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Electron Conduction through Surface States of the Si(111)-(7 3 7) Surface
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Electronic properties of the Sis111d-s7 3 7d surface are evaluated by scanning tunneling microscopy/
spectroscopy (STM/STS) using artificially fabricated insulating trenches. When the surface is
surrounded by a closed trench, the effect of the Schottky barrier naturally formed between the surfac
states and the bulk states is observed by STM. When a half-closed tape-shaped structure surrounded
the trench is fabricated, the current path is dominated by that through surface states. Its conductivity
estimated by measuring the voltage drop along the structure. [S0031-9007(98)06730-1]

PACS numbers: 73.20.At, 61.16.Ch, 73.25.+ i, 73.30.+y
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For the downscaling of electronic devices, investiga
ing surface electronic properties is of great importanc
because the surface effects become larger as their sc
becomes smaller. Electron transport through surfa
states has long been investigated [1]. The surface-st
conductivity of a Si(111) cleaved surface was estimate
first by Aspnes and Handler from measurement of th
sample conductance, and the reported value was n
ligibly small [2]. Later, Persson deduced the surfac
resistivity of Sis111d-s7 3 7d using electron-energy-loss
spectroscopy (EELS) data [3]. In the last ten year
the surface states of metals and semiconductors ha
been studied using scanning tunneling microscopy/spe
troscopy (STM/STS) [4]. Hasegawaet al. reported the
electron standing waves observed on the surface steps
Au(111) due to scattering of the surface-state electro
at the step edges [5]. Eigleret al. observed surface-state
standing waves confined in an artificially fabricated quan
tum corral on a Cu(111) surface [6]. The conductance
a Sis111d-s7 3 7d surface was estimated from nanoscal
point contact of the STM tip on the surface by Hasegaw
et al. [7]. However, electron conduction through surfac
states has not yet been detected directly by experiment

In this Letter, we used the surface modification tech
nique [8] to fabricate trench patterns and investigated t
electronic properties of the Sis111d-s7 3 7d surface using
a current flowing between the STM tip and the surfac
A semiconductive band gap was observed by STS in t
trench region, which means that the current path throu
metallic surface states is cut by the trench. We found th
the direct current path from the surface states to the bu
states was hindered at a positive sample bias. Thus
could control the current path of surface-state conductio
by forming designed insulating trenches. We measur
the voltage drop generated by the surface current alo
a tape structure and estimated the conductivity throu
the surface states of the Sis111d-s7 3 7d surface for the
first time.

The STM used in this study is a homemade syste
in an ultra-high-vacuum (UHV) chamber with a bas
0031-9007y98y81(4)y890(4)$15.00
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pressure of7 3 10211 Torr. An n-type 0.005-V cm
Si(111) sample was outgassed at 700±C overnight and
was annealed at 1250±C for 5 s to obtain a Sis111d-s7 3

7d surface. All these procedures were performed
a sample preparation chamber with a pressure in
low 10210-Torr range. Probe tips were prepared b
electrochemical etching of tungsten wires and heating
electron bombardment in UHV. All the trench pattern
were formed by moving the tip along the surface at
constant tunneling current of 100 to 300 nA and a sam
bias of23.0 V [8].

Figures 1(a) and 1(b) show STM images of a 10
nm-diam circular trench pattern observed at a current
1.0 nA and at sample bias voltages of22.0 and12.0 V,
respectively. The corresponding cross-sectional vie
along the dashed lines are also shown. For the clo
trench pattern, the inside region was observed 0.02
lower than the outside region for negative bias and 0.08
lower for positive bias. The apparent height change
more remarkable at a positive voltage, for a lower samp
bias, and for a larger tunneling current. This tenden
indicates that the height changes are not attributed t
structural change. A similar effect has been observ
inside an insulating DNA loop due to a lowering o
conductance [9]. The present phenomenon can also
explained similarly, but a simple conductance drop d
to the trench cannot explain the asymmetric behavior
the STM observation, as will be discussed later. The m
plausible explanation is based on the Schottky barrier (S
naturally formed between the surface states and the bulk
shown in Fig. 1(c). The surface Fermi level is pinned b
the dangling-bond states on the surface, and band bend
at the subsurface region [10] results in SB formation.

The electronic structure of the trench itself was inves
gated by STS. A clear band gap of approximately 1.4 e
is observed for the trench region [Fig. 1(d)], which ind
cates that no surface state exists on the trench. The d
gling bonds generated after removal of Si atoms [11] mu
be passivated by other atoms, e.g., oxygen, hydrogen,
others. At this stage, the surface modification mechani
© 1998 The American Physical Society
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FIG. 1. STM images of a 100-nm-diam circle pattern ob
served at sample bias voltages of (a)22.0 V and (b) 12.0 V
and at a tunneling current of 1 nA, and the correspondi
cross-sectional views. The surface inside the circle is observ
0.02 nm lower in (a) and 0.08 nm lower in (b) than the outsid
region. (c) A schematic energy band diagram of the natu
Schottky barrier between the surface states and the bulk sta
Tunneling spectra (d) on the trench, (e) outside the pattern, a
(f ) inside the pattern were measured. The tunneling gap w
stabilized at22.0 V and 1.0 nA. No surface states exist on th
trench region. The empty-state electronic structure is shift
towards higher energy inside the circle.

and the structure of the trench region are not clear a
will be discussed elsewhere. The spectrum of the surfa
outside the circle [Fig. 1(e)] shows a typical electron
structure of a Sis111d-s7 3 7d dimer-adatom–stacking-
fault (DAS) structure [12]. It shows three clear peak
corresponding to the occupied and unoccupied states
adatoms and the occupied state of rest atoms [13]. T
electronic structure inside the circle above Fermi ener
sEFd appears to be shifted towards higher energy, wh
the spectrum belowEF is almost the same as that of th
outside region [Fig. 1(f)]. A gaplike structure also ap
pears fromEF to 0.5 eV. This tunneling spectra showing
rectifying characteristics can be understood by the SB fo
mation between the surface states and the bulk.

When the SB is reverse biased at a positive voltag
the thermionic current [14] through the SB is negligibl
small. At a negative sample bias, the resistance across
surface-bulk interface is relatively small because the S
is forward biased. In addition to the thermionic curren
there are two current leakage paths from the surfa
states to the bulk (the corresponding resistance is defin
-
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here as a leakage resistanceRleak). One is the current
through the trench due to the finite resistance of the tren
region. The other is the current through the surface-bu
interface including a tunneling current through the S
and a ballistic current originating from electrons injecte
by the tip [15]. Consequently, the current through thes
leakage paths generates a voltage between the surf
inside the circle and the bulk, which lowers the effectiv
sample bias inside the circle. As a result, the tip-surfa
distance becomes smaller to keep the current constant,
the apparent height inside the circle is reduced in the ST
images.

When the tip is outside the trench at a positive bia
voltage, the tunneling electrons scattered at the surfac
bulk interface [16] can travel along the surface-state lay
which spreads infinitely along the surface outside th
trench. The electrons eventually leak into the bulk b
the leakage path through the surface-bulk interface. S
the total resistance for the electrons before reaching t
bulk is low and the voltage drop is negligible. The patter
size determines the resistance through the surface-b
interface, and the trench length determines the resistan
through the trench. Thus the effects of the SB basical
become smaller with increasing pattern size. As a resu
no height change was observed inside a pattern which w
100 times larger than the circle in Fig. 1. Preliminar
results forp-type samples were consistent with the SB
model: larger height change for negative sample biases
this case, although it was not as clear as then-type sample.

The tip-surface separation is determined as a functi
of the sample bias at a constant current, which mea
that the effective sample bias can be evaluated from t
vertical tip position. For this purpose, bias dependenc
of the tip position (Z-V curves) were measured for the
surface both inside and outside the circle shown in Fig.
Figure 2(a) shows theZ-V curves at a tunneling current
of 1.0 nA. At positive sample bias, the tip approached th
surface by approximately 0.3 nm outside the circle with
bias change from12.0 to 10.5 V. On the other hand,
the tip inside the circle was displaced by 0.5 nm, an
the Z-V curve became steeper. From these curves, t
voltage drop can be derived by converting height chan
to voltage drop. An example for the case of a sample bi
of 1.5 V is shown in Fig. 2(a).

The equivalent electric circuit for the circle is shown
in the inset of Fig. 2(a), whereRtunnel is the tunneling
resistance between the tip and the surface states and
thermionic current path of the SB is shown by a diode sym
bol. In the current-leakage model mentioned above, t
voltage drop at a positive sample bias is given by the lea
age resistanceRleak multiplied by the tunneling current.
The bias dependence of the voltage drop [Fig. 2(b)] show
that the voltage drop is almost constant at0.47 6 0.02 V,
which corresponds to the reverse bias for the SB as sho
in the schematic energy band diagrams in Fig. 2(b). F
the case of this particular circle trench,Rleak is calculated
as 4.7 3 108 V, which is much smaller than that of the
891
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FIG. 2. (a)Z-V characteristics inside and outside the patte
at a constant current of 1.0 nA and (b) bias-voltage depende
of voltage drop of the inside region. The voltage drop
almost constant especially at positive bias. The equivale
circuit is shown in the inset of (a). Energy band diagram
are schematically shown in (b).

Schottky junction as a reversed bias of 0.5 Vs1011 Vd
assuming a typical SB height of 0.55 eV. At a negativ
sample bias, the voltage drop again shows an almost c
stant value of approximately 0.2 V [Fig. 2(b)], althoug
it slightly decreases with increasing sample bias. Fro
this value, the total resistance between the surface ins
the circle and the bulk is calculated to be approximate
2 3 108 V. It is in good agreement with the combine
resistance ofRleak and the SB resistance at a forward bia
of 0.2 V (108-V range). These results show the validit
of the current-leakage model for both the forward and r
verse bias.

To investigate the leakage current paths when the SB
reverse biased, nested rectangular patterns of230 nm 3

330 nm and100 nm 3 140 nm were made. The voltage
drop in the doubly surrounded region was approximate
twice that in the singly surrounded region. This indicate
that the current leak through the trench is dominating t
Rleak.

The validity of the SB model can be reexamined he
briefly based on the observed voltage drop, although
details will be discussed elsewhere [17]. The polari
dependence of the STM observation would be explain
by the asymmetry in the electronic structures of the tip a
the sample. However, theZ-V characteristics [Fig. 2(a)]
already include the effects of the electronic structures, a
nevertheless the voltage drop is almost constant exc
for the difference between negative and positive bias
Therefore, the asymmetry in the STM observation
Fig. 1 between occupied and unoccupied states sho
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be attributed to the asymmetry in the interface resistan
between positive and negative sample biases. This is
major reason why we argue the SB model.

The insulating trench can be used to restrict the c
rent leakage path. A tape structure, 18 nm in width a
390 nm in length, was fabricated by surrounding the su
face with 20-nm-wide trenches. Figure 3(a) shows
STM image of the tape structure observed at a sam
bias of22.0 V. Although the apparent height of the tap
structure is 0.06 nm lower than the rest of the surface
does not depend on the position. The result for a po
tive bias of 2.0 V is shown in Fig. 3(b). The apparen
height of the surface becomes lower as the STM tip a
proaches the closed end of the structure, and the he
change is saturated at approximately 0.2 nm. UsingZ-V
characteristics, the voltage drop along the tape struct
is obtained as a function of lateral position [Fig. 3(c)
To estimate the surface conductivity, we used a simp
circuit model for the tape structure, consisting of a r
sistanceRS uniformly distributed in one dimension along
the surface states, a leakage resistanceRL uniformly dis-
tributed between the surface states and the bulk, an
leakage resistanceRT between the closed end and th
bulk. An equivalent circuit diagram is shown in the inse
of Fig. 3(c), in whichRS andRL are the total resistances
Since the current across the structure is negligible co
pared with the current along it, a one-dimensional mod

FIG. 3. Filled and empty STM images of tape structu
observed at (a)22.0 V and (b) 12.0 V. (c) Voltage drop
along the tape structure for positive-bias observation deriv
from Z-V characteristics. The solid line is a calculated curv
fitted to the experimental data using the electrical circuit mod
shown in the inset.
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was adopted for this structure. The voltage drop can
calculated as a function of lateral position along the ta
structure, at which the STM tip supplies a constant tunn
ing current. By adjusting these three parametersRS, RL,
andRT , the function was fitted to the experiment, and th
resulting curve is shown in Fig. 3(c). The obtained res
tances areRS  2.5 3 109 V, RL  4.6 3 108 V, and
RT  1.5 3 109 V. The surface-state sheet conductivit
estimated fromRS is 8.7 3 1029 V21h.

A couple of works have been reported on conducti
through surface states of Sis111d-s7 3 7d. Using EELS
data from Perssonet al. [18] and Stroscioet al. [19]
the surface-state conductivity was deduced to be in
1025-V21h range [3]. However, because the conducti
ity obtained by EELS is an ac conductivity, it may no
be simply compared with our results. With point-conta
measurement, Hasegawaet al. [7] reported a surface con-
ductance in the1026-V21 range. Using the surface con
ductivity we obtained above and considering the curre
path through the surface-bulk interface, the point-conta
conductance is estimated to be in the1028 to 1027-V27

range. Since they measured the conduction through
whole surface by pushing the tip into the surface, the me
sured value may include the conduction through the bu
especially through the space-charge layer.

Hasegawaet al. [20] measured the surface conductivit
of Sis111d-s7 3 7d by the four-probe method. During
metal deposition, the conductivity increased by1025 to
1024 V21h, which was attributed to the change of spac
charge layer due to Fermi-level pinning. However, th
conductivity of the clean surface was comparable to th
of bulk, which indicates that the surface-state conductiv
is negligibly small. Thus we can say that the surfac
state conductivity should be much smaller than th
through the space-charge layer. Photoemission spe
[21] and our tunneling spectra indicate that the surfac
state bands originating from dangling bonds are qu
narrow, suggesting the low conductivity due to the lo
mobility of the carriers in surface states.

There are two conceivable origins of the low mobility
the localization of carriers in the vicinity of the danglin
bonds and the localization within the half unit cell of th
s7 3 7d structure. In the DAS model [12], the half uni
cell consists of nine dangling bonds of adatoms and r
atoms. First-principles calculation for a Sis111d-s7 3 7d
surface showed a high density of electronic states o
in the vicinity of dangling bonds near the Fermi energ
[22], which suggests the possibility of charge localizatio
around dangling bonds. Although the local density
states is relatively high within half unit cells, each ha
cell is separated by 0.66-nm-wide grooves includin
three dimers without dangling bonds. Therefore, electro
in dangling-bond states may be localized within th
half cells. If we assume tunneling junctions for th
current path between adjoining half cells and evalua
its value based on the first-principles calculation of th
be
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correlation between the tunneling current and the tip
surface distance [23], the sheet conductivity is estimat
to be in the 1028-V21h range, which is comparable
to our result. For a more precise estimation, howeve
theoretical calculations of the conductance within an
between half cells are necessary. A detailed analysis w
be published elsewhere [17].

In conclusion, the effects of the natural SB between th
surface states and the bulk states of the Sis111d-s7 3 7d
surface were directly observed using an STM surfac
modification technique. When a surface was surround
by insulating trenches, effective sample bias was reduc
inside the pattern due to a high resistance of the rever
biased SB. Results of tunneling spectroscopy indicat
rectifying characteristics inside the pattern. By measurin
the voltage drop along a fabricated tape structure, t
surface-state conductivity was evaluated to be8.7 3

1029 V21h, which is orders of magnitude lower than
those reported previously.
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