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A semiconducting surface-state band on Si�111��3��3-Ag is doped by adsorption of additional Ag and Au
atoms. Very high levels of doping can be achieved �0.0015–0.086 electrons per 1�1 unit cell�, such that the
silicon surface degenerates into a metal. The doping alters the band structure of the surface state and causes the
rigid-band model to break down. The parabolic-band approximation breaks down as well. These observations
shed light on the mechanism of doping at extreme levels.
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The mechanism of doping becomes nontrivial at extreme
carrier densities. Modeling a dopant by an isolated perturba-
tion of the lattice with its own localized wave function
fails as the wave functions of adjacent dopants begin to over-
lap and to form their own band. Eventually, a semiconductor
degenerates into a metal. This transition has been studied in
the bulk. Here we address its two-dimensional version,
where a semiconductor surface is converted into a two-
dimensional metal by doping a surface-state band. This phe-
nomenon may be viewed as a surface analog of the
two-dimensional electron gas at semiconductor interfaces,
which has been used extensively for studying new phases
of electrons and producing high-speed electronic devices.
With surface doping one is able to reach much higher doping
levels than at interfaces, which makes it possible to explore
the breakdown of low-density approximations and observe
the degenerate, metallic version of the two-dimensional
electron gas.

Metallization of semiconductor surfaces has been ob-
served in several cases, and several mechanisms have been
used to explain it. The Fermi level at the surface of InAs and
InSb is pinned inside the bulk conduction band, which
causes a charge transfer from the bulk to the surface and the
formation of a two-dimensional electron gas.1,2 Another type
of bulk-to-surface charge transfer has been observed on the
Si�111�2�1 and Si�100�2�1 surfaces,3–5 where n-type bulk
dopants transfer their charge to empty �* surface bands. A
third type of surface metallization has been observed for the
Si�111��3��3-Ag structure and related superlattices.6–19 In
that case, the surface is semiconducting for a stoichiometric
surface with exactly one Ag atom per 1�1 unit cell,16 and
adsorption of additional Ag or Au atoms dopes a semicon-
ducting surface band with electrons.9 Recent studies of one-
dimensional structures induced by Au on vicinal Si�111� sur-
faces indicate that this type of doping mechanism plays a key
role in stabilizing one-dimensional structures by enabling the
optimal band filling.20–22 The Fermi surface is automatically
nested in one dimension and thus provides a much stronger
electronic driving force for charge-density waves and surface
reconstructions than in higher dimensions.

We use angle-resolved photoemission to observe the
doping-induced evolution of the semiconducting surface-

state band on Si�111��3��3-Ag. Addition of Ag to the
full monolayer of the �3��3 structure allows us to convert
the semiconducting surface to a metal in a controlled way
and to map out the changes in the E�k� band dispersion and
the Fermi surface. A breakdown of the rigid-band model oc-
curs at high doping levels. The bottom of the surface band
moves from 0.19 eV above the bulk valence-band maximum
�VBM� to 0.30 eV below the VBM for high doping. A further
departure from the simple bulk doping model is the nonpa-
rabolic behavior that is observed for higher dopings. Kinks
in the band dispersion that are accompanied by dips in the
photoemission intensity suggest interaction with an impurity
state. A first-principles calculation23 for one-third of a mono-
layer of extra Ag atoms on �3��3-Ag provides a plausible
explanation for both the downward shift in E0 with increas-
ing coverage and the impurity state near EF.

Precise electron doping levels ranging from 0.0015 to
0.086 electrons per 1�1 cell are achieved in a two-step pro-
cess. First, slightly more than one monolayer Ag is deposited
and excess Ag is driven off by annealing for a few seconds at
�600 °C �see Refs. 16 and 18�. Low-energy electron dif-
fraction LEED showed a clear �3��3 pattern with no evi-
dence of 6�1 domains that form near step edges for longer
anneals.18 Subsequently, low doping levels are achieved by
depositing excess Ag onto the stoichiometric surface and an-
nealing at low temperatures below 200 °C. The area inside
the Fermi surfaces in Fig. 1 is used as a measure of the
doping using Luttinger’s theorem, which holds as long the
electron-electron interactions can be described by perturba-
tion theory.24 The ratio between the area inside the Fermi
surface and the unit cell in reciprocal space, with a factor of
two electrons per filled band, gives the number of electrons
per unit cell in real space. Since the �3��3 unit cell is three
times larger than the 1�1 unit cell in real space, we divide
by an additional factor of 3 to find the numbers of electrons
per Si�111� 1�1 cell, as reported in Fig. 1.

The photoemission data were acquired with a Scienta 200
spectrometer with E ,� multidetection and an energy resolu-
tion of 20 meV for electrons and 7 meV for photons �see
Ref. 17 for details on the acquisition of Fermi surfaces�. We
used p-polarized synchrotron radiation at a photon energy
h�=34 eV, where the cross section of silicon surface states
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has a maximum relative to the bulk states.25,26 Figure 1 gives
an overview of the Fermi surfaces and band dispersions

E�kx� along the the �1̄ 1̄2� direction for various levels of Ag
doping. These are used to determine the doping dependence
of the band energies plotted in Fig. 2. Figures 3 and 4 show
band dispersions for specific doping with Ag and Au, respec-
tively. The photoemission intensity is plotted on a gray scale
with high intensity shown dark.

The measurements are performed at low temperatures
��60 K� in order to reduce phonon broadening and to pro-
vide a sharper Fermi level cutoff. The increased carrier life-
time causes a substantial photovoltage to build up for high-
quality surfaces �−0.82 eV for n-type and +0.06 eV for

p-type samples of Si�111��3��3-Ag at low doping�. The
Fermi cutoff allows us to obtain the position of the valence-
band maximum relative to EF, which is indicated by tick-
marks in Fig. 1. The photovoltage is measured at EF and
subtracted directly from the Si 2p core level. To keep the
sample potential well defined we saturate the photovoltage
by illumination with an extra spotlight during measurements.
Thereby, residual variations in the sample potential with
angle, synchrotron light intensity, and photon energy are
minimized. As a consistency check, the absolute value of the
photovoltage provides a lower bound for the Schottky barrier
�EF minus VBM for p type, CBM minus EF for n type
where CBM is the conduction-band minimum�. This con-

FIG. 1. �a� Fermi surfaces �top� and band
dispersions �bottom� for Si�111��3��3−Ag
surfaces doped by various amounts of excess
Ag �0.0015, 0.012, 0.015, 0.022, and 0.086 extra
electrons per Si�111� 1�1 unit cell�. High
photoemission intensity is shown dark. kx is

along �1̄ 1̄2� , ky is along �1̄10�, and the centers of

the Fermi circles �top� are at the K̄ point of the
1�1 Brillouin zone. �b� Band dispersions ex-
tracted from �a� by fitting MDCs �full circles� and
EDCs �open circles�. The vertical bars delineate a
dip in the intensity due to interaction with a sec-
ond band �see Figs. 3 and 4�. The energy is rela-
tive to the Fermi level EF with the valence-band
maximum indicated by horizontal tickmarks.

FIG. 2. The Fermi energy EF, the band minimum E0, and the
resonance energy Eres as a function of doping �in electrons per
Si�111� 1�1 cell�. All energies are plotted with respect to the
valence-band maximum �VBM�. For our range of doping the sur-
face band moves from 0.19 eV above the VBM to 0.30 eV below
the VBM, which demonstrates a breakdown of the rigid-band
model. The resonance energy tracks the Fermi level at a constant
offset of −0.25 eV. Below 0.007 doping it dips below the
conduction-band minimum of the surface state and behaves like a
donor level.

FIG. 3. Full band dispersion �gray-scale image� for Si�111��3
��3-Ag doped by 0.015 electrons per 1�1 unit cell combined
with MDCs �horizontal cuts� and EDCs �vertical cuts�. MDCs pro-
vide a symmetric Lorentzian line shape and produce sharp peaks for
steep band sections. EDCs produce sharp peaks for flatband sec-
tions, such as the bottom of the band, and reveal the intensity drop
due to interaction with an impurity state.
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strains the possible range of the Fermi level in the gap of
bulk Si yielding EF−EVBM=0.17±0.11 eV for Si�111��3
��3-Ag at low doping.

A breakdown of the rigid-band model can be detected
right away in Figs. 1 and 2 by observing the change of
the bottom of the band, E0, relative to the VBM when
the doping is increased. In a simple rigid-band model the
surface bands are tied to the bulk bands, and doping with
electrons just pushes the Fermi level higher up relative to the
VBM. Plotting E0 and EF relative to the VBM in Fig. 2
versus doping quantifies the deviations from the rigid-band
model. From the change in E0 with doping, we conclude
that the rigid-band model fails over the entire range of cov-
erages studied, from 1.2�1012 to 6.7�1014 electrons/cm2.
Even the lowest doping level, which is well below values
reported in previous studies,19 is within the moderate- to
high-doping regime when compared to similar dopant spac-
ings for bulk silicon �a comparable spacing would give a
density of 1�1018 electrons/cm3�. At extremely small dop-
ing levels we still expect the rigid-band model to hold, but
this will require systematic experiments at even lower dop-
ing levels. Such experiments will push the limits of current
sample quality and detector resolution. Close to zero doping
we would expect a donor level to move above EF, as indi-
cated by the extrapolation of the data towards zero doping in
Fig. 2.

A second feature of the surface band that goes beyond
simple models of doping is the deviation from parabolicity.
Instead of parabolas, we find kinked bands with slopes that
appear to become shallower as they approach the Fermi
level. We attribute these perturbations to a crossing with a
defect state associated with the Ag impurities. The nonpara-
bolicity we observe might explain some of the variations of
the effective masses reported in the literature.11,17,19 Further-
more, as part of the breakdown of the rigid-band model we
find that the Fermi velocity and effective mass change con-
tinuously with doping level, which makes comparison of dif-
ferent studies with different dopings difficult. As the doping
increases and the bottom of the surface state crosses the
valence-band maximum, the effective mass increases. Even

in previous studies at lower dopings,17,19 where the bands
appear to be still parabolic, this doping dependence must be
considered in comparing the effective masses.

A recent combined photoemission and scanning tunneling
spectroscopy study pointed out a technical difficulty: deter-
mining band dispersions from either separate energy distri-
bution curves �EDCs� or momentum distribution curves
�MDCs� can be prone to systematic errors in the fitting.19

Further, they propose a method for directly fitting the two-
dimensional dispersion with a parabola. However, such a
method is impractical for band dispersions that are clearly
nonparabolic like those in the present study. Instead, we take
advantage of the best aspects of the two fitting methods.
Momentum distribution curves, which provide sharp, sym-
metric peaks with a Lorentzian line shape �see Figs. 3 and 4�,
are used for steep sections of the band and EDCs are used for
the flat region at the bottom where the MDCs become broad
�full and open circles in Fig. 1�b��. Both methods can be
checked against each other in the overlap regions. MDCs are
particularly useful for determining the Fermi surface �Figs. 3
and 4 top�, as evident in Ref. 19, which obtains the same
Fermi crossings using MDCs and a parabolic fit. EDCs pro-
vide the bottom of the band E0 and further reveal a peculiar
drop in the intensity �Fig. 3 right� that will be discussed next.

In addition to its nonparabolic shape, the surface band
exhibits a drop in intensity at a particular energy. The evi-
dence for this dip can be seen in the gray-scale band disper-
sions in Fig. 1�a� for the three intermediate doping levels, as
well as in Fig. 3 �lower left and right�. The anomalous energy
region can be pinpointed by the double hump in the EDCs
and small kinks in the band dispersion in Fig. 3. This reso-
nance energy region is indicated by a vertical bar in Fig. 1�b�
and has a center denoted as Eres. When plotted with respect
to the VBM in Fig. 2 it is easy to see that Eres tracks the
Fermi level, i.e., it is at a constant −0.25±0.01 eV below EF
for all doping levels.

A natural explanation for the observed intensity dip would
be an interaction of the surface state with an impurity state
formed by the Ag dopants. At small doping the energy of the
impurity state Eres starts out below the conduction-band
minimum of the surface state �E0� in Fig. 2. That is charac-
teristic of a donor level for the two-dimensional surface state.
At a doping of 0.007 e− /atom the state Eres crosses E0 and
moves into the surface conduction band. Consequently, the
impurity state hybridizes with the conduction-band con-
tinuum and forms a Fano resonance similar to the resonances
observed between discrete excitations and a continuum in
noble gases. The intensity minimum at Eres corresponds to
destructive interference between the discrete state and the
continuum, analogous to the 3s-to-np transitions in Ar inter-
acting with the 3p continuum at about 27 eV photon
energy.27 An impurity state caused by only a few percent of
an electron per Si atom is easily missed in photoemission.
Only its interference with the surface conduction band makes
it visible at their crossing point in k space.

A first-principles calculation23 for one-third of a mono-
layer of extra Ag atoms on �3��3-Ag shows just such an
impurity state near EF that is localized to the Ag impurities
and has very flatband dispersion. A second highly dispersive
band in the model corresponds well with the metallic

FIG. 4. Similar to Fig. 3 but for a �21��21 superlattice formed
by 0.2 monolayers of Au doping Si�111��3��3-Ag. Avoided
crossings between superlattice bands lead to dips in the intensity
similar to that in Fig. 3.
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surface-state band that is filled by electrons from the extra
Ag dopants. Thus, the first-principles model provides a plau-
sible explanation both for the downward shift in E0 with
increasing coverage and for an impurity band near EF.

The model of an impurity state crossing the surface state
is also supported by an analogy to data from a related system
where two superlattice bands form an avoided crossing �see
Fig. 4�. Similarly to Fig. 3, there is a dip in the EDC where
the two bands meet. In that case the drop in intensity has
been identified with a minigap that is associated with an
avoided crossing of two bands with the same symmetry.17

The two bands in Fig. 4 are both due to the �3��3-Ag
surface band, folded back onto each other by the �21��21
superlattice formed by additional Au dopants. In Fig. 3 we
suggest a similar interaction between the �3��3-Ag surface
band and an impurity band formed by Ag dopants.

In addition to the impurity band model, one might con-
sider an alternative explanation for the observed intensity dip
due to the creation of defects during high-temperature an-
nealing at 600 °C. Such annealing has been shown to pro-
duce narrow 3�1 domains along step edges, which have a
lower density of Ag compared to the �3��3.18 Even though
we observe no sign of 3�1 domains in LEED, there is al-
ways the possibility of small 3�1 regions below our detec-
tion limit. Interactions with such 3�1 domains, or with Ag

vacancies that form in neighboring �3��3 terraces, might
also lead to the observed intensity dip.

In summary, we observe several departures from the con-
ventional model of doping when the dopant density becomes
so large that the dopants interact with each other and with the
conduction band. This is demonstrated for a two-dimensional
surface-state band on silicon that is doped by additional
noble metal atoms. A detailed study of the band dispersion
reveals a movement of the conduction band with doping that
represents a departure from the rigid-band model. The bot-
tom of the conduction band is nonparabolic, which indicates
a breakdown of the effective mass approximation. Further-
more, a gap is observed in the conduction band that might be
an indication of an interaction with an impurity state at high
dopant concentration. Such specific experimental signatures
should facilitate developing a quantitative, microscopic
theory of the transition from a doped semiconductor to a
metal. These concepts might be extendable to materials other
than semiconductors, for example, the transition from mag-
netic impurity levels to an alloy band structure.26,28
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