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The reflection phase shift and reflectivity as a function of electron energy at a metal-semiconductor interface
are analytically related. Specifically, conjugate van Hove-type singularities are expected near a semiconductor
band edge. These fundamental relations are investigated for the Pb-Si�111� interface by angle-resolved photo-
emission measurements of thin Pb films on Si�111� as quantum wells. A detailed determination of the reflec-
tivity and phase shift of the Pb valence electrons across the Si valence-band edge is facilitated by using
submonolayer amounts of Au as an interfactant to systematically adjust the interface potential.
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Metal films are ubiquitous components of solid-state de-
vices, and they are often conjoined with semiconductors to
form metal-semiconductor interfaces. Electron reflection and
transmission at such interfaces are of basic interest and play
a crucial role in device functionality, especially in the quan-
tum regime where phase coherence is a key issue. The re-
flectivity and reflection phase shift �and the transmission co-
efficient, by implication� are, however, not independent
quantities; they are connected by general analytic require-
ments of electron propagation governed by quantum me-
chanics. The manifestation of these relations is best revealed
by electron reflection near the band edge of a semiconductor
substrate, where conjugate van Hove-type singularities as a
function of electron energy are expected. The present paper
is an experimental exploration and verification of this behav-
ior. The results illustrate the intricate constraints of quantum
effects on the basic electronic properties of metal-
semiconductor interfaces.

The system employed in our experimental study is a set of
Pb films grown on Si�111�. The electrons in the Pb films,
confined by the vacuum and the substrate potential, form
standing waves or Fabry-Pérot interferometer modes. These
modes, commonly referred to as quantum well states,1–5 were
measured by angle-resolved photoemission in our experi-
ment. The energy positions of the quantum well states are
related to the reflection phase shift at the Pb/Si interface,
while the energy widths are related to the reflectivity. By
varying the film thickness, the phase shift and reflectivity can
be deduced at a number of discrete energies across the Si
valence-band edge. These discrete energies are, however,
rather sparse. This problem is overcome experimentally by
adding various submonolayer amounts of Au at the Pb-Si
interface for a systematic adjustment of the interface poten-
tial �Schottky barrier�. Measurements from these modified
interfaces yield a dense set of quantum well data suitable for
verifying in detail the functional relationship of the conju-
gate singularities. A byproduct of this investigation is a de-
termination of the Schottky barrier height across the Pb-Si
interface as a function of the amount of the Au interfactant, a
subject matter of interest in its own right.

In our experiment, several well-ordered two-dimensional
phases of Au on Si�111� were used as substrates for subse-
quent Pb depositions. These are the 5�2, �3��3−�, 6

�6, and �3��3−� reconstructions, which are fully formed
at Au coverages of C=0.42, 0.76, 0.96, and 0.96 monolayers
�ML�, respectively, in substrate units �1 ML=7.83
�1014 atoms /cm2�.6 In each case, the substrate was pre-
pared by depositing Au onto a clean n-type Si�111�-�7�7�
surface at room temperature and then annealing. Reflection
high-energy electron-diffraction patterns were monitored to
ensure single-phase coverage. The 6�6 and �3��3−� re-
constructions were formed at the same Au coverage but were
reached through different annealing conditions following
deposition, with the former resulting from a slow cool and
the latter from a rapid quench. Thin Pb films were grown
over the Au-terminated substrates at 60–100 K and were sub-
sequently annealed to 100 K. For the Pb film thicknesses,
one ML is defined here in terms of bulk Pb �9.43
�1014 atoms /cm2�. The resulting Pb films were oriented
along �111� and the film lattice constant was bulk-Pb-like
and incommensurate with the Si substrate lattice. The photo-
emission measurements were performed at the Synchrotron
Radiation Center, University of Wisconsin-Madison, using
22 eV photons, with the sample at 60–100 K. Quantum well
data for Pb films grown on the Pb-�3��3 terminated
Si�111� surface were adapted from a previous study to pro-
vide a reference point for C=0 ML.7

A set of photoemission spectra at normal emission for Pb
films grown on the Au-6�6 /Si�111� surface with thick-
nesses ranging from 3 to 10 ML is presented in Fig. 1�a�. The
spectra show quantum well peaks, each of which becomes
fully developed at its corresponding integer layer thickness.
This discrete layer behavior facilitates a determination of the
absolute film thickness by atomic-layer counting.8,9 Figure
1�b� displays the layer counting calibration curves, where the
deposition time is correlated with the thickness in integer
atomic layers that are marked by maximum intensities of the
quantum well peaks. The successive peaks must be separated
by 1 �or more� ML. This analysis yields a unique assignment
of the film thickness for each quantum well peak.

The measured energies of the quantum well states as a
function of absolute film thickness are presented in Fig. 2.
Each panel corresponds to films grown over a particular Au-
or Pb-terminated Si�111� surface as labeled. The energy of a
given quantum well state can vary by up to �0.6 eV for the
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different Au terminations, which is important for filling up
the energy gaps between quantum well states. The curves
and circles in the figure are derived from a fit based on the
Bohr-Sommerfeld quantization rule:1–5

2k�E�Nt + �v�E� + ��E� = 2n� , �1�

where k�E� is the perpendicular electron wave vector, E is
the electron energy, N is the number of Pb monolayers, t is
the monolayer thickness, n is a quantum number, and �v�E�
and ��E� are the energy-dependent phase shifts at the
vacuum surface and substrate interface, respectively. The
bulk band dispersion k�E� and the vacuum phase shift �v�E�
are known from a first-principles calculation,10 which are
employed in the present analysis. The only unknown quan-
tity is ��E�, which can be directly extracted from Eq. �1� at
the experimentally determined energies of the quantum well
states.

The phase shift ��E� is of central interest in the present
work. It is part of the complex reflection coefficient at the
interface, r exp�i��, which is given by the ratio of the re-
flected wave function to the incident wave function at the
interface.11,12 Because the Hamiltonian for Bloch electrons is
a smooth function of the electron wave vector k, r exp�i��
must be an analytic function of k. Here, we take the primary
variable as the complex wave vector �k within the Si sub-

strate measured relative to the Si valence-band edge, which
is analytically related to the wave vector within the Pb. �k is
purely imaginary within the Si gap �E�E0, where E0 is the
energy of the Si valence-band edge� and real for E	E0. The
analyticity of r exp�i�� permits the following expansion to
second order:

r exp�i�� − �0�� = 1 + a�k + b�k2, �2�

where �0 is the phase shift at the band edge. The leading
term in the expansion is unity because the reflectivity must
be unity within the Si band gap �r=1 for E�E0�. The phase
shift � must be a constant below the Si band edge ��=�0 for
E	E0� based on the Huygens-Fresnel principle.13 These
general conditions lead to strong constraints on the expan-
sion. With �k expressed in terms of E within the effective-
mass approximation, �E
 ��k�2, we obtain

� = �0 + a�E − E0��E − E0� , �3�

r = 1 − �a�E0 − E −
a2

2
�E0 − E����E0 − E� , �4�

where � denotes the unit step function.
Equations �3� and �4� show that both r and � have a �E

van Hove-type singularity with the same coefficient but op-
posite signs. These conjugate singularities, occurring on dif-
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FIG. 1. �Color online� �a� Normal emission spectra from Pb
films on the Au-6�6 /Si�111� surface. �b� Quantum well peak in-
tensities measured as a function of Pb deposition time. The intervals
between successive intensity maxima are related to monolayer in-
crements in film thickness; this behavior permits absolute film
thickness calibration.
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FIG. 2. �Color online� Measured �diamonds� and fitted �circles
and curves� quantum well energy levels for Pb films grown on the
Au-�3��3−�, Au-6�6, Au-�3��3−�, Au-5�2, and Pb-�3
��3 reconstructed Si�111� surfaces. The quantum number n for
each state is indicated.
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ferent sides of E0, are a direct result of the kinematic con-
straints of electron reflection near a band edge.
Mathematically, they are related to the Cauchy-Riemann
conditions and are unaffected by higher order terms in the
expansion, which just add a smooth background. The only
surviving expansion coefficient a is positive and should be
on the order of

a 	
�

�2Edg

= 1.6 eV−1/2, �5�

where Edg	2 eV is the direct gap of Si at the Brillouin-zone
center. This estimate is based on extending the expansion to
the midgap position of Si.

The reflectivity r is related to the quantum well peak
width. The peak width is related to the decay or leakage rate
of the corresponding Fabry-Pérot mode.14 A low reflectivity
corresponds to a low interferometer finesse and a large peak
width. Experimentally, quantum well peaks become much
wider for E	E0 because of a decreasing reflectivity as the
Pb electrons can couple through the interface to the substrate
Si states. The peak width also depends on the thickness of
the film N, as a smaller N corresponds to a higher frequency
of reflection loss. The relationship is given by14

W − W0 =
�

Nt

1 − r
�r

, �6�

where W is the quantum well peak width, W0 is the back-
ground width arising from other scattering mechanisms, and
 is the group velocity of the electrons in Pb. Here, we use an
average group velocity �=12.5 eV·Å determined from the
bulk band structure of Pb within the energy range of interest;
W0=0.07 eV is taken to be the average width of all the
quantum well peaks above the Si band edge.

In our analysis, the measured peak width is converted to
the reflectivity r according to Eq. �6�, and the phase shift � is
directly deduced from the peak position according to Eq. �1�.
The experimental results of r and � for all of the different
interfaces are shown in Fig. 3. The curves are the results of a
global fit using Eqs. �3� and �4� with the expansion coeffi-
cient a and the band edge E0 and phase-shift offset �0 of
each interface as the fitting parameters. Because the expan-
sion has a limited range of validity, the data are suitably
truncated in the fit as seen in the figure �about 0.3 eV within
the band edge�. The coefficient a deduced from the fit is
1.65 eV−1/2, which is very close to our estimate. The results
presented in Fig. 3 clearly demonstrate the conjugate singu-
larity behavior of r and �. Thus, the analyticity of r exp�i��
is well supported by the experiment. The use of the Au in-
terfactant in the present study allows us to fill the energy
range of interest with a large number of data points, which is
essential for establishing the singularity behavior in the pres-
ence of errors and noises inherent in the measurements. The
circles and curves in Fig. 2 indicate the expected quantum
well peak positions based on Eqs. �1� and �3� using the pa-
rameters derived from the fit.

The Si band-edge position E0 deduced from the fit can
be related to the Schottky barrier height15–20 for each Au-
terminated interface. For the n-type Si used in the experi-

ment, the Schottky barrier height is given by Eg−E0, where
Eg=1.15 eV is the absolute band gap of Si. Figure 4 shows
the Schottky barrier height plotted as a function of interfacial
Au coverage for the various interfaces. The approximately
linear behavior suggests a simple correlation and can be well
explained by an interface dipole model.21 Basically, the
charge transfer between the metal and the semiconductor
substrate across the interface creates an interface dipole, the
magnitude of which depends on the electronegativities of the
metal and the semiconductor involved. Since Au and Pb have
significantly different electronegativities, the presence of the
Au at the interface can systematically modify the interface
dipole and the barrier height. This modification is expected
to be a linear function of the Au coverage. The line in Fig. 4
is based on such an analysis; it depends on the known Au
coverages at the interface and the electronegativities of Au,
Pb, and Si, normalized in terms of the charge transfer. There
are no adjustable parameters, and the line is in excellent
agreement with the experimental trend.

In summary, we have performed a detailed investigation
of the analytic properties of the wave-function reflection co-
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FIG. 3. �Color online� �a� Phase shift and �b� reflectivity as a
function of energy. The diamonds are experimental data points. The
solid curves are fits, and the dotted curves are extrapolations of the
fits.
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FIG. 4. �Color online� Experimental �rectangles� and predicted
�line� Schottky barrier heights plotted against the interfacial Au
coverage for the various Au-terminated interfaces.
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efficient r exp�i�� at a metal-semiconductor interface �Pb-Si�
for energies near the semiconductor valence-band edge. We
show quite generally that the functions r and � must exhibit
conjugate van Hove-type singularities, one above the band
edge and the other below, with the same magnitude but op-
posite signs. This is verified experimentally by measure-
ments of the quantum well peak positions and widths in Pb
films deposited on Si�111�. An interfactant layer of Au was
employed in the experiment to shift the confinement barrier,
which resulted in a dense set of data over the energy range of
interest. The fundamental analytic relations between the re-
flectivity and phase shift are of basic importance to elec-
tronic transport properties especially in the quantum or nano-
scale regime where phase coherence is a key issue. A
byproduct of this investigation is a detailed determination of

the Pb-Au-Si Schottky barrier height, which is well corre-
lated with the Au concentration and the electronegativities of
the elements involved. The results are consistent with an
interface dipole model. The ability to tune the barrier height
is important for device optimization.
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