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We report a study of the Schottky barrier for Pb films grown on Si surfaces terminated by various
metals (Ag, In, Au, and Pb) to explore the atomic-scale physics of the interface barrier and a means to
control the barrier height. Electronic confinement by the Schottky barrier results in quantum well states
in the Pb films, which are measured by angle-resolved photoemission. The barrier height is determined
from the atomic-layer-resolved energy levels and the line widths. A calculation based on the known
interface chemistry and the electronegativity yields predicted barrier heights in good agreement with
the experiment.
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The Schottky barrier is an important feature of solid-
state electronic devices involving metal films on semi-
conductor substrates [1–19]. It determines the rectifying
and transport properties of the interface and the quantum
well electronic structure of the film. These characteristics
of the Schottky barrier are critical for solid-state device
design, particularly as the field is evolving toward a
length scale in which quantum effects dominate.
Atomic-level control and accurate determination of the
barrier height have been long-standing issues [1–19]. This
work is a study of Pb films grown on several metal-
terminated Si(111) surfaces to illustrate the systematics
and strategies toward a solution. The metals used for
termination include Ag, In, Au, and Pb, and the resulting
barrier heights are significantly different among the four
systems. An analysis of the results establishes that the
electronegativity of the metal used for Si termination
determines a charge transfer at the interface, which in
turn gives rise to an interface dipole layer that determines
the barrier height. Schottky barrier heights are predicted
based on the standard Mulliken electronegativity table,
with no adjustable parameters, and the results are in
excellent agreement with the measurements. The findings
offer an important insight into the basic atomic-level
physics of the Schottky barrier that is important for
barrier engineering.

Angle-resolved photoemission is employed to deter-
mine the barrier height in each case. Quantum confine-
ment by the Schottky barrier results in quantum well
states in the film [20–22]. The energies of these states
are measured for a number of film thicknesses, from
which the barrier height is deduced. The results are com-
plemented and confirmed by a measurement of the quan-
tum well peak widths. States in the quantum well fully
confined by the barrier have narrow line shapes, while
resonance states with energies outside the barrier are
much broader due to degenerate coupling of the electronic
states. A substantial change in line width indicates the
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location of the confinement edge and the barrier height.
For both the energy and line width measurements, it is
essential that the absolute film thickness be controlled
with monolayer precision. All systems chosen for this
study meet this requirement. Furthermore, the Pb films in
all cases have the same epitaxial relationship and struc-
ture; thus, the resulting differences can be unequivocally
attributed to interfacial effects. Previous Schottky barrier
measurements mostly relied on core level spectroscopy,
but the method is generally limited to few atomic layers
for which the interface and the overlayer are not neces-
sarily fully developed. It is thus difficult to separate out
effects pertaining to the surface, the adsorbate, and the
interface. Photovoltaic effects have also been shown to
obscure the accurate measurement of barrier heights in
core level studies of ultrathin films [19]. Diode measure-
ments are free from such uncertainties, but sample fabri-
cation with atomically controlled interfaces is extremely
difficult, and existing data are scarce [9,10].

Three metal-terminated Si(111) surfaces were created
on n-type Si(111) by molecular beam epitaxy, including
the Ag-
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structed surfaces, with the metal coverages of 0.33,
0.33, and 0.96 monolayers (ML), respectively, in substrate
units (1 ML � 7:83� 1014 atoms=cm2) [23–25]. The
Si(111) substrates were cut from commercial n-doped
wafers with a resistivity of 1-60 �� cm and were ther-
mally cleaned by resistive heating in vacuo to remove the
surface oxide layer and to produce the 7� 7 surface upon
which the metal reconstructions were formed. All mo-
lecular beam epitaxy was performed via evaporation
from e-beam-heated crucibles. Reconstructions with
well-defined periodicities were chosen as the interfactant
layers because they provide the ordered surface necessary
to grow smooth films that can support quantum well
states [26,27].

Thin Pb films were grown over the substrates at 100 K.
For all Pb film thicknesses, one ML is defined in terms of
2004 The American Physical Society 136801-1
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bulk Pb (9:43� 1014 atoms=cm2). The resulting films
were oriented along the (111) direction. The photoemis-
sion measurements were performed on undulator beam-
lines at the Synchrotron Radiation Center, University of
Wisconsin-Madison, using 22 eV photons, with the sam-
ple at 100 K. Photoemission data were acquired with
either a Scienta SES100 or a EA125 hemispherical ana-
lyzer mounted on an ultrahigh vacuum chamber with a
base pressure of 8� 10�11 torr. Quantum well data for Pb
films grown on the Pb-
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face (coverage 0.33 ML) were adapted from previous
work [28].

The gray-scale image in Fig. 1 shows the normal-
emission intensity as a function of energy and Pb film
FIG. 1 (color online). (A) Photoemission intensity as a func-
tion of energy and film thickness for Pb films deposited on the
Au-6� 6 terminated Si(111) surface. The intensity maxima
(brighter regions) correspond to quantum well states. (B) The
solid curves indicated the evolution of the quantum well en-
ergies based on a simultaneous fit to the data for the four
systems. The quantum number n for each branch is indicated.
The dashed lines indicate the branches based on the alternate
quantum number p � N � 2n� 1 used previously for rough
films.
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thickness for the Au-6� 6 terminated Si(111) surface for
coverages from 0 to 13 ML. The most notable features are
the discrete peaks that represent the confinement of Pb
valence electrons between the vacuum and the Si band
gap. These peaks are fully developed at integer monolayer
film thicknesses, and the atomic-layer resolution permits
a determination of the absolute film thickness by atomic-
layer counting [29]. The less intense, broader peaks at
higher binding energies are the quantum well resonances
derived from partially confined electrons. The results for
the other three metal-terminated Si surfaces are similar
and not shown. The energy levels at a given thickness for
the different systems can vary by up to �0:6 eV. The
quantum well energy levels are determined by the Bohr-
Sommerfeld quantization rule [20–22]:

2k�E�Nt��v ��s � 2n� (1)

where k is the electron momentum, E is the energy of the
state, N is the number of Pb monolayers, t is the mono-
layer thickness, �v and �s are the energy-dependent
phase shifts at the vacuum and substrate interfaces, re-
spectively, and n is a quantum number. The substrate
phase shift �s has a singularity at the valence band
maximum of Si at E0 and is given, to the leading order, by

�s�E� � A� B
����������������
E� E0

p
��E� E0�; (2)

where A and B are constants [30]. The bulk band disper-
sion k�E� and the vacuum phase shift �v�E� are known
from a first-principles calculation [31]. Eqs. (1) and (2) are
used to fit the observed quantum well energy levels for all
four systems simultaneously. The quantity B is tied to the
Si band edge, and should be the same for all four systems.
The quantity A depends on the atomic details of the
interface, and is allowed to vary among the systems.
The quantity E0, the confinement energy relative to the
Fermi edge, also depends on the system. The Si gap,
1.15 eV, subtracted by E0, equals the Schottky barrier
height for the n-type substrates[8]. No other fitting pa-
rameters are involved. The results of the fit are shown as
the solid curves in Fig. 1 for the Au-6� 6 system, and the
quantum number n for each branch is indicated. The
dashed lines represent branches based on the alternate
quantum number p � N � 2n� 1 in use in the literature
[32]. In earlier studies, the films had a significant rough-
ness, causing the peaks as seen in Fig. 1 to smear out to
form continuous bands following the dashed lines.

An independent determination of the Schottky barrier
heights is provided by a measurement of the quantum
well peak widths as explained above. The results are
shown in Fig. 2, where the circles represent the measured
widths for various thicknesses and quantum numbers for
the four systems. In each case, the measured width ex-
hibits a threshold in energy below which it increases
rapidly. The vertical lines indicate the midpoint locations
bracketed by a sudden change in peak width, and these
136801-2
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are seen to well represent the threshold positions. The
Schottky barrier heights Sexpt synthesized as weighted
averages from these measurements and the results of the
preceding fit are given in Table I (last column).

Table I contains the Mulliken electronegativity � and
the coverage C for the metals at the interface for the four
terminations studied (Ag, In, Au, and Pb) as well as for
three other hypothetical cases (Fr, Si, and F) for reference
purposes, organized in ascending orders of the electro-
negativity. The two elements Fr and F represent the two
extreme cases on the electronegativity scale of the peri-
odic table. The quantity Q is the average charge state of
the Si in direct contact with the interfacial metal (M)
layer. It is deduced by first evaluating the coverage-
weighted electronegativity for the interfacial metal layer
(which may be partly Pb), subtracting the electronegativ-
ity of Si, and then normalizing the results to one half of
the electronegativity difference between F and Fr. Thus,

Q �
	C�M � �1� C��Pb
 � �Si

��F � �Fr�=2
: (3)
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FIG. 2 (color online). Width of quantum well peaks as a
function of energy for the four terminations studied. The
vertical line in each case denotes the position of the confine-
ment edge as the midpoint between the adjacent confined and
resonant peak widths.
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For the hypothetical case of F termination, the numerical
result is Q � 1. This is the most electronegative element
in the periodic table, and the Si in direct contact with F is
in the +1 oxidation state. Likewise, Q � �1 for Fr, the
most electropositive element. For Si termination, Q � 0
as expected, meaning that the charge state remains neu-
tral. Also included in Table I are the calculated Schottky
barrier heights based on a linear mapping from the Q
scale:

Scal �
Q� 1

2
Eg; (4)

where 1.15 eV is the Si gap at 100 K. The mapping is linear
because the charge state Q is proportional to the interface
dipole, which contributes directly to the barrier height.
The coefficients of the mapping are verified as follows.
Considering F termination, the Si layer in direct contact
is in the +1 charge state (but not the next layer). This
means that the Fermi level at the interface must be pinned
at the conduction band edge, resulting in an ionized
interface Si layer. For the n-type substrates used in this
experiment, S � Eg, and this is exactly what Eq. (4)
yields. Likewise, for Fr termination, where the Si layer
at the interface is in a �1 charge state, S � 0 based on
similar physical arguments, and this is also what Eq. (4)
yields.

The calculated Schottky barriers from Eq. (4) for the
four systems are included in Table I for comparison. The
results are also shown in Fig. 3 where the measured
Schottky barrier heights (dots) are compared with the
calculated barrier heights (line) as a function of the
interfacial Si charge state Q. The agreement is very
good in that the calculation reproduces the overall trend
and its correlation with Q. This level of quantitative
agreement is remarkable considering the simplicity of
the model which involves only the known chemical com-
position of the interface and the well established electro-
negativity table.

To recap, the ‘‘surface sensitive’’ technique of valence
band photoemission has been used in a novel manner to
TABLE I. Electronegativity (�), interface coverage (C), in-
terface Si charge state (Q), and the calculated and experimental
Schottky barrier height (Scalc and Sexpt) for the four metals used
for Si termination (Ag, In, Au, and Pb) and for three other
relevant hypothetical cases (Fr, Si, and F).

� C Q Scal�eV� Sexpt�eV�

Fr 0.68 1 �1 0
Ag 1.47 0.33 �0:11 0.51 0:55� 0:05
In 1.76 0.33 �0:05 0.55 0:55� 0:06
Au 1.87 0.96 �0:24 0.44 0:48� 0:04
Si 2.28 1 0 0.58
Pb 2.41 1 0.08 0.62 0:61� 0:05
F 3.91 1 1 1.15
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FIG. 3 (color online). Experimental (circles) and predicted
(line) Schottky barrier heights plotted against the interface Si
charge parameter Q.
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probe the Schottky barrier by exploiting the interface
dependence of quantum wells. This study shows that
metal termination of Si surfaces prior to film deposition
can be an effective means for Schottky barrier engineer-
ing. The electronegativity of the metal, together with the
coverage, determines a net charge transfer. The resulting
interface dipole layer gives rise to a potential difference
directly contributing to the barrier. An important insight
derived from the present study is that the charge state of
the interfacial Si can be directly tied to the barrier height,
without any assumptions about the thickness of the dipole
layer and the effective dielectric constant at the interface
as have been discussed extensively in the literature [1–3].
This insight and the predictive power of the model are of
value to barrier engineering at the atomic level.
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