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Abstract

A small electron pocket composed of a metallic and parabolic surface-state band of Si(111)v/3 x v/3-Ag was
investigated in detail by high-resolution angle-resolved photoemission spectroscopy (ARPES) and scanning tunneling
spectroscopy (STS). The Fermi surface was a complete circle (Fermi ring), and the band dispersion was determined
three dimensionally in energy-momentum space. The effective mass (m*) was extracted by a new method, two-
dimensional (2D) fitting to the band dispersion, and compared with the results of conventional analyses of energy and
momentum distribution curves (EDC and MDC). The EDC (MDC) analysis gave a m* value larger (smaller) than that
obtained by the 2D fitting method by about 20%. The m* obtained by the 2D fitting was in good agreement with the
value obtained by the STS measurements of electron standing waves, giving the most plausible value of m* =
(0.13 £ 0.03)me (m. is the free-electron mass) for the parabolic band.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Surface superstructures composed of a metallic
monolayer on semiconductor surfaces are inter-
esting systems for studying electronic transport
phenomena on atomic scale, because their elec-
tronic states are located within the energy band
gap of the substrate bulk so that the carriers
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through the surface states are not scattered into
the bulk states. These systems are therefore useful
to mimic nanometer-scale device structures as well
as to explore nano-scale transport physics.

Within the frame of Boltzmann picture, in
general, the conductivity tensor of materials in two
dimension (2D) is given by [1]:
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respectively. The integral is done on the Fermi
surface. In a system with an isotropic Fermi sur-
face, Eq. (1) is reduced to the Drude formula:

nez‘c

(2)

The important parameters here are n, t, and m*.
The carrier density n and the effective mass m* are
directly derived from the band structure at the
Fermi level (i.e. Fermi surface); m* = i’ azai(zk)}fl.
In this way, the electronic band structure near the
Fermi level is essential for determining the trans-
port property. The relaxation time 7 is a quantity
not determined from the band structure, but rather
governed by carrier scattering from defects/impu-
rities and phonons.

Band structures of surface states can be directly
measured by angle-resolved photoemission spec-
troscopy (ARPES) with the use of vacuum ultra-
violet (VUV) because of the short mean free path
of electrons, giving n and m* values. ARPES
measurements with temperature variation, fur-
thermore, provide quantitative information on
electron—phonon coupling which is closely related
to 7 [2]. Thus, ARPES measurements are very
useful for interpretations of surface-state transport
phenomena.

The Si(111)y/3 x v/3-Ag surface, which is
formed by one monolayer (ML) Ag deposition on
a Si(111) surface (1 ML = 7.83 x 10'* (atoms/
cm?)), has recently attracted considerable atten-
tion, because it is reported to show high-surface
conductivity due to the surface-state band [3,4]. In
order to interpret the surface conductivity, a large
number of ARPES studies have already been done
[5-11], which have revealed that a parabolic sur-
face-state band near the Fermi level (S; band)
plays a central role for the surface transport. The
parabolic S; band shifts down in energy position
below the Fermi level and is partially occupied by
electrons (an electron pocket) when a small
amount of additional Ag adatoms are deposited
on top of the v/3 x v/3-Ag surface. This is due to
electron doping into the §; band from the ada-
toms, which causes an increase in surface con-
ductivity [7]. However, by annealing the surface at
high temperatures (>600 °C) which removes the
adatoms, the S| band shifts up above Fermi level

g = .
m*

[12,13], resulting in the removal of the electron
pocket. This is an important phenomenon indi-
cating that the surface conductivity can be con-
trolled by the amount of adatoms on top of it
through carrier doping into the surface-state band.
The band occupation directly provides the value of
n in Eq. (2).

There still remains, however, an issue to be
clarified about the electron pocket, i.e., the effec-
tive mass. There is a large discrepancy in the m*
value among the previous ARPES reports. Ref. [8]
reported m* = 0.25 in the unit of free-electron
mass (m.), while Ref. [14] reported m* = 0.07me,
which is approximately %N % of the former value.
This discrepancy is serious because it causes a
large ambiguity in Eq. (2). These two reports have
used different methods to extract the m* value from
ARPES data; an analysis of energy distribution
curves (EDC) was employed in Ref. [8], while
momentum distribution curves (MDC) were ana-
lyzed in Ref. [14]. Therefore in the present study,
we have done both analyses of our own ARPES
data, and compared them with a new method, 2D
ﬁttglg to the energy—momentum dispersion curves
E(ky). Furthermore, we have also done systematic
measurements of electron standing waves on this
surface by scanning tunneling spectroscopy (STS),
which also provides the energy-momentum dis-
persion curve through the tip-bias dependence.
The m* value thus obtained agreed well with that
obtained by the 2D fitting method in ARPES. It
turned out that the EDC (MDC) analysis tends to
give a larger (smaller) value than that obtained
from the 2D fitting method by about 20%.

Through these comprehensive measurements
and analyses, we have concluded that m*/m, =
0.13+0.03 as the most plausible value for the
parabolic S; band, and the 2D fitting method for
ARPES data is more reliable than the EDC or
MDC analyses.

2. Experiment

ARPES experiments were performed with a
hemispherical photoelectron spectrometer in
ultrahigh vacuum, equipped with angle and energy
multidetections (Gammadata Scienta SES-100),
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using unpolarized Helo (21.2 eV) radiation. The
angle between incident photons and emitted elec-
trons was set to be 50°. The electron energy reso-
lution was ~35 meV and the angular resolution
was set ~0.2° in the multidetection angle range of
13° (better than 1° within the whole angle range of
+6°). Whereas only one spectrum is obtained in
the conventional ARPES, with the use of this
analyzer, 127 spectra are obtained at once as the
raw data which make up a band dispersion image
like the one in the left hand side of Fig. 1(a).
APRES results shown in the present paper were
taken at RT.

STS experiments together with scanning tun-
neling microscope (STM) observations were done

(c)

Photoemission intensity(arb. units)
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with a commercial ultrahigh vacuum low-temper-
ature STM (UNISOKU USM501 type) at ~65 K
[15], using an electrochemically etched tungsten
tip. Spectroscopic d//dV images in STS mode were
acquired by lock-in detection technique using tip-
bias modulation of *75 meV with 777 Hz fre-
quency.

An n-type(P-doped) Si(111) wafer with nomi-
nal resistivity of 2-15 Qcm at RT was used in the
experiments. The Si(111)7x7 surface was pre-
pared by stepwise degassing and finally by flash
heating at 1500 K. The Si(111)v/3 x v/3-Ag sur-
face structure was formed by 1 ML Ag deposition
onto the 7x7 surface held at ~520 °C. Ag was
deposited using an alumina-coated W basket (in
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Fig. 1. (a) The Fermi surface and gray-scale band dispersion images in two directions ([112] and [110]), measured at RT around the
center of the 2nd /3 x v/3-surface Brillouin zone (T'; point). (b) 1x 1 (thick solid lines) and v/3 x v/3 (thin solid lines) surface Brillouin
zones. (c) An energy distribution curve(EDC) at the I'; point (k, = 0) of the left hand side band dispersion image of (a). (d) An angular
distribution curve (ADC) at the Fermi level of the left hand side band dispersion image of (a).
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the STM apparatus) or a graphite effusion cell (in
the ARPES system). The quality and cleanliness
of the surface were checked with reflection high-
energy electron diffraction patterns, ARPES and
STM measurements.

3. Results and discussion

An energy contour at the Fermi level and gray-
scale band dispersion diagrams of the Si(1 1 1)v/3x
V/3-Ag surface are shown in Fig. 1(a). The band
dispersion images were taken along two crystal
orientations ([1 12] and [1 10]) around the I'; point
(k, = 1.09,k, = 0) in the 2nd +/3 x v/3-surface
Brillouin zone (SBZ) (see Fig. 1(b)). In this dia-
gram, the intensities of the spectral features are
represented by the darkness in the gray scale. The
Fermi surface of the S; band is a complete circle
(Fermi ring) centered at the T'; point. The band
dispersion curves in two directions are parabolic
and cross the Fermi level. It is clear, thus, that the
S1 band is an isotropic and metallic two-dimen-
sional free-electron like state.

In order to obtain an effective mass of the band,
the EDCs or ADCs (angular distribution curves,
corresponding to MDCs), are conventionally ex-
tracted from the band dispersion diagrams like
Fig. 1(a). An EDC is a slice at a certain angle
(momentum, or wave vector) in the band disper-
sion diagram, while an ADC is a slice at a certain
energy. An EDC at the T'; point (k, = 0) and an
ADC at the Fermi level of the left-side band dis-
persion image ([112] direction) in Fig. 1(a) are
depicted in Fig. 1(c) and (d), respectively. The
EDCs were obtained in 0.12° steps, and the energy
step for the ADCs was 0.01 eV. A single peak is
observed in the EDC, which corresponds to the
bottom of the parabolic band, while there are two
peaks in the ADC, corresponding to two Fermi-
level crossings of the band.

The peak energy positions in the EDCs were
determined by making a curve-fit with a Lorentz-
ian and integrating background as the EDC can be
expressed by a spectral function and its peak width
mainly reflects the photohole lifetime [16,17]. A
series of EDCs from Fig. 1(a) are shown in Fig.
2(a) with the fitted curves. The Lorentzian line

widths were ~160 meV. Relations between the
obtained energy positions and the wave vectors are
plotted in Fig. 2(b). This is a band dispersion
determined from the EDC analysis. The solid line
in Fig. 2(b) is a parabola fitted to the experimental
data. One can find that the band has parabolic
dispersion near the bottom, but shows a deviation
from it near the Fermi level (binding energy = 0),
which is due to the Fermi-Dirac distribution
function of electrons in EDC and a finite energy
resolution in the measurements; the peak positions
are apparently shifted away from the Fermi level
due to the slope of the Fermi-Dirac distribution
function. As shown in Fig. 2(c) for the ADCs, the
angles (and therefore wavenumbers) at peak
positions were determined by making a curve-fit
with a Gaussian because the line width is deter-
mined by the total angular resolution. Relations
between the obtained wavenumbers and energy
were plotted in Fig. 2(d). This is a band dispersion
determined from the ADC analysis. Data points at
binding energy larger than 0.3 eV are missing since
the ARPES peaks in (c) are not clearly resolved in
this region.

The dispersion curves from the EDC and ADC,
shown in Fig. 2(b) and (d), are then fitted with a

parabola E =% 1 E, for EDC (from k = —0.074

t0 0.074 A~') and k = + Y25 for ADC (for
E < 0.29 eV), where 7 is Planck’s constant divided
by 2r and Ej is the energy at the I'; point. Through
these fittings, we have obtained the effective mass
m*, E,, and the Fermi wavenumber kg, as sum-
marized in Table 1. While the values of E; and kg
are similar between the two methods, m* derived
from EDC is larger than that from ADC by about
50%. One may imagine that this difference comes
from the difference in energy region for the fittings;
the EDC is fitted near the band bottom, while the
ADC is fitted near the Fermi level. But, this is not
the case. We did the fitting for both curves in the
same energy region (0.13-0.28 eV below Fermi
level), which also gave the similar difference in m*
between the two curves. Therefore, the difference is
intrinsic in the analysis methods, not a result of
non-parabolicity of the band.

For comparison, the resulting dispersion curves
are overlapped on the experimental results as
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Fig. 2. (a) EDC stacks, taken at 0.12° steps. Dashed lines are raw data, and solid lines are the fitted curves by Lorentzian with
integrating backgrounds. (b) Band dispersion using the peak positions determined by the fitting for the EDCs in (a). (c) ADC stacks,
taken at 0.01 eV steps. Dashed lines are raw data, and solid lines are the fitted curve by two Gaussians. (d) Band dispersion using the

peak positions determined by the fitting for the ADC in (c).

Table 1

The values of m*/m., Ey, k¢ for analyses done by EDC, ADC,
2D fit, EDC corrected by the Fermi-Dirac distribution func-
tion, and STS

m* [ m, Eo (eV) ke (A

EDC 0.16£0.02 0.32%0.03  0.11+0.01
ADC 0.10+0.03  0.32+0.03  0.10+0.01
2-D 0.12+0.02  0.33+0.03  0.10+0.01
EDC(FD) 0.15+0.02 0.31+0.03 0.11+0.01
STS 0.13+0.03

Ref. [8] (EDC)  0.25 0.18 0.11

Ref. [14] (MDC) 0.07 0.32 0.08

Ref. [15] (STM) 0.13£0.04

Values reported by previous researches are also listed.

shown in Fig. 3. We can find that dispersion curves
determined from the EDC and ADC analyses lo-
cate in the middle of the photoemission intensity
distribution in the fitted E—k regions respectively,
but they show a slight deviation from each other in
the extrapolated regions. It is now clear that band
dispersions extracted from the EDC and ADC
(MDC) of ARPES results are not identical. This is
due to finite resolutions in £ and £ in the photo-
emission intensity distribution and inappropriate
slicing of the E—k band dispersion map; slicing of
such a broad curve at a certain energy or angle do
not give precise peak positions.



196 T. Hirahara et al. | Surface Science 563 (2004) 191-198

R R A -
E EDC E
ADC

2 (F-D) ™ E

Eg- 3
< | EDCH 1
. B 2
= [ 5
& F ]
3 0.2F &
5 F 1
&0 o ]
s F E
= o ]
g F s
m04_— 4
: Si(111)y3 X y3-Ag 7

r X hwv=21. 2eV b
O
-0.2 -0.1 0.0 0.1 0.2

K[112)(A-1)

Fig. 3. Peak positions and fitting curves of EDC (A), ADC (),
EDC with the Fermi-Dirac function correction ((J), and the
curve fitted two dimensionally, displayed on the gray-scale
dispersion image.

In Fig. 3, we have also put energy positions
obtained by fitting EDC with Lorentzian and
integrating backgrounds including correction by
the Fermi—Dirac distribution functions at each
angle. The analysis is expected to reduce the
influence of the Fermi-Dirac distribution function
in EDC that has been described above and to de-
rive the accurate binding energies near the Fermi
level [18,19]. The fitted peaks are in more reason-
able positions than those without considering the
Fermi-Dirac function. The values of m* and kg,
however, do not differ much from those without
correction by the Fermi-Dirac function. This is
probably because the bottom of the band is
dominant in the curve fitting. Furthermore, the
Fermi wavenumber (kg) obtained by the symmetry
method [20], in which the influence of the Fermi-
Dirac distribution function is also excluded, gave
the same values as those in Table 1.

Next, we have performed a 2D parabolic fit to
the E—k band dispersion diagram with chi-square
defined as

E(k) - E\’
2=y (FHEEY )
where E(k;) is a fitted value for a given k;

2
(E(k;) = 7 + Ey), and E; is the experimental data

2m*

for k;. A weight parameter, w;, is an inverse stan-
dard deviation of a fit, making intense (k;, E;)
points in the image of dispersion curve give larger
contributions in the curve-fitting. This process
looks for the ridge in the 2D (E—k) distribution of
the intensity like the one in Fig. 3, and fits a
parabola to the ridge two dimensionally. In this
procedure, first, we normalized the band disper-
sion image by each ADC. This is to equalize the
intensity distribution for all energies. This proce-
dure is necessary because, in the raw data, the
peaks near the Fermi level are weaker in intensity
than those in higher binding energy regions [19].
Next we limit the data points used in the fitting. In
the case of Fig. 3, the data points in a region of
—0.12 < k; < 0.12 A~' and 0.5 eV< E; < Er were
used for the 2D fitting. Then we started the fitting
procedure, minimizing y?, and excluded weak-
intensity points from the fitting until the fitted
curve became reasonable with the raw data and the
fitting parameters did not change much even if we
excluded more points. In the summation of Eq.
(3), much more points are included than those in
the EDC or ADC fitting, which means that the 2D
fit reflects the raw data more faithfully than the
conventional procedures. The resulting dispersion
curve is given in Fig. 3, showing good agreement
with the band diagram image in the whole range.
The parameters obtained by the 2D fit are listed in
Table 1, giving an effective mass in-between those
obtained by the conventional EDC and ADC
analyses.

Thus it is fairly certain that parabolic dispersion
curves and the effective mass are different among
the various analysis methods of the same ARPES
result. Let us now judge which one is the most
reasonable, by comparing them with the results of
another technique. It has been well known that
electron scattering events lead, through interfer-
ence, to an oscillatory local density of states
(LDOS) or standing waves with a period of a half
the wavelength of electrons. Analyses of the LDOS
oscillation by STS imaging with different tip bias
voltages also provide the energy dispersion of the
band [21]. Thus, we investigated such standing
waves on the v/3 x v/3-Ag surface by STS experi-
ments. Typical STM and STS (d//dV) images of
the same area on this surface are shown in Fig.
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Fig. 4. (a) STM image (in constant current mode) of a
Si(111)/3 x v/3-Ag near a step at ~65 K with a tip bias
Vr = —0.7V, tunneling current It = 0.7 nA. (b),(c): STS images
of the same place at (b) Vpr =—0.9 V, I+ =0.7 nA, and (c)
Vr = —0.7V, It = 0.7 nA. (d) Solid marks are the data obtained
from the line profiles of the STS data in the present study, and
the solid curves are fitted to them. Open symbols and dashed
curves are data from [15]. Inset: Dashed lines are raw data of
the line profiles of standing waves for V4 = —0.7, —0.8, and
—0.9 V. Solid lines are the fit to the raw data with Eq. (4).

4(a) and (b),(c), respectively. One can find, in the
STM image, a step edge and flat terraces having
the v/3 x \/§-Ag structure, while in the STS ima-
ges, the standing waves are observed on the terrace
near the step edge [15,22]. These standing waves
are formed by the electrons in the S; band as there
are no other bands in this energy region according

to the first-principles calculation and inverse pho-
toemission spectroscopy [6,23]. The wave vector
(wavelength) of the LDOS oscillation at each tip
voltage are obtained through fitting the line profile
of the image with

LDOS(x) o exp(—x/1) cos(2kx — 1) 4)

where x is the distance from the step edge, [ is the
decay length, k is the wave number, and 7 is the
reflection phase shift. Several results of the line
profiles with the fitted curves are shown in an inset
of Fig. 4(d). The wave vector (wavelength) clearly
varies with tip bias, and thus, a dispersion curve of
the surface is obtained. Fig. 4(d) is a summary of
the data points acquired by the STS experiments
on different surface regions together with those
reported in the previous STM observations [15].
By fitting a parabola to each series of data, we
obtained an effective mass. The values are similar
between the STM and STS results as given in
Table 1. However, discrepancies were found for
the E, values among the curves as shown in Fig.
4(d). This is due to the tip-induced local band
bending as reported previously [24-26], which
prevents precise determination of an energy posi-
tion in STM/STS observation on a semiconductor
surface at low temperature.

Finally, the m* values obtained from the various
methods in the present and previous researches are
compared. The values listed in Table 1 indicate
that the effective mass of the S; band of the
V3 x \/3-Ag surface is about 0.13m. which are
the results of the 2D fitting of ARPES spectra and
the STS analysis. The values reported in the pre-
vious ARPES studies were larger for EDC [8] or
smaller for MDC [14] than the present result of the
2D fitting. The tendency is well reproduced in our
EDC and ADC analyses as described above. The
difference between the 2D analysis and the EDC/
ADC analyses are about 20%. The effective mass
obtained by the standing wave analysis is, on the
other hand, in good agreement with the 2D fitting.
It is now reasonable to conclude that the EDC and
MDC analyses raise systematic errors in estimat-
ing the effective mass, and that the 2D fitting
method is the most appropriate one.



198 T. Hirahara et al. | Surface Science 563 (2004) 191-198

4. Conclusions

We have performed detailed ARPES and STS
measurements on the band dispersion and Fermi
ring of a metallic surface-state band (S; band) of
the Si(111)v/3 x v/3-Ag surface. The effective
mass of the band was obtained from the ARPES
results with four different procedures of analyzing
EDCs, EDCs including a correction of the Fermi—
Dirac distribution function, ADC(MDC), and 2D
fit. The values were, then, compared to those ob-
tained from the STS observations of electron
standing waves. We found that the effective mass is
(0.13 £0.03)m,, which is obtained by the 2D fit of
ARPES data and STS measurements. We propose
the 2D fitting analysis for obtaining the effective
mass of parabolic bands as the most reliable
method. Since the effective mass is an important
parameter in determining transport phenomena,
the present result is expected to play an important
role in the interpretation of surface conductivity
measurements with sophisticated micro-four-point
probes [27,28]. Using the obtained values of
m* = 0.13m,, n ~ 10'3 cm~? in this experiment and
the measured conductivity of ¢ ~ 10 uS/C1 [29], the
relaxation time t can be estimated to be t ~ 1071 s
from Eq. (2), which is in the same order of mag-
nitude as that for another metallic surface,
Si(111)4x 1-In [1]. The details of the analysis will
be reported elsewhere [29].
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