussed in [11]. From this approach we calculate the transmission
coefficient, T'(ky, E'), and define the total BEEM current by the equation

Ep+4eV
v =/ dE/ dkyJe—y o(ky, E) x T(ky, E
) BpteVo 1stB.2. I e L ) (”’ ), (6)

where ¢ is the last metal layer, V is the Schottky barrier (eV — eV; defines the
window for the injected electrons contributing to the BEEM current), and the
integral in the gold Brillouin zone only includes those kj-points that can transmit
electrons into the semiconductor —,as measured by T'(kj, E). This last integral is
performed summing over a dense grid of special points [12]. '
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Fig. 2. Theoretical I(V) curves for Au/Si(111), d = 75 A (experimental values — solid
circles — taken from Ref. [13]): ballistic current — dashed line, using a Green functions
approach — continuous line, E-Monte Carlo technique — dotted line.

In Fig. 2 we show the ballistic current, calculated for a metal layer 75 A thick,
as a function of the applied voltage (V; is taken 0.9 eV). In the same figure we
show the data collected by Bell at T'= 77 K [13]. Comparing both curves we find
an excellent agreement for V < 1.2 €V, and a small discrepancy between theory
and experiment for larger voltages. Taking into account that our calculations are
free of any adjustable parameter, we consider the agreement remarkable, although
we stress this is mainly due to having a rather thin film. For thicker films, when
electron scattering by phonons, electrons or impurities is important one needs
to include those effects in the theory. We already see how these effects start to
appear in thin films (see Fig. 2) for V > 1.2 eV. In particular, we argue that
the small discrepancy found between theory and experiment in this particular
case is basically due to the electron—electron scattering that reduces the ballistic
current calculated previously assuming free propagation of the electrons in the
metal layer. In this regards, notice that electron—phonon interaction ¢annot play
an important role in the case we are analyzing, due to the low temperature, 77 K, of
the experiments. At this temperature, the mean-free path for the electron-phonon
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interaction is larger than 400 A and its effect on the BEEM current for a metal
layer thickness of 75 A is negligible. We conclude that electron—electron interaction
should be the main scattering process limiting the BEEM current for the high
voltages of Fig. 2.

5. Electron—electron scattering

In the way we introduce this process, we keep in mind that this scattering
process reduces, on the average, the energy of the incoming electrons by a half.
For the voltages considered in Fig. 2, this implies that the electrons suffering an
electron—electron scattering reduce their energy from the one necessary to con-
tribute to the BEEM current. Accordingly, we can describe this process by means
of an attenuation length that reduces exponentially the current injected in the
metal. In accordance with a random phase approximation (RPA) calculation we
take for this attenuation length the following functional form [14, 15]:

E/E
GE ¥

where A° is taken 175 A (eV)? to get the best fit to the experimental data. Given
such an approximate mean free path, several reflections can add to the final BEEM
current and we include them up to the third reflection on the surface.

Using Eq. (7) we have calculated the BEEM current in two ways:

(2) First, we introduce in the Green functions of Eq. (5) an imaginary part,
7, in the energy F that we relate to A, by the equation

1 [2E
= - 8
K Aatt m ( )

(b) We have also introduced an ensemble Monte-Carlo technique [16], whereby
electrons, as injected in the metal by the tunneling process, are followed in their
motion in real space and stopped after they have passed the interface or when they
suffer an electron—electron scattering process. The relative fraction of electrons di-
rectly transmitted to the semiconductor determines the relative BEEM current as
a function of the tunnel bias (details will be published elsewhere).

In Fig. 2 we show the theoretical BEEM current we have calculated using
Eq. (7) and both, the Green functions approach and the E-Monte Carlo technique.
The conclusions we draw from these results are the following: (a) Both theoretical
techniques yield very similar results, confirming the validity of both approaches
and the consistency of our calculations. (b) The agreement found between the
theoretical and the experimental BEEM currents is excellent for all voltage biases.
Although A, is taken to yield the best fit between theory and experiment, its
value is not far from the one calculated from a first principles approach [14]. .

/\att (E) = /\0

6. Conclusions

In conclusion we have presented a free parameter model for computing the
‘ballistic current crossing the metal-semiconductor interface in a BEEM experi-
ment. Our results present a good agreement with the data obtained for thin films,
low temperature and low voltages. We believe that this shows the validity of our
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model and confirms that the effect of the metal band structure is of paramount
importance for obtaining the BEEM currents.

Moreover, we have also considered the effect of the electron—electron scat-
tering on the final BEEM current and shown how a Green function approach or an
E-Monte Carlo technique can be used for its evaluation. Our calculations for this
case when an appropriate attenuation length for the electron—electron scattering
is introduced, show an excellent agreement with the experimental evidence for the
whole range of applied biases.
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