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Conductivity of the Si(111)7 X7 dangling-bond state
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Conductivity of the metallic dangling-bond state of adatoms on Si(111)7 X7 clean surface was determined
through passivation of the only electrical channel by ~0.1 monolayer Na adsorption. Through systematic
measurements of electron transport and photoemission spectroscopy during the Na deposition, Si(111)7 X7
was found to exhibit a metal-to-insulator transition. The decrease in conductivity through the transition, which
is attributed to the conductivity of the dangling-bond state, was 2—4 u€~! [J~!. The value is smaller than the
two-dimensional Ioffe-Regel limit and the mean-free path is too short to apply the Boltzmann picture.
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I. INTRODUCTION

The topmost layer (surface superstructure) of a semicon-
ductor crystal is an intriguing playground to study low-
dimensional transport phenomena at the atomic scale.'?
However, it has been experimentally difficult to measure
conductivity of only the surface atomic layer and to eliminate
contributions from the subsurface (bulk and space-charge)
layers. The Si(111)7 X7 clean surface has been one of the
most famous surface superstructures that has been chal-
lenged to reveal its electron-transport phenomena by variet-
ies of experimental techniques. The surface is metallic ac-
cording to photoemission spectroscopy, in contrast to the
semiconductor nature of the substrate, and the atomic struc-
ture is described by the dimer-adatom-stacking (DAS) fault
model. At each adatom, there is a partially filled dangling-
bond toward vacuum [Fig. 1(a)].3>"® Such a surface state is
located in the band gap of the bulk bands, so that the surface
state is electronically decoupled from the substrate bulk.
Electron transport through the metallic state (surface-state
conductivity) [Fig. 1(a)] has been the central issue among
researchers for the past two decades, but any consensus has
not been reached yet. Analysis of the electron energy-loss
spectroscopy results’ estimated that the ac conductivity was
in the order of xS/ (10~ Q~!'/J) and a point contact of
scanning tunneling microscope (STM) tip® detected a pos-
sible electrical conductivity of uS/[] at the surface. Later, dc
conductivity measurements were conducted by four-terminal
methods with various probe spacings.’!! These researches
found that the measured conductivities were comparable to
those of the Si substrates (bulk and space-charge layers) al-
though they also deduced that the surface-state conductivity
was in the uS/J range. Some groups have fabricated artifi-
cial insulators by using semiconductor-on-insulator (SOI)
wafers!? or trenches scratched by a STM tip on a surface'? to
acquire enough surface sensitivity. However, these experi-
ments reported quite higher (~100 wS/J) and lower
(~107 uS/0O) conductivities, respectively, than other
transport reports. Figure 1(b) summarizes the sheet conduc-
tivities of the Si(111)7 X7 surface reported by various trans-
port measurement techniques together with their brief expla-
nation.
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Measuring changes in conductivity caused by surface pas-
sivations or surface phase transitions has been one of the
powerful methods to determine the surface conductivity
since it intrinsically eliminates the contribution of bulk lay-
ers from the experimental results completely. The methods
using the surface phase transition by metal adsorption have
succeeded in measuring longitudinal and transverse (Hall)
resistivities of various 2D metallic monolayers on
Si(111).%1%15 Passivations of semiconductor clean surfaces
by active gas, i.e., oxygen, have been conventionally used to
determine surface conductivity.®*1216 Since, however, sur-
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FIG. 1. (Color online) (a) Structure model of Si(111)7 X7 with
an electric channel of the dangling-bond state of adatoms. (b) A
summary of the Si(111)7 X7 sheet conductivity measured at room
temperature by various experiments. The two-dimensional (2D)
Ioffe-Regel limit is also indicated.
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face band bendings are sensitive to conditions of surfaces,
the measured conductivity changes contain contributions
from both of the surface topmost and space-charge layers. In
the case of Si(111)7 X7, the surface oxidization is complex
and, therefore, the induced change in band bending is also
complicated. The previous transport experiments of
Si(111)7 X7 with oxygen exposure have detected change of
surface conductivities but their results were not reproducible
among the literature.®!>1%17 As a consequence, reported con-
ductivities of Si(111)7 X7 have, so far, scattered in the
1073-10? S/ range [Fig. 1(b)].

In the present research, we have adopted a different ap-
proach to this issue of electron transport in Si(111)7 X 7.
Instead of oxygen adsorption, we put very small amount of
sodium on the surface and systematically studied the evolu-
tion of electron transport and electronic structure. By Na
adsorption of ~0.1 monolayer (ML), the metallic surface-
state bands disappeared and the surface band bending shifted
about 60 meV toward the Fermi level. Through this metal-
to-insulator transition, reduction in the conductivity was
measured by four-terminal methods with macroscopic and
microscopic probe spacings, giving the similar values. The
decreased conductivity of 2—4 uS/[J was much larger than
the one estimated for the subsurface layers (space-charge
layers) of a nondoped Si wafer. Therefore, the measured
change corresponded to the conductivity of an electrical
channel of only the metallic dangling-bond state shown in
Fig. 1(a). Despite the various kinds of the band structures of
Si(111)7 X7 reported previously, the measured transport pa-
rameters do not agree with the ones estimated through either
the Drude model or the Boltzmann equation. The electron
transport of a long-period surface phase of Si(111)7 X7
raises a new intriguing issue in two-dimensional transport
phenomena.

II. EXPERIMENTS

The electronic structure was studied by angle-resolved
photoemission spectroscopy with unpolarized He /a radia-
tion and an electron spectrometer (Scienta SES-100) with an
energy resolution of about 35 meV.'* Electrical conductivity
was measured in situ in two separate chambers by four-
terminal methods with linearly aligned four probes of mac-
roscopic and microscopic probe spacings.”! Details of the
two experimental systems are described in Sec. III. The elec-
trical resistance R was determined from the slope of linear
current-voltage curves that were obtained by sweeping the
current / flowing between the outer pair of probes and mea-
suring the voltage drop AV between the inner pair of probes,
R=d(AV)/dlI. A clean Si(111)7 X7 surface was prepared on
an n-type (1-10 Q cm) or a p-type (3900—-6400 () cm)
Si(111) wafer by a cycle of resistive heat treatments. The
high-resistivity p-type Si sample corresponds typically to a
nondoped one. The quality and cleanliness of Si(111)7 X7
was ascertained in situ by a sharp pattern of reflection high-
energy electron diffraction and strong surface-state signals in
the valence-band photoemission spectra. Sodium atoms were
evaporated by using commercial SAES-getter sources which
were thoroughly outgassed to minimize any impurity effects.
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FIG. 2. (Color online) (a) Na-coverage dependence of normal-
emission photoelectron spectra. (b) Work-function change with Na
coverage, measured by the cutoff in photoemission spectra. Two
stages of the initial Na adsorption (less than 0.2 ML) are classified
at ~0.08 ML. [(c) and (d)] Band dispersion diagrams at the T point
for (c¢) clean Si(111)7 X7 and (d) 0.12 ML Na-covered surfaces.

The Na coverage was calibrated by work-function change

and appearance of various surface ordered phases on
Si(111).1418-21

III. RESULTS AND DISCUSSION

Figure 2(a) shows a series of normal photoemission spec-
tra with different Na coverage. The S, state at Fermi level
(Ep) and S, state at a binding energy (E,) of ~1 eV corre-
spond to the dangling-bond states of adatoms and rest atoms
on Si(111)7 X7, respectively, while the b state at E,
~2 eV is assigned to the bulk Si state.>>??> As the Na atoms
adsorbed up to 0.12 ML, S; and S, peaks disappeared and the
N, state appeared instead at E,~0.3 eV. The spectral
change was found at the first (I) stage (less than 0.08 ML) of
the Na growth classified by the reported discontinuous
change in work function.'®!” According to the previous STM
report, 2D Na gas was formed without destroying the 7 X7
surface at this coverage.'® As shown in Fig. 2(b), we have
also traced the same work-function change as in the previous
reports.'®1° Figures 2(c) and 2(d) show experimental band

diagrams at the T point for (c) clean and (d) 0.12 ML Na-
covered surfaces. In contrast to observation of a metallic
surface (S;) in Fig. 2(c), there is only an insulating state (N;)
in Fig. 2(d). Therefore, at stage I of adsorption, the surface
exhibits the Na-induced metal-to-insulator transition, which
was also confirmed by the previous photoemission spectros-
copy study.'” On the other hand, the present high-resolution
photoemission spectroscopy found that energy position of
the bulk state b shifted about 60 meV toward E. through the
I stage [Fig. 2(a)]. The photoemission results in Fig. 2 were
measured with the n-type (1-10 € cm) Si wafer. The same
band-bending change was also confirmed by photoemission
spectroscopy for the p-type (3900-6400 () cm). It is noted
that such independence of band-bending change by doping
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levels of bulk semiconductors is known as “Fermi-level
pinning.”>? These electronic evidences indicate that ~0.1
ML 2D Na gas completely eliminates metallic surface states
of Si(111)7X7 and makes band-bending change of
~60 meV beneath the surface. Therefore, in order to find a
proper relation between the change in electrical resistance
and elimination of the metallic dangling-bond state at the I
stage, conductivity changes in space-charge layers need to be
estimated for the sample Si wafers.

In the present research, transport measurements were per-
formed at room temperature by four-terminal method in two
different ultrahigh-vacuum (UHV) systems. One was com-
posed of separate preparation and measurement chambers.
As shown in Fig. 3(a), prior to conductivity measurements,
Na atoms were deposited on Si(111)7 X7 at room tempera-
ture in a preparation chamber. Then, the sample was trans-
ferred under UHV condition to the measurement chamber in
which a monolithic micro-four-point probe (probe spacing:
20 wm) was set. The microscopic method has high surface
sensitivity and it has succeeded in measuring conductivities
of one-dimensional and two-dimensional metallic surface
structures.'?*-27 As shown in Figs. 3(b) and 3(c), slopes of
linear current-voltage curves obviously become larger with
Na coverage. Namely, surface resistance (conductance)
increases (decreases) by Na deposition on the clean
Si(111)7 X 7 surface.

The other transport measurement system was a single
UHV chamber equipped with four probes of macroscopic
(~10 mm) spacing on a sample surface.>!! In contrast to the

microscopic method, the distance between the probes was
long enough to enable conductivity measurement during the
Na deposition as shown in Fig. 3(d). Since the macroscopic
measurement is sensitive to the bulk conduction, the current-
voltage curves show little dependence to the Na coverage, as
shown in Fig. 3(f). However, by a close look of voltage
drops at current of 300 uA, one can recognize systematic
change with Na coverage: the voltage drop becomes large
with Na deposition [Fig. 3(e)]. This also indicates an in-
crease in surface resistance by Na adsorption on the clean
Si(111) surface.

Figure 4 shows the change in conductivity by Na deposi-
tion on the Si(111)7 X 7 surface. For the microscopic four-
point probe method, the change in sheet conductivity Ao icro
is expressed as!

AO-micro = Omicro ~ Omicro0» (1)
ST .
™ Rmicro RmicroO ’

where o icro0 (Rmicroo) 18 the conductivity (resistance) before
the Na deposition. As shown in Fig. 4, the average conduc-
tivity decreases and, by the completion of the Na growth
stage of I, 0., has reduced by about 3 wS/L[].

While the sample size was infinitively larger than the
probe spacing in the microscopic 4PP experiment, it was
comparable to the probe spacing in the macroscopic arrange-
ment. The difference leads to distinctive solutions of the
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FIG. 4. (Color online) Change in conductivity by Na deposition
on Si(111)7X7 measured by four-point probe method with the
macroscopic and microscopic (micro)probe spacings. The changes
were referred from the conductivity of initial Si(111)7 X7 mea-
sured by individual methods. An arrow in the figure indicates open-
ing of the Na source shutter in the macroexperiment. Typical curves
of continuously measured conductivity by the macromethod are
plotted as blue circles (p type, 3900—6400 ) m), while data points
of average conductivity values taken stepwisely by the mi-
cromethod are shown by red triangles pointing up (p type,
3900-6400 Q m) or down (n type, 1-10 ) m). The error bars are
also indicated.

Poisson equation. The electrical resistance (R,,.,), mea-
sured by the macroscopic four-terminal method, is converted
to the change in sheet conductivity Ao, through the
relation'?

AUmacro = a-macro - O-macroo» (3)

) “
w Rmacro RmacroO .

where L and W are the length (9.1 mm) and width (3.8 mm)
of the measured surface area and 0,,cr00 (Rmacroo) 18 the con-
ductivity (resistance) before the Na deposition. As shown in
Fig. 4, the conductivity decreases monotonically and, by the
completion of Na adsorption of stage I, 0,,., has reduced
also by ~3 uS/0. It is noted that a number of data points in
Fig. 4 are quite different between the two measurements due
to different experimental procedures, as described above.
Despite the distinctive characters of two independent experi-
mental methods, the measured conductivity changes were
consistent with each other. Therefore, it is clear that the sur-
face conductivity reduced several uS/[] by the completion
of the Na adsorption of stage I. Since the phenomenon is a
surface event, the conductivity change can be attributed to
the layers near the surface, namely, the superstructure
Si(111)7 X7 and the space-charge layer. As shown in Fig. 2,
bulk bands at the subsurface bended 60 meV toward
Er through the surface transition. Then the associated con-
ductivity change in the space-charge layer is estimated as’
-3.1 to —=1.2 uS for an n-type Si wafer (1-10  cm)
and -0.089--0.15 uS for a p-type Si wafer
(3900-6400 Q cm). Therefore, the conductivity decrease in
Figs. 3 and 4 could be explained in terms of a change in
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space-charge layers for the moderately doped n-type Si wa-
fer but not for the “nondoped” p-type Si wafer. As previously
reported and as described in Fig. 2, the stage I corresponds to
formation of the 2D Na gas on Si(111)7 X7 and it induces
the metal-to-insulator transition. Therefore, the decrease in
the conductivity is due to interruption of the electrical chan-
nel of the metallic surface state (S;). Namely, from the
present experiment, we can say that the conductivity of me-
tallic dangling-bond state is ~3 uS at room temperature.

For a comparison, sheet conductivity of the present and
previous transport experiments is listed in Fig. 1(b). Conduc-
tivities determined by experiments with intact Si(111)
samples range from 0.5 to 30 uS and our results also found
in the same region. Conductivity measurements on the clean
and oxygen-covered Si(111)7 X7 surfaces show quite large
uncertainty due to entangling nature of surface, bulk, and
space-charge-layer conductivity in Si(111)7 X 7, as described
above. On the other hand, the metal-to-insulator transition,
induced by very small amount of Na deposition, did not de-
stroy the 7 X7 surface structure and it disturbed selectively
the channel through the metallic dangling-bond state. As a
consequence, the present procedure succeeded in narrowing
the range of dc conductivity, 2—4 uS at room temperature,
of the Si(111)7 X 7 surface state.

In Fig. 1(b), sheet conductivity of the Ioffe-Regel (IR)
limit for the two-dimensional case is indicated: o
=e?/h(kgl)=e*/h(1)=39 uS, where ky and [ are Fermi wave
number and carrier mean-free path, respectively. In two di-
mensions, electron transport is in metallic conduction regime
when conductivity is much larger than or=39 uS, while it
is in hopping or strong localization regime when it is smaller.
Therefore, it seems that the surface-state conductivity of the
Si(111)7 X7 surface is below the 2D Ioffe-Regel limit and
the transport is in strong localization regime. However, the
conclusion should be reached after examining the detailed
surface band structure of Si(111)7 X 7.

Concerning the band structure for the dangling-bond state,
several types of dispersion curves near the Fermi level have,
so far, been reported.>* Photoemission experiments on
Si(111)7 X7 revealed a single band of free-electron-like
type’ or dressed one.* On the other hand, two bands at E
and one fully occupied band were found from local-density
approximation (LDA) calculations of the surface with in-
cluding correlation effects among electrons in dangling-bond

adatom states.® The band dispersions along the I'-M line are
shown in Fig. 5(a). According to the DAS model, 19 elec-
trons are divided into the dangling-bond state of adatoms, a
rest-atom state, and a corner-hole-atom state. The calcula-
tions found that bands of rest-atom and corner-hole-atom
states were fully occupied by 12 and 2 electrons, respec-
tively, and the dangling-bond bands were filled with remnant
five electrons. As shown in Fig. 5(a), one band (1) was fully
occupied and two bands (2 and 3) at E, were partially filled
with three electrons, making the Si(111)7 X7 surface
metallic.’ On the other hand, it is not easy to understand a
relation between a number of surface electrons and a single
metallic band. The photoemission researches have also
pointed out the issue and proposed possible existence of
more than one adatom band near Ep.>*
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FIG. 5. (Color online) (a) Band dispersion curves of the dangling-bond state of the Si(111)7 X 7 along the I'-M line (Refs. 3, 4, and 6).
A free-electron-like band was reported from photoemission experiment (a broken line) and flat bands (bands 1-3) from a theoretical
calculation (solid lines). Dispersion of a dressed band was given by straight (green) lines determined from the reported Fermi vector and
Fermi velocity. Fermi wave vectors kp_freer kp-dresss a0d Kp_pang 2 are indicated by two arrows. (b) Group velocities v calculated from the bands
in (a). Fermi velocities of free-electron-like band, dressed band, and band 2 at the corresponding Fermi vectors are indicated by vp_gree,

UF_dress» and Up_pang 2. Tespectively.

Let us discuss a relation between the transport property
and electronic structure of the Si(111)7 X 7 surface. The IR
limit in Fig. 1(b), which has been used to distinguish be-
tween band and hopping conductions in 2D metals, was de-
rived from a free-electron-like band. As shown in Fig. 5(a),
some of the reported band dispersions of Si(111)7 X7 were
non-free-electron-like, indicating breakdown of the Drude
model. Therefore, arguments that have been adopted in the
previous transport researches, shown in Fig. 1, should be
reconsidered. Here, we estimated transport parameters of the
cases by the 2D Boltzmann equation and compared with the
experimental results. Assuming a constant relaxation time 7
=17(k) irrespective of electron wave vector Kk, the 2D conduc-
tivity and Fermi surface are given as follows based on the
Boltzmann equation:'4

_Léf
TiTo2 g

where kp and v,;=(1/1)(JE/Jk;) are the Fermi wave vector
and Fermi velocity along i(=x,y) direction, respectively. The
integral is done on the Fermi surface. Since some reported

Ukivk!'dkF 5

band dispersion curves were given along the T'-M line,>® we
could only substitute the group velocity along this axis as v
in Eq. (5) for the comparison. The velocity (v), calculated
from the bands in Fig. 5(a), are given in Fig. 5(b). At the
Fermi wave number of kp .=0.13 A~', the Fermi velocity
iS Upee=6.7X10° m/s for the free-electron-like

while  kppug 2=0.23 A" and Vg 2=0.53
X 10° m/s for the flat band 2. It is worthy to note that the
Fermi wave numbers are defined in the extended-zone
scheme. Concerning the dressed band, it was reported
Vp.gress=3 X 10° m/s at kp g =0.13 A~'.# Using these band
parameters and the experimental conductivity, relaxation

UF-free

band,

time and mean-free paths are obtained by inserting them into
Eq. (5). For the conductivity values of ~3x107% Q-! I~
obtained by the present experiments, relaxation time was 0.9,
6, and 2 X 107! s, while the mean-free paths were 0.6, 0.3,
and 0.6 A for band types of free electron, band 2, and
dressed, respectively. The obtained paths are much smaller
than the size of the 7 X 7 unit cell (~30 A) and even than a
size of an atom, indicating collapse of the Boltzmann picture.

One can also compare the relaxation time by assuming
that 7is determined by electron-phonon interaction since our
results were at room temperature, which is higher than sur-
face Debye temperature of Si(111)7X7 (Tp=290 K).”®
Then, 7is given by 7~ 7,.,,=%/27\kgT at high-temperature
limit (T>Tp/3).% The dimensionless constant (the mass-
enhancement factor) N represents the strength of the
electron-phonon interaction. From the previous temperature-
dependent photoemission experiment, X is A=1.06 for the
Si(111)7 X7 surface.* Therefore, the relaxation time at T
=300 Kis 7=3.8X 10713 s. The relaxation time obtained by
the transport measurements through the Boltzmann equation
was 1 order of magnitude shorter than the scattering time of
electron-phonon interactions. This also indicates failure of a
simple picture of metallic band conduction.

These results for transport parameters are similar to the
case of Si(557)-Au (Ref. 29) but the previous researches
have critical distinctions from the present one. Compared to
the defect-rich surface of Si(557)-Au, the Si(111)7 X7 sur-
face is almost defect free as directly observed by various
microscopies. A lack of impurities of scatterers implies that
the system is not simply in hopping conduction or strong
localization regime. A combination of a long period of the
7 X7 reconstruction (~30 A) and a surface mean-free path
at room temperature (several tens to hundreds of
angstroms)'?> raises a new intriguing issue in two-
dimensional transport phenomena. An effect of electron lo-
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calization or quantum interference is likely needed in the
consideration. Furthermore, electron correlation effects asso-
ciated with the dangling-bond states may also play a crucial
role in linking between spectroscopy and transport data. It
has also been reported that Si(111)7 X7 is likely a surface
close to a Mott-Hubbard metal-insulator transition.33! Ac-
curate determination of the detailed adatom-state band struc-
ture as well as theoretical estimations of the conductance by
much sophisticated model such as the Kubo formula is
highly requested.

IV. CONCLUSIONS

In summary, we systematically studied electron transport
and electronic structure for the metal-to-insulator transition

PHYSICAL REVIEW B 79, 035318 (2009)

induced by ~0.1 ML Na adsorption on Si(111)7 X7 at room
temperature. Through measurements during the passivation,
conductivity of the metallic dangling-bond state was deter-
mined. The value was (2—4) X 107® Q~! !, which indi-
cated failures of the Drude and Boltzmann models to explain
the transport phenomena.
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