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Chapter 5

BEEM and BHEM across Highly Textured
Cu/Si Interface

Abstract

Copper (Cu) is a widely used material for integrated circuit interconnects and in spin-
tronics devices. Hence, it is important to obtain a detailed knowledge of electron scat-
tering and transport in Cu thin films and as well as across its interface with a semi-
conductor such as Silicon. In this chapter, the experimental results of hot electron and
hot hole transport in Cu are extensively investigated, where Cu is deposited on both n-
type and p-type Si substrates respectively. All four modes of ballistic electron emission
microscopy are used and the hot carrier attenuation lengths in Cu are determined at the
nanoscale. For the n-type Si substrate, two crystallographic orientation of Si viz. Si(100)
and Si(111) are used. For all Cu thicknesses studied here, the BEEM transmission is ob-
served to be twice larger for Si(111) than for Si(100). Further, the attenuation length
in Cu is found to be larger for Si(111) than for Si(100) substrates, in spite of the highly
textured growth of Cu on both the substrates. In the reverse BEEM studies, by changing
the bias polarity of the STM tip, it has been measured that the R-BEEM transmissions
are nearly 4 times and 3 times lower than the direct BEEM transmission for similar
thicknesses of Cu on n-Si(100) and n-Si(111) respectively. The effective hot electron at-
tenuation lengths as obtained from R-BEEM, are higher than the direct BEEM because of
the more isotropic distribution of the scattered hot electrons in the latter. Our results can
be explained by incorporating the elastic scattering at the Metal-Semiconductor (M/S)
interface as well as the increased availability of parallel momentum states at the interface
with increasing energies. Further hot hole attenuation length is also determined from the
BHEM experiment across Cu/p-Si(100) interface and a comparison with the hot electron
attenuation length is done.

5.1 Introduction and Motivation

U
nderstanding hot electron and hot hole scattering processes in thin metal films
and their heterostructures are essential to the design and performance of nanoscale

solid state electronic devices. In this context, the technique of Ballistic Electron Emis-
sion Microscopy (BEEM) and Ballistic Hole Emission Microscopy (BHEM), which
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relies on the ballistic transport of nonequilibrium carriers, are uniquely suited [1].
In BEEM or BHEM, hot electrons or hot holes are collected using a third contact at
the rear of the semiconducting substrate provided they satisfy the necessary energy
and momentum criteria needed to overcome the Schottky barrier. BEEM and BHEM
have been used not only to probe SBH inhomogeneities at the nanoscale, using Bell-
Kaiser (BK) model [1] but also in spin transport [2] and to determine hot electron
and hot hole attenuation lengths in several material systems [3, 4, 5, 6]. Besides,
it’s potential in identifying the origin of the differences in hot electron transmission
in similar M/S systems, using suitable transport models [3, 4, 5, 6, 7, 8, 9] that in-
corporates the role of elastic scattering and transverse momentum conservation at
the M/S interface is remarkable. In this context, Au/n-Si(100) and Au/n-Si(111)
systems have been extensively studied and useful insights gained into the under-
standing of the experimental discrepancies observed in hot electron transmission in
Au for these two different substrates. The growth of Au films, along the (111) direc-
tion, for both cases, is believed to influence the BEEM transmission significantly [4].
Further, it was found that the attenuation length in Au for thicker films was larger
than in thinner films, for both n-Si(100) and n-Si(111) substrate orientations [4, 10].
Although extensive studies for both hot electrons and hot holes have been done on
Au, not much is known about another equally interesting material viz. Cu. Cu is
not only interesting because of its widespread use as a spacer material in magnetic
multilayers [12] for Giant Magnetoresistance (GMR) devices but also in semicon-
ductor based spin injection devices [13]. Interestingly, Cu has been shown to grow
as highly textured or epitaxial on both Si(100) and Si(111) substrates, the film ori-
entation being normal to the film plane in both cases [14, 15]. Hence, Cu forms an
interesting system to explore the role of elastic scattering and conservation of trans-
verse momentum of the transmitted hot electrons in the conduction band minima
of the n-type semiconductor as well as of the transmitted hot holes in the valence
band maxima of the p-type semiconductor at the M/S interface.

5.2 Projected Si conduction band minima onto (100) and
(111) planes

Since the invention of the BEEM, studies on the conservation of lateral electron mo-
mentum (k‖) at the interface between metals and semiconductors have remained
puzzling. The original theory of BEEM transmission given by Bell and Kaiser con-
sidered conservation of energy and k‖ at the M/S interface. Assuming that the k‖
is conserved at the M/S interface, the BEEM currents are expected to differ signif-
icantly due to different projections of the conduction band minima of the Si on the



5.2. Projected Si conduction band minima onto (100) and (111) planes 79

3D Si-BZ 

2D Si(001)-BZ 2D Si(111)-BZ 

Γ Γ

Γ
kx

ky

kz

2�
a

2�
a

Figure 5.1: Six constant energy ellipsoids in the k-space of Si conduction band minima (mid-
dle panel) and its projection onto (100) and (111) planes (left and right hand panel). The inner
circle/ellipses represent open state pockets at 0.2 eV and the outer circle/ellipses represent at
0.6 eV above minima as discussed in Ref. [20].

(100) and (111) planes. Information about the k‖ distribution at the interface can
be investigated by considering Si(100) and Si(111) substrates, while the other condi-
tions of transport through the metallic layer can be set identical.

Figure 5.1 schematically illustrates the projected 6 conduction band minima of Si
onto (100) and (111) planes. From this projection an important feature can be real-
ized. The Si(100) plane has CBM at the zone center whereas all the CBM in Si(111)
plane are located at about 400 off the normal direction [20]. This implies that Si(100)
has electronic states available around k‖ = 0 but not for Si(111). The electrons in-
jected into the metal base by the STM tip have a very sharp-perpendicularly peaked
momentum distribution. Although the momentum of the electrons broaden when
traveling through the metal base, most electrons with enough energy to surmount
the SB will have small parallel momentum when they reach the M/S interface. Since
Si(100) has states available around the k‖ = 0 point it can collect the electrons which
are transmitted across the M/S interface. For Si(111), as it has CBM appreciably
away from the zone center, it can only accept incoming electrons which have a bor-
der distribution of momentum. Taking this into account it is expected that the BEEM
current for the n-Si(111) will be considerably smaller than for the n-Si(100) substrate.
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Figure 5.2: (a) Schematic layout of the BEEM experimental setup. PtIr STM tip is used to inject
hot electrons into the metal base through the vacuum tunnel barrier. The collector is either
n-Si(111) or n-Si(100) substrate; (b) Schematic energy band diagram of BEEM. φB represents
the Schottky barrier formed at the Cu/Si interface.

However, the experimental observations are not the same as expected from the the-
ory of pure ballistic transport. It has been studied extensively for Au/Si(100) and
Au/Si(111) interfaces [4, 7, 9] and an almost equal transmission is reported. In-
terface scattering randomizing the the electron momentum and the band structure
effect of the metal layer are used to explain the previous experimental observations
and are equally important to consider for the case of Cu/Si interfaces.

5.3 BEEM Transmission across Cu/n-Si Interfaces

In BEEM, hot electrons are injected from a scanning tunneling microscope (STM)
tip onto a metallic overlayer grown on a semiconducting substrate [Fig. 5.2(a)]. De-
pending on the scattering in the metal layer, a fraction of the hot electrons reach
the M/S interface and are collected as BEEM current, IB , provided they satisfy the
necessary energy and momentum criteria to overcome the Schottky Barrier height
(SBH) at that interface [Fig. 5.2(a)]. With this in mind, we have used BEEM to in-
vestigate hot electron transmission in Cu films, of different thicknesses, grown on
n-Si(100) and n-Si(111). Such a systematic study enables us to accurately determine
the hot electron attenuation length over a broad energy range. Electrical transport
measurements reveal rectifying Schottky interfaces with barrier heights of 0.61 ±
0.02 eV for the Si(100) interface and 0.56 ± 0.02 eV for the Si(111) interface. X-ray
diffraction studies reveal a highly textured growth of the Cu films with the un-
derlying substrate for both cases. BEEM studies show an almost ∼2 times higher
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Figure 5.3: (Top) X-ray diffraction (XRD) studies on 100 nm Cu on Si(100). The y-axis shows
the logarithm of intensity in arbitrary units, while the x-axis shows the angle in degrees. The
strong Cu(200) peak and the absence of a Cu(111) peak indicate highly orientated growth of
Cu on Si(100). (Bottom) XRD studies on 100 nm Cu on Si(111). The Cu(111) diffraction peak
is observed along with the Si(111) and the Si(222) peak.

transmission for all Cu films grown on Si(111) than on Si(100). Such experimental
observations, reported for the first time on highly textured Cu thin films on Si, is in
accord with the conservation of transverse momentum of the transmitted electrons
at the M/S interface with interface scattering. Further, we have also determined the
energy dependent hot electron attenuation length in Cu for both substrate orienta-
tions and find it to be quite large viz. 34 ± 3 nm on Si(100) and 40 ± 3 nm on Si(111)
at -1 V tip bias.

5.3.1 Device fabrication and I-V characterization

Our experiments involve the fabrication of Cu/Si Schottky diodes on both n-Si(111)
and n-Si(100) substrates. Samples used in this study are Au(5 nm)/Cu(10-60 nm)/n-
Si(100) or n-Si(111). The metal layers are deposited by electron beam evaporation
on HF-etched Si substrates, with a lithographically defined diode area of 150 µm
diameter, surrounded by a thick SiO2 insulator [11]. Typically a Si(111) and a Si(100)
substrate were metallized simultaneously with the same Cu thickness and capped
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Figure 5.4: (a) I-V measurement of Cu on Si(100). The SBH is extracted to be 0.61±0.02 eV by
thermionic emission theory. (b) I-V measurement of Cu on Si(111). The SBH was extracted to
be 0.56±0.02 eV by thermionic emission theory.

with Au. This ensures identical Cu thickness on both the substrates. The Au cap
layer provides a chemically inert surface for ex situ sample transfer to the ultrahigh
vacuum RHK-STM system with a base pressure of 10−10 mbar.

Copper is known to be a material that grows well on different substrates. It
has wide applications as a seed layer for multilayer growth. Here, to find out the
growth direction of Cu, X-ray diffraction (XRD) studies were performed on a 100 nm
thick Cu film on a large area substrate for both Si orientations as shown in Fig. 5.3.
For both graphs, the XRD intensity is plotted with 2θ. From the XRD analysis, it
can be inferred that the Cu films grow highly textured along the (100) direction on
Si(100) and along the (111) on Si(111). These observations agree very well with the
reported literature on the growth of Cu films on such substrates [14, 15]. The striking
difference in case of Au is the fact that Au always grows in the (111) direction on
both Si(100) and Si(111) [4]. Such a difference also influences the observed BEEM
transmission.

Prior to the BEEM measurements and to check the quality of the fabricated Cu/Si
diodes, standard I − V measurements were done for all cases on both substrates at
room temperature (RT) and a set of examples are shown in Fig. 5.4. Clear rectifying
behavior is observed for both the diodes. The barrier heights, extracted by fitting the
forward bias characteristics using thermionic emission theory [16] are 0.61± 0.02 eV
for the Si(100) interface and 0.56 ± 0.02 eV for the Si(111) interface with an ideality
factor 1 (most ideal diode at RT).



5.3. BEEM Transmission across Cu/n-Si Interfaces 83

-2.0 -1.6 -1.2 -0.8 -0.4
0

2

4

6

8

10

12
 10 nm
 20 nm
 30 nm
 40 nm
 50 nm
 60 nm

 Tip Bias (V)

X 0.6

 

 

BE
EM

 T
ra

ns
m

is
si

on
 (p

A/
nA

)

T = 100 K

10 nm
20 nm

30 nm

40 nm

50 nm

60 nm

Au(5)/Cu(t)/n-Si(100)

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5

0.00

0.25

0.50

0.75

1.00

1.25

1.50

0.62 eV

 

 

I B
 1/

2  (p
A

/n
A

) 1/
2

Tip Bias (V)

T = 100 K
Au/Cu(40)/n-Si(100)

a) b)

Figure 5.5: (a) BEEM transmission per nA of injected tunnel current versus VT for Au(5
nm)/Cu(t)/n-Si(100), with varying Cu thickness. The curve for 10 nm Cu thickness has been
multiplied by 0.6. (b) From BK fitting, the average SBH occurs at 0.62 ± 0.01 eV at 100 K.

5.3.2 BEEM transmission across Cu/n-Si(100) interfaces

BEEM measurements are performed at 100 K using PtIr tip as injector (further de-
tails in Ref. [2, 11]). Figure 5.5(a) shows the normalized BEEM transmission for all
Cu thickness from 10-60 nm on Si(100) substrate measured at 100 K, obtained by
sweeping the tip bias while recording IB at a constant IT of 1 nA. Each spectrum
represents an average transmission taken at different locations on the sample and at
each location almost 100 spectra were measured. A rather sharp onset of IB is ob-
served, for all cases, corresponding to the SBH (ΦB) for the Cu/n-Si (100) interface.
The SBH is extracted using BK model [1], by plotting the square root of IB with the
tip bias VT : √

IB
IT
∝ (|VT | − φB) (5.1)

The intercept of the solid line with the voltage axis, near threshold, gives ΦB of
0.62 ± 0.01 eV [Fig. 5.5(b)] for the Cu/Si(100) interface as a very close match to
the macroscopic I − V measurement. IB is found to decrease with increasing Cu
thickness.

5.3.3 BEEM transmission across Cu/n-Si(111) interfaces

BEEM transmission, IB for Cu/Si(111) Schottky diodes are shown in Fig. 5.6(a).
Here too each spectrum represents the average of several spectra taken at different
locations of the sample. Interestingly, for all Cu thicknesses on Si(111), IB is∼2 times
larger than on Si(100). Figure 5.6(b) shows the extracted SBH from the BK model as
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Figure 5.6: (b) BEEM transmission for devices simultaneously grown on n-Si(111) substrates
in identical conditions. BEEM measurements are done at 100 K and the average SBH is 0.57
± 0.01 eV.

described earlier. The SBH, ΦB is 0.57 ± 0.01 eV for the Cu/Si(111) interface and
also matches well with the macroscopic I − V measurement.

Conservation of transverse momentum of the transmitted electrons at the M/S
interface will lead to differences in IB for the two substrates because of the different
projections of the conduction band minima in Si on the (111) and (100) plane. For
Au, such a difference in IB was observed and attributed to elastic scattering in the
Au film and at the M/S interface [4, 10]. Thin Au films are known to grow along
the (111) direction irrespective of the substrate orientations [i.e Si(100) or Si(111)],
thus an enhanced BEEM transmission for Si(111) was observed [4]. However Cu
grows highly textured on both Si(100) and Si(111) i.e along the (100) direction for
Si(100) and along the (111) direction for Si(111). In spite of this, elastic scattering at
structural imperfections, either in the thin Cu film, or at the Cu/Si interface, occurs
and leads to a reduced BEEM transmission for Si(100).

5.3.4 Hot electron attenuation length in Cu on Si

The plots of IB versus Cu thickness (t) for both the substrate orientations are shown
in Fig. 5.7(a) for VT = -1 V. An exponential dependence with t is observed and from
the slope of the curve we extract the attenuation length λ, using an exponential
decay of IB∝ exp(−t/λ(E)). The attenuation length of hot electrons in Cu is found
to be 34 ± 3 nm for the Si(100) substrate and 40 ± 3 nm for the Si(111) substrate
at -1 V. We observe that the data for the 10 nm Cu film for both Si(100) and Si(111)
substrates is considerably higher than the extrapolated fit. This is ascribed to the
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Figure 5.7: (a) Normalized BEEM transmission as a function of Cu thickness at VT = -1 V
for both kinds of Schottky interfaces. (b) Variation of the attenuation length with injected
electron energy for two different substrates.

enhanced probability of the transmitted electrons to make multiple passes between
the M/S interface and the film surface, leading to an increase in IB . The values of
λ extracted similarly at various energies are plotted in Fig. 5.7(b). The attenuation
length is found to decrease from 39 ± 3 nm to 26 ± 2 nm for Si(100) and from 47 ±
4 nm to 34 ± 3 nm for Si(111) for VT varying from -0.8 V to -1.9 V.

The Cu/Si(111) interface has a large number of available momentum states with
small parallel wave vectors and is thus less sensitive to elastic scattering events in
the film or at the M/S interface. For Cu/Si(100) interface, for which a reduced IB
is obtained in all cases, availability of fewer states with small parallel wave vec-
tors makes it more sensitive to elastic scattering events. Thus the electrons have to
travel a larger distance in Cu/Si(100) than in Cu/Si(111), implying a larger attenu-
ation during their transit in the former. This explains the decreased λ in Si(100) as
compared to Si(111). λ in Cu is found to decrease with increasing energy for both
Si(100) and Si(111) substrate orientations. Such a behavior deviates from the con-
ventional Fermi liquid theory for free-electron metal for which λ is expected to be
proportional to (E + EF )0.5/E2 [17, 18, 19]. In Cu, the energy dependence of the
attenuation length is a cumulative effect of the actual density of states participating
in electron transport, additional screening due to e-e interactions and Fermi surface
topology [19]. Further experimental and theoretical understanding of hot electron
scattering processes incorporating e-e scattering at such energies is needed to ob-
tain a better insight into the energy dependence of λ in such metals. Hence we have
carried out the Reverse BEEM experiment and investigated the effective attenuation
length scales of hot electrons in both cases.
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the Cu/n-Si interface, these hot holes will not be collected directly. The injected hot holes
will create secondary (scattered) electrons by e-h pair generation which will be then collected
above the Schottky barrier φB .

5.4 Reverse BEEM Transmission across Cu/n-Si Inter-
faces

Reverse BEEM measurements are also performed on the same samples. Measure-
ments are done, as explained in chapter 2 [section 2.6], by reversing the tip bias
polarity from negative to positive as shown in Fig. 5.8. With the tip at a positive bias
with respect to the base and collector, a hole may tunnel into the base (Au/Cu) with
an energy in between EF (S) − eVT upto EF (S). Considering that the injected hole
(indicated as 1 in the Fig. 5.8) will loose its energy via an inelastic scattering with
a hole in the Fermi sea, a scattered product is formed comprising of an excited hot
hole and a hot electron (indicated as 2 in the Fig. 5.8). Finally a new distribution of
excited hot electrons from such isotropic scattering will be created from the injected
hot hole distribution. If the energy of the excited electrons are above the barrier
height φB , some of these electrons will be collected above the same threshold as
observed in direct BEEM experiment.

The experimental results of reverse BEEM transmissions for both substrate ori-
entations are shown in Fig. 5.9. Figure 5.9(a) shows the normalized BEEM trans-
mission for all Cu thickness from 10-60 nm on Si(100) substrate measured at 100 K,
obtained by sweeping the positive tip bias while recording IRB at a constant IT of
1 nA. Each spectrum represents an average transmission taken at different locations
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Figure 5.9: (a) Reverse BEEM transmission per nA of injected tunnel current versus VT for
Au(5 nm)/Cu(t)/n-Si(100), with varying Cu thickness. The curve for 10 nm Cu thickness has
been multiplied by 0.6 factor. The reverse BEEM is compared with the forward BEEM and the
reverse BEEM transmission is measured to be a factor of almost 4 times lower (as indicated
in the right y-axis) than the forward BEEM transmission for all Cu thicknesses. (b) From B-K
fitting, the average SBH occurs at 0.60 ± 0.04 eV at 100 K. (c) Reverse BEEM transmission for
devices simultaneously grown on n-Si(111) substrates in identical conditions. Reverse BEEM
is measured to be a factor of about 3 times lower (as indicated in the right y-axis) than the
forward BEEM transmission for all Cu thicknesses. (d) R-BEEM measurements are done at
100 K and the average SBH occurs at 0.57 ± 0.04 eV.

on the sample and at each location almost 100 spectra were measured. The SBH is
extracted using BK model [1], by plotting the double square root of IRB with the tip
bias VT :

4

√
IRB
IT
∝ (|VT | − φB) (5.2)

The intercept of the solid line with the voltage axis, near threshold, gives ΦB of
0.60 ± 0.04 eV [Fig. 5.9(b)] for the Cu/Si(100) interface, and as expected is the same
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from the direct BEEM experiment. Error in the measurement is from the deviation
of the best fit and is now much higher than the direct BEEM. This is because of the
lower reverse BEEM transmission as well as the double square root of the reverse
BEEM amplify the offset level below threshold. IRB is also found to decrease with
increasing Cu thickness. BEEM transmission, IRB for Cu/Si(111) Schottky diodes
are shown in Fig. 5.9(c). Surprisingly, now for all Cu thicknesses on Si(111), IRB is
∼3 times larger than on Si(100). Such relative enhancement in R-BEEM transmission
[∼2 times larger for direct BEEM] for the case of Si(111) than Si(100) is considered
to be due to the isotropic distribution of the excited electrons which are now more
favorable for the collection in Si(111) substrate than Si(100). Figure 5.9(d) shows the
extracted SBH from the BK model as described earlier. The ΦB is 0.57 ± 0.04 eV
for the Cu/Si(111) interface and also a good match with that obtained from direct
BEEM.

If we compare the reverse BEEM transmission with respect to the direct BEEM,
the reverse BEEM is almost four times lower than the forward BEEM for Cu on
Si(100) and three times lower for Si(111) as indicated in the right y-axis in Figs. 5.9
(a) and (c) respectively. This is due to the fact that the injected hot hole first needs to
excite a hole-electron pair by inelastic scattering. This is similar to Auger like scat-
tering and an injected hole of energy E can excite an electron of energy maximum
upto E as discussed by Bell et al., [21] but in the best possible case one can expect
the injected hot hole will transfer half its energy i.e E/2 to the excited electron and
other half E/2 to the other equilibrium hole in the base layer. The basic assumption
that every hole scatters once is not completely true in a simple ballistic mean free
path picture. For a base layer thickness, equal to the mean free path length, about
37% (≈ e−1) of the injected hot holes will not scatter. Even increasing the base layer
thickness there will always be few hot holes which will not excite hot electrons and
the transmission will be lower for the reverse BEEM than the direct BEEM. Another
important reason to consider is the different distribution of the injected hot electrons
and injected hot holes for the case of direct and reverse BEEM (see Fig. 5.2(b) and
Fig. 5.8). The narrow tail part of the energetic hot holes will excite less number of
hot electrons in the case of reverse BEEM and the distribution of the excited hot elec-
trons will be maximum close to Fermi level of the metal base as shown in Fig. 5.8.
To have more insights, similar experiments should be done for Cu on p-Si substrate
as is discussed in section 5.5 of this chapter. The reverse BEEM transmission for
Cu on Si(100) and Cu on Si(111) is relatively high when compared to Au on Si(100),
which has a ten times lower signal for reverse mode than the forward mode [21].
This, most likely is due to the fact that Cu has a lower SBH than Au (φB,Au ≈ 0.8
eV). When the SBH is lower, the transmission will be increased for both direct and
reverse BEEM because more charge carriers with lower energy are able to overcome
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Figure 5.10: a) Normalized reverse-BEEM transmission as a function of Cu thickness at VT =
1 V for both kinds of Schottky interfaces. b) Variation of the attenuation length with injected
hot hole energy for two different substrates.

the SBH. However, because of the difference in the distribution of the injected elec-
trons in case of direct BEEM and excited electrons in case of R-BEEM, a relatively
large amount of additional excited electrons than directly injected electrons will be
collected for the case of lower Schottky barrier. This means that the reverse mode
will benefit more from a lower SBH than the forward mode. Therefore the reverse
BEEM signal in Cu is only reduced by a factor of almost 4 compared to a factor of
10 for Au. This would also explain why the reverse BEEM for Cu on Si(111), which
has a slightly lower SBH, shows a relatively higher signal than for Cu on Si(100).

5.4.1 Scattered hot electron attenuation length in Cu

The plots of IRB versus Cu thickness (t) for both the substrate orientations are
shown in Fig. 5.10(a) for VT = 1 V. An exponential dependence with t is observed and
from the slope of the curve we extract the effective hot electron attenuation length
λeff [22], using an exponential decay of IRB∝ exp[−t/λeff (E)]. The attenuation
length of hot electrons in Cu is found to be 63.4 ± 3.2 nm for the Si(100) substrate
and 56.9 ± 2.8 nm for the Si(111) substrate at 1 V. We observe that the data for the
10 nm Cu film on both Si(100) and Si(111) substrates is considerably higher than
the extrapolated fit as expected due to the enhanced probability of the transmitted
electrons to make multiple passes. The values of λeff extracted similarly at various
energies are plotted in Fig. 5.10(b). The attenuation length is found to decrease from
76 ± 4.6 nm to 41 ± 2 nm for Si(100) whereas from 59 ± 3.6 nm to 39 ± 1.9 nm for
Si(111) for VT varying from 0.9 V to 1.9 V.
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Hot electron attenuation length extracted from the reverse BEEM measurement
is higher than the direct BEEM measurement which is also consistent with our pre-
vious result on NiSi2 as in section 4.5. For both Cu and NiSi2, the R-BEEM trans-
mission is much lower than the direct BEEM although the factor is not the same. In
NiSi2, the R-BEEM transmission is much lower in comparison to the direct BEEM
than in Cu. This is because of the difference in the distribution of the excited carri-
ers arising due to difference in the phase space of the unoccupied states in both the
metals. In reverse BEEM, the excited hot electrons in the base are expected to have
nearly isotropic distribution, unlike the forward focused directly injected electrons,
hence less sensitive to further elastic scattering. Another important point to con-
sider for reverse BEEM is that the created electrons will have less energy than the
energy of the injected hot holes, so the effective energy will be lower than the actual
positive tip bias which is used for the plotting.

5.4.2 BEEM images for direct and reverse modes

BEEM imaging allows for a comparison of the BEEM current with surface features of
the metal over-layer also with buried features. BEEM imaging on both the Au/Cu/n-
Si(100) as well as on the Au/Cu/n-Si(111) diode is done as shown in Fig. 5.11. Sur-
face topography (top) along with the BEEM current image (bottom) is shown for a
negative (direct BEEM) and positive (reverse BEEM) biased tip for both diodes. The
images are taken at -1.5 V/1 nA and 1.5 V/1 nA tip bias/tunnel current, for the for-
ward and the reverse image respectively, on both diodes with 10 nm thick Cu and
5 nm thick Au capping over-layer. An increase in height is reflected by the bright
contrast while a decrease is by the dark contrast and also following similarly for the
current value in BEEM images.

The topography for the forward and the reverse imaging clearly show Au grains
with grain sizes between 10 and 30 nm. The root mean square (RMS) surface rough-
ness is measured to be in between 0.9 to 1.4 nm from the surface topography pre-
sented here. The forward BEEM image locally shows clear contrast correlating with
the grains and the grain boundaries visible in the topography image. At the loca-
tion surrounding the Au grains, it is clearly visible that the BEEM current decreases
at the grain boundary. The decrease is approximately 20 - 40% of the total BEEM
current. Such changes in BEEM current are more frequently observed as reported
earlier for Au/n-Si(100) [23], Mg/n-GaP(110) [24] and Au/n-GaP(110) [25] and are
related to the large surface gradients present at the grain boundaries. Due to the
large gradients the electrons are injected at large angles away from the normal to
the M/S interface. Since only electrons which fall inside the acceptance cone, which
is centered around the normal to the M/S interface, can be collected, a reduced
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Figure 5.11: a) Forward biased STM topography (top) and simultaneously obtained BEEM
current image (bottom) on Au(5 nm)/Cu(10 nm)/n-Si(100) diode with VT = -1.5 V and IT = 1
nA. The grains and grain boundaries visible in the topography image are clearly reflected in
the BEEM image. b) Similar forward BEEM imaging is also done on Au(5 nm)/Cu(10 nm)/n-
Si(111) diode with same the VT and IT as in (a). c) Reversed biased STM topography (top)
and simultaneously obtained reverse BEEM current image (bottom) of the sample in (a) but
with VT = 1.5 V and IT = 1 nA. Due to the decrease in reverse-BEEM current, the R-BEEM
image is more noise dominated. d) Similar reverse BEEM imaging is also done on the device
in (b) with same tunneling condition as in (c). Bright contrast represents higher transmission
than the dark contrast as low transmission in each BEEM and reverse BEEM images.

BEEM current is expected. The increase in lateral momentum of the electrons in-
jected at a surface with appreciable gradient would result in less electrons satisfying
the momentum criteria at the interface, if the lateral momentum is conserved. Since
a reduction in the BEEM current is visible, this behavior points towards momen-
tum conservation in the metal over-layer and at the M/S interface. Besides this the
BEEM current is likely further reduced due to the longer path, the electrons have to
travel before they reach the interface due to their off normal trajectory. Apart from
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the grain boundary, a strong increase or decrease in BEEM current is also observed
which originates from buried features underneath the grains. Although the amount
of reverse BEEM current was strongly reduced but it was possible to do the imag-
ing as shown in Figs. 5.11 (c) and (d). The common observation of reduction of the
BEEM current at the grain boundary is consistent for both Si substrate orientations
and also observed in the reverse BEEM images.

In an earlier report of BEEM study on Bi/n-Si(111)-(7 × 7) [26], a strong increase
in BEEM current was observed at the step edges of 3-5 nm thick epitaxial Bi film
because of the conservation of the lateral electron momentum at the M/S interface.
Similarly, an increase in BEEM transmission is expected at the Au grain boundary
for Au/Cu/n-Si(111) device but what we see is opposite. When the injected carriers
hit the polycrystalline 5 nm Au capping layer, the electron momentum distribution
becomes isotropic which then propagates towards the epitaxial Cu/n-Si(111) inter-
face. Hence further momentum randomization at the grain boundary removes the
electrons from the collection pockets for both Si(100) and Si(111) and causes reduc-
tion in BEEM current. Also the Si(111) surface preparation in Ref. [26] was different
than our’s which plays an important role in the growth of the metal layer.

5.5 BHEM Transport Across Cu/p-Si(100) Interfaces

Hot hole transport can also be studied using BHEM [11] and can provide a direct
measurement of the SBH between the metal and the valence band of the semicon-
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Figure 5.12: Reverse BEEM on Cu/Au on n-Si(100). The reverse BEEM is compared with the
forward BEEM and the reverse BEEM transmission is a factor of almost 4 times lower than
the forward BEEM transmission for all Cu thicknesses.
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ductor. In BHEM, hot holes are injected from a STM tip onto a metallic overlayer
grown on a p-type semiconducting substrate as shown in Fig. 5.12(a). Depending
on the scattering in the metal layer, a fraction of the hot holes reach the M/S inter-
face and are collected as BHEM current, IBHEM , provided they satisfy the necessary
energy and momentum criteria to overcome the SBH at that interface. With this
in mind, we have used BHEM to investigate hot hole transmission in Cu films, of
different thicknesses, grown on p-Si(100). Such a systematic study enables us to
accurately determine the hot hole attenuation length over a broad energy range.
Electrical transport measurements reveal rectifying Schottky interfaces with barrier
heights of 0.51 ± 0.02 eV for the p-Si(100) interface. Further, we have also deter-
mined the energy dependent hot hole attenuation length in Cu thin film and find it
to be quite large, 36.6 ± 3 nm on p-Si(100) at 1 V tip bias. Similarly excited hot holes
from a injected hot electron distribution can also be investigated in the same devices
using reverse mode of BHEM as shown in Fig. 5.12(b). The reverse BHEM transmis-
sion, IR−BHEM is measured to be 4 times lower than the direct BHEM. However,
the scattered hot hole attenuation length is found to be even larger, 66.9 ± 3.4 nm at
-1 V tip bias.

5.5.1 Growth and I-V characterization

The metal layers (Cu and Au) are deposited by electron beam evaporation as previ-
ously done but now on p-type Si(100) substrates. From the previous XRD measure-
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Figure 5.13: (a) Surface topography as obtained from a large area scan (top) and also a
zoomed-in scan (bottom) by AFM. (b) I-V measurement of Cu(20 nm) on p-Si(100). The SBH
is extracted to be 0.51±0.02 eV by thermionic emission theory.
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ment, Cu is expected to grow highly textured along the (100) direction on Si(100).
The roughness analysis of the final growth is performed by scanning the top surface
using Atomic force microscopy (AFM). AFM scans of a large area and a zoomed in
region are shown in Fig. 5.13(a). The grain size of the capping Au layer varies be-
tween 10 to 30 nm. Large area AFM scan shows very smooth surface and the RMS
surface roughness from the zoomed region is found to be just 0.76 nm. Thick Cu
layer (60 nm) is expected to reduce the roughness of the top Au layer.

Prior to the BHEM measurements and to check the quality of the fabricated
Cu/p-Si diodes, standard I − V measurements are done at room temperature (RT)
and an examples is shown in Fig. 5.13(b). Clear rectifying behavior is observed with
the barrier height of 0.51± 0.02 eV as obtained by fitting the forward bias character-
istics using thermionic emission theory [16]. Ideality factor 1 indicates the diode is
an ideal diode at RT.

5.5.2 BHEM and R-BHEM Transmission

In order to extract the hot hole attenuation length in Cu and to compare it with the
hot electron attenuation length, the thickness dependence of the BHEM transmis-
sion is studied. Both direct and scattered hot holes transport across Cu/p-Si(100)
interfaces have been investigated using the two modes of BHEM. The local SBH
is determined by using the Bell-Kaiser model and a good match with the macro-
scopic I−V measurement is found. Measured BHEM transmissions for all different
thickness have been presented in Fig. 5.14(a) where each measurement spectra is an
average of about 100 measurements taken at several locations on each sample. To
determine the local height of the barrier, the square root of the data is taken for one
of the measurement, as can be seen in Fig. 5.14(b). For this device, the Schottky bar-
rier of φB = 0.50±0.01 eV is extracted from the best straight line fit from the linear
part of the data. The error comes as a fitting error from the deviation of the best fit.
Below the threshold, no BHEM transmission is observed. The experimental results
of reverse BEEM transmissions for the same devices are shown in Fig. 5.14(c). The
SBH is extracted using BK model [1], by plotting the double square root of IR−BHEM
with the tip bias VT . The SBH is extracted to be 0.52 ± 0.04 eV [Fig. 5.14(d)] and is a
close match to the direct BHEM as expected.

In a comparison between reverse BHEM and direct BHEM, we can see that the
R-BHEM transmission is nearly 4 times lower than the direct BHEM, similar to the
case for n-Si(100) substrate. For the case of Cu on n-Si(100), the SBH is 0.62 eV
whereas the SBH is 0.50 eV for Cu on p-Si(100) giving the band gap of Si to be (0.62
+ 0.50 =) 1.12 eV. A lowering of the SBH should result in a relative increase in the
transmission in R-BEEM for Cu/n-Si(100). However, our experimental observation
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Figure 5.14: (a) BHEM transmission per nA of injected tunnel current versus VT for Au(5
nm)/Cu(t)/p-Si(100), with varying Cu thickness. The curve for 10 nm Cu thickness has been
multiplied by 0.8. (b) From BK fitting, the average SBH occurs at 0.50 ± 0.01 eV at 100 K. (c)
Reverse BHEM transmission per nA of injected tunnel current versus VT for the same devices.
The curve for 10 nm Cu thickness has been multiplied by 0.8 factor. The reverse BEEM is
compared with the forward BEEM and the reverse BEEM transmission is measured to be a
factor of almost 4 times lower than the forward BEEM transmission for all Cu thicknesses. (d)
From BK fitting, the average SBH occurs at 0.52 ± 0.04 eV at 100 K.

indicates that we should consider the injection distribution profile, as well as the
band structure of Cu for the excitation of hot holes. Phenomenological modelling
can shed more light on the experimental findings.

5.5.3 Direct and Scattered hot hole attenuation length in Cu

Both direct and reverse BHEM transmissions depend exponentially on the thick-
ness of the Cu film. The normalized value of the BHEM and R-BHEM transmission
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Figure 5.15: (a) Normalized BHEM transmission as a function of Cu thickness at VT of 1.0
V and 1.6 V. (b) Variation of the hot hole attenuation lengths with injected hole energy as tip
bias. (c) Normalized R-BHEM transmission as function of Cu thicknesses at VT of -1.0 V and
-1.6 V. (d) The effective hot hole attenuation lengths as a function of the applied tip bias.

can be obtained for different energies. The plots of IBHEM versus Cu thickness (x)
are shown in Fig. 5.15(a) for VT = 1.0 V and 1.6 V. From the fit of the experimental
data, we extract the attenuation length λh, using an exponential decay of IBHEM∝
exp(−x/λh(E)). The attenuation length of hot holes in Cu is found to be 36.6 ±
2.2 nm and 31.2 ± 1.9 nm for the p-Si(100) substrate at 1.0 V and 1.6 V tip bias re-
spectively. Here too, the data for the 10 nm Cu film has a higher transmission than
the extrapolated fit because of the higher probability of the multiple passes. The
values of λ extracted similarly at various energies are plotted in Fig. 5.15(b). The
attenuation length is found to decrease from 44.3 ± 2.6 nm to 29.7 ± 1.8 nm for VT
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varying from 0.7 V to 2.0 V. Similarly, the plots of IR−BHEM versus Cu thickness
(x) are shown in Fig. 5.15(c) for VT = -1.0 V and -1.6 V. Here too, an exponential
dependence with x is observed and from the slope of the curve we extract the ef-
fective hot hole attenuation length λeff , using an exponential decay of IR−BHEM∝
exp(−x/λh−eff (E)). The effective attenuation length of hot holes in Cu is found to
be 66.9 ± 3.4 nm and 44.4 ± 2.2 nm for the p-Si(100) substrate at -1.0 V and -1.6 V
tip bias. The values of λh−eff extracted similarly at various energies are plotted in
Fig. 5.15(d). The attenuation length is found to decrease from 89.2 ± 6.4 nm to 44.2
± 2.3 nm for VT varying from -0.8 V to -2.0 V. From our experiments, we found that
the attenuation length of direct hot hole is very similar to that of the attenuation
length of the direct hot electron in Cu.

During the extraction of hot electron and hot hole attenuation lengths, we always
observed that the length scales are always higher at lower energy and decreases
with increasing energy for all cases. From Fermi liquid theory this is expected to be
the case but the theoretical fit always deviates from the experimental observation.
Adding a constant factor that represents elastic scattering results in a reasonably
good fit to the experimental data [27] but we found that such a parameter might
not always be the best representation. For Cu it is important to consider d electron
scattering and screening contribution for hot carrier transport as is discussed in the
next section.

5.6 Effect of Cu band structure in hot electron and hot
hole scattering

The energy dependence of the hot carrier attenuation length can be partially ex-
plained by considering the density of states (DOS) for s, p and d electrons for Cu
as shown in Fig. 5.16. According to Fermi’s golden rule the electron (hole) lifetime
decays with the number of empty (filled) states available into which it can scatter.
The dotted line is the Fermi energy. To the right (in red) are the electron states and to
the left (in green) are the hole states. The y-axis is the density of states with respect
to the energy as the x-axis. As can be seen in the graph, the contribution of the s
and p to the total density of states is low compared to the contribution of the d states
and also the total density of states per eV increases with energy above a certain cut
off energy defined by the Schottky barrier. Presence of more available states will
cause more scattering and thus the attenuation length will decrease with increas-
ing energy. Energy dependence of hot electron lifetimes was measured earlier by
time-resolved two-photon photoemission (TR-2PPE) spectroscopy. The discrepancy
between the experimental result and the theoretical calculation [19] was attributed



98 5. BEEM and BHEM across Highly Textured Cu/Si Interface

hot e-

EF

hot h+

Figure 5.16: Theoretical calculation of the density of states of Cu as a function of the Energy.
The dotted line is an indication of the Fermi energy. We are probing the part that is indicated
with red for the hot electrons and with green for the hot holes. Taken from Ref. [17]

in part to the d-band electrons, which can participate both in scattering and screen-
ing of hot electrons.

5.7 Conclusion

In conclusion BEEM and its related techniques are used to study hot carrier trans-
port in thin Cu films on both n-type and p-type Si substrates. It is shown that Cu
grows in (100) direction on Si(100) and in (111) direction on Si(111) from the XRD
measurements. Hot electrons and hot holes are studied using both direct and re-
verse modes of BEEM and BHEM respectively. Hot electrons are investigated in Cu
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on n-Si(100) and n-Si(111) substrates whereas hot holes are investigated in Cu on
p-Si(100) substrate. Very close match of the nanoscale Schottky barrier from BEEM
and macroscale Schottky barrier from I − V in all cases are obtained.

For directly injected hot electrons, we find the transmission to be larger for Cu/n-
Si(111) interface than for Cu/n-Si(100) for all Cu thickness studied here, in spite of
the highly textured growth of Cu on both substrates. The transmission is measured
for Cu thicknesses ranging from 10 to 60 nm. We have determined the attenuation
length in Cu for both the substrate orientation and find it to be larger for Si(111)
than Si(100). Our findings underpin the influence of transverse momentum con-
servation of the transmitted electrons at the M/S interface and the availability of
parallel momentum states at such interfaces. The transmission in reverse BEEM for
Cu on these two substrates has been studied for the first time as well. The reverse
BEEM transmission compared to the direct BEEM transmission is a factor of roughly
4 times lower for Cu on Si(100) and about 3 times lower for Cu on Si(111). Both are
high compared to Au which has about a 10 times lower transmission. These dif-
ferences are caused by a difference in SBH and also the scattering in Cu (nearly 3
times larger direct hot electron attenuation length than Au). The transmission in
the reverse BEEM has a relatively large benefit from a lower SBH compared to the
forward mode.

BEEM imaging of both modes was also performed on both Cu/n-Si(100) and
Cu/n-Si(111) diodes. The surface topography show the Au grains of the capping
layer with diameter ranging between 10 to 30 nm. Correlation between the Au
grains and the contrast in the BEEM images is observed showing a reduction in the
BEEM current at the boundaries of the Au grains. Further inspection showed that
the BEEM current at the grain boundaries is reduced by approximately 20 - 40% for
both. The reduction of the BEEM current is explained in terms of the large surface
gradients present at the grain boundaries. Due to such gradients the electrons are
injected at large angles away from the M/S interface normal.

Hot holes are further studied for a complete understanding of the injected and
scattered hot electron and hot hole transport in Cu. The hot hole attenuation length
for directly injected hot hole in Cu on p-Si(100) is comparable to the hot electron
length scale on n-Si(100) substrate. The transmission in reverse mode is compared
to that in forward mode and is measured to be a factor of roughly 4 times lower.
The effective hot hole attenuation length due to the injection and scattering of hot
electrons is extracted to be much larger than that obtained from the directly injected
hot electrons and again consistent with the randomization of the excited hot hole
distribution. We believe that our experimental findings will be useful to develop a
phenomenological model for the theoretical understanding of the hot carrier scat-
tering, excitation and transport in Cu in the near future.
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