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The unoccupiedpp surface band of the Sis001d-cs4 3 2d surface has been determined from standing-
wave patterns using low-temperature scanning tunneling microscopy. A straight chain of Al ad-dimers,
formed by deposition at room temperature, works as a one-dimensional (1D) barrier that scatters the
surface-state electrons. The standing waves have been observed along Si dimer rows in a sample
voltage range of 0.9–1.3 V atT  63 K. The relationship between their wavelengths and the sample
voltages gives the dispersion relation of thepp surface band. The height and width of the potential
barrier have been estimated according to the 1D Schrödinger equation. [S0031-9007(98)07398-0]
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The electronic structures of material surfaces play a
important role in determining the surface properties, suc
as chemical reactions, catalysis, and epitaxy. The su
face band structures have been studied extensively w
angle-resolved photoelectron spectroscopy (ARPES) a
inverse photoemission spectroscopy (IPES). In rece
years, scanning tunneling microscopy (STM) and spe
troscopy (STS) have provided a unique opportunity t
study the local electronic properties of both occupied an
unoccupied surface states, with atomic resolution [1]. I
addition, STM has demonstrated direct imaging of elec
tron standing waves on metal surfaces, which result fro
scattering of nearly free electrons in the surface stat
at steps, defects, and adsorbates [2–9]. The stand
waves have given important information about the dispe
sion relation of surface states [2–5], as well as about th
electron-scattering process at a potential barrier [2,3].
particular, it is of great interest that analysis of the stand
ing waves has succeeded in determining surface disp
sions with almost the same accuracy of ARPES or IPE
methods, although these observations have been done o
for the noble metal surfaces [2–5].

In this Letter, we focus on the surface states of th
Sis001d-cs4 3 2d surface that is the most important sur-
face for semiconductor devices. Thecs4 3 2d reconstruc-
tion results from the antiphase ordering of buckled dimer
which is transformed to the2 3 1 structure above around
200 K, due to the flip-flop motion of the buckled dimers
[10]. The Si(001) surface has occupiedp and unoccu-
piedpp surface states in the bulk band gap, both of whic
originate from dangling bonds of the buckled dimers
The occupiedp surface bands (p1, p2) of the cs4 3 2d
surface have been fully investigated by ARPES atT 
120 K [11], in accordance satisfactorily with the calcu-
lation results [12–14]. Experiments on the unoccupie
pp surface bands (p

p
1 , p

p
2 ) of the cs4 3 2d surface have

not been reported, although an IPES study for the roo
temperature2 3 1 surface has revealed two dispersion
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branches that might be related to localps2 3 2d and/or
cs4 3 2d periodicities [15]. Here we report the dispersio
relation of thepp surface states of the Sis001d-cs4 3 2d
surface derived from the standing-wave patterns in ST
images atT  63 K. A straight chain of Al dimers
formed on the Si(001) surface is used as a poten
barrier for the electron waves in the surface states.
unoccupied-state STM images, the standing-wave patte
have been observed in the direction parallel to the
dimer row. The dispersion relation obtained from th
sample voltage dependence of the wavelength acco
well with that for thep

p
1 surface band which has bee

theoretically derived [12–14]. In addition, by quantita
tively comparing the STM data to the one-dimension
scattering model, we estimate that the Al chain works
the impenetrable hard wall potential of 0.43-nm width fo
thepp state electrons.

The experiments were performed with a low
temperature STM in an ultrahigh-vacuum chamb
with a base pressure less than2 3 1029 Pa [10]. The
p-type Si(001) sample (B doped with0.01 0.02 V cm)
was cut from a commercial wafer stock. The sample w
cleaned by flashing at 1450 K after being degassed
20 h at 850 K, and slowly cooled to room temperatu
(3 Kys). A small amount of Al (about 0.05 monolayer
was deposited on the room-temperature surface from
heated tungsten filament. The sample was then transfe
to the low-temperature STM stage. The STM imag
were acquired in a constant-current mode of 100 pA
T  63 K.

Figure 1(a) shows a STM image of a sample surfa
at T  63 K. Aluminum was arranged in a long straigh
line perpendicular to the dimer row of the Si(001) surfac
The surface exhibits thecs4 3 2d structure, whereas the
2 3 1 domains have also been observed near the stra
line of Al even atT  63 K. Referring to the theoretical
and experimental studies on the Si(001)-Al surface [1
18], the straight line in Fig. 1(a) is composed of A
© 1998 The American Physical Society 3423
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FIG. 1. (a) STM image and (b) schematic top view of
Si(001)-Al surface. The STM image extends over11.3 3
6.2 nm2 taken atT  63 K andVs  1.2 V. The Al ad-dimers
are arranged in a straight line perpendicular to the Si dim
row, whereas the Al ad-dimers run parallel to the underlyin
Si-Si dimer bonds. As denoted by arrows in (a) and (b), th
bright protrusion in the Al chain corresponds to an Al ad-dim
located between the Si dimer rows. (c) The perspective vie
of the STM image atVs  1.2 V. The straight Al chain exists
at the center of the image. Standing-wave patterns along the
dimer rows are shown on the left- and right-hand sides of t
Al chain. The dominant peaks appear periodic, with a spaci
of 1.8 nm, and are damped away from the Al chain.

ad-dimers, as schematically shown in Fig. 1(b). In th
unoccupied STM image, the bright protrusion correspon
to an Al ad-dimer, located between Si dimer rows witho
the disruption of the underlying Si-Si dimer bonds. Th
model suggests that the Al ad-dimer strongly interac
with the dangling-bond states of the underlying Si dime
3424
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to form local bonds. The interaction breaks the surface
state bands for electrons propagating in the dimer-ro
direction. Thus, the straight chain of the Al ad-dimer
may act as a one-dimensional (1D) potential barrie
for the electrons in the occupied and/or unoccupie
surface bands. The Al dimer chain scatters the surfac
state electrons, and the quantum interference betwe
the incoming and outgoing electron waves results in th
standing-wave formation on the Sis001d-cs4 3 2d surface.

Figure 1(c) shows the perspective view of the STM
image atVs  1.2 V. On the left- and right-hand sides
of the Al dimer chain, the spatial oscillations are show
in the direction of the Si dimer row. The oscillation is
uniform in the direction parallel to the Al dimer chain,
while it is damped away from the chain. Although the
oscillation is not simple sinusoidal, the dominant peak
appear periodic, with a spacing of 1.8 nm. Simila
oscillations were observed in a bias voltage range of 0.9
1.3 V, and disappeared above 1.4 V. Figure 2 show
the cross sections of the spatial oscillations at differe
bias voltages. The oscillation periods became shorter wi
increasing bias voltage.

The spatial oscillations result from the scattering o
the surface-state electrons at the Al dimer chain. Th
surface states of the Sis001d-cs4 3 2d surface exhibit
1D character along the dimer row (theG-J 0 line in
the surface Brillouin zone). Although the correlation
for dimer buckling between dimer rows results in the

FIG. 2. Cross sections of the standing-wave patterns along t
Si dimer rows at sample bias voltages from 0.9–1.3 V. Th
curves have been shifted vertically for viewing. On the left
hand side, the first peaks correspond to the Al chain. Gra
line: Calculatedz oscillations using Eqs. (2) and (3). Inset:
Schematic view of the one-dimensional square potential mod
for the electron scattering. In this model, the Al chain work
as the square potential of widtha and heightVB.
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cs4 3 2d reconstruction, the interaction energy has bee
calculated to be only about 2 meVydimer [12]. Because
of the weak correlation, the nearly flat dispersion fo
direction perpendicular to the dimer row (theG-J line) has
been obtained from the calculations for the Sis001d-cs4 3

2d surface [12,13]. In the surface states, therefore, t
electron waves propagate only in the direction of th
Si dimer row. Moreover, the straight Al chain running
perpendicular to the Si dimer row works as the 1D
potential barrier. These results exclude the influen
of the scattered and propagated electron waves in
direction perpendicular to the dimer row. Thus, one ca
analyze the standing-wave patterns as the 1D quant
interference in the dimer-row direction. For simplicity
we modeled the Al dimer chain as a square potent
barrier of widtha and heightVB, as schematically shown
in the inset of Fig. 2. Provided that the center of the A
chain is located atx  0, a 1D Bloch wave along the
dimer rows (x direction) encounters the potential barrie
at x  ay2. The wave function of the standing wave
is described ascsk, xd  e2ikx 1 Reiskx1dd, leading to a
spatial oscillation in the local density of states (LDOS) a
the energy relative to the Fermi levelEskd  eVs:

jcsk, xdj2  1 1 R2 1 2R coss2kx 1 dd , (1)

whereR is the reflection coefficient, andd is the phase
shift. If the density of states of the STM tip is assumed
be constant, the tunneling currentIt at the sample voltage
Vs is given by

It ~
Z eVs

0
T sE, eVs, zd jcsk, xdj2dE


Z eVs

0
T sE, eVs, zd h1 1 R2 1 2R coss2kx 1 ddjdE ,

(2)

whereT sE, eVs, zd is the tunneling probability, andz is
the distance between the tip and sample surface. Acco
ing to Eq. (2), the constant-current images are genera
by the weighted integral of the LDOS maps. Becaus
of the maximum tunneling probabilityT seVs, eVs, zd at
E  eVs, the LDOS atE  eVs strongly contributes to
the tunneling currentIt. This leads to a significant en-
hancement of the spatial LDOS oscillation atE  eVs

in the constant-currentz oscillation, although thez os-
cillation is not proportional to the spatial LDOS oscil-
lation. If the periodic spacinglz of the z oscillation
almost corresponds to the wavelengthlr of the spatial
LDOS oscillation atE  eVs [19], the wave numberk
of the LDOS oscillation can be estimated ask  pylz .
According to this approximation, we plot an energy dis
persion of the standing waves from a series of thez os-
cillations in Fig. 2. Figure 3 shows the dispersion curv
in the G- 1

2 J 0 line of the surface Brillouin zone. This re-
sult is in good agreement with previous calculations fo
the p

p
1 surface states [12–14]. In Fig. 3, our obtaine
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FIG. 3. Dispersion relation of thepp surface states along
the G- 1

2
J 0 line (the dimer-row direction), obtained from the

standing waves. Solid line: Calculated band structure of th
Sis001d-cs4 3 2d surface in theG- 1

2
J 0 line from Ref. [12].

The LDA calculations systematically underestimate band gap
so that the calculation bands have been shifted upwards
energy by 0.65 eV. Shaded area represents the projected b
bands. Inset: Surface Brillouin zones of thecs4 3 2d and
2 3 1 structures denoted by solid and dotted lines, respective

dispersions are superimposed on the calculated bands
the Sis001d-cs4 3 2d surface by Ramstadet al. using the
local-density approximation (LDA) [12]. The calculated
bands have been shifted upwards in energy by 0.65 e
because first the LDA calculations systematically unde
estimate band gaps, and second the Fermi level posit
should be shifted for our highly dopedp-type sample. Jo-
hansson and Reihl [15] have reported a similar dispersi
curve for the room-temperature Sis001d-2 3 1 surface in
theG- 1

2 J 0 line by IPES [15]. In the IPES study, two dis-
persion branches indicate localps2 3 2d and/orcs4 3 2d
periodicities, although the2 3 1 symmetry dominates on
the room-temperature Si(001) surface. The dispersion
lation of thecs4 3 2d surface in Fig. 3, on the other hand
is about 0.3–0.4 eV higher than the IPES dispersion. Th
energy shift results from the difference betweenn- and
p-type samples; the shift of the Fermi level positions b
dopants. The surface photovoltage study [20] has det
mined the Fermi level shift to be 0.3–0.4 eV for ap-type
Si(001) surface, compared to ann-type one atT  85 K.
We examined the energy shift betweenp- and n-type
surfaces (0.01 0.02 V cm and0.05 0.09 V cm, respec-
tively) using STS atT  63 K. The relative energy shift
of 0.3–0.35 eV in the STS spectra (not shown) accor
well with the photovoltage experiment and also with th
IPES experiment.

Although the dispersion relation of thepp states can be
obtained from the constant-current STM data, the pha
and shape of thez oscillation differ from those of the
spatial LDOS oscillation [4]. To clarify the scattering
phenomena of thepp state electrons, we calculated
3425



VOLUME 81, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 19 OCTOBER 1998

the

n
th

d-

m.

,

ie,

s.

v.

l.
the constant-currentz oscillations using the dispersion
relation and Eq. (2). Although the energy dependen
of the tunneling probabilityT sE, eVs, zd is not clear at
present, it is given by the WKB approximation as [1]

T sE, eVs, zd  exp

(
22z

vuut2m
h̄2

√
f̄ 1

eVs

2
2 E

!)
, (3)

wheref̄ ø 4.5eV is the average work function of the tip
and sample surface. In Eq. (2), the phase shiftd of the
LDOS oscillation atE  eVs is obtained from the 1D
Schrödinger equation as a function ofa and VB. From
the result of the calculation, the simulatedz oscillations,
using VB  infinity and a  0.43 nm, well reproduced
the STM data, as shown in Fig. 2. The values ofVB and
a were changed little, even for the tunneling probabilit

T  expf22z
q

s2myh̄2df̄ g. This result suggests that the
energy dependence ofT sE, eVs, zd does not strongly
affect the barrier height and width of the Al chain in thi
energy range.

In occupied-state STM images, the spatial oscillatio
was not observed in spite of the existence of thep surface
states. The theoretical [12,13] and ARPES [11] resu
have revealed that thep surface state lies close to the
bulk band edge along theG-J 0 line. Although the reason
for the no standing waves in the occupied-state images
unknown, the connection between thep states and the
bulk states suggests that most of thep state electrons
can be scattered into the bulk bands, leading to stro
damping of the standing waves.

For the unoccupiedpp state electrons, the impenetrabl
hard wall potential is generated by the break of th
surface bands at the Al ad-dimer chain, which indicat
the existence of the energy gap at the Al-Si(001) interfac
Similar standing waves were also observed at the low
side of theSA steps, but the oscillation amplitude was onl
about1y5 of that near the Al dimer chain. Furthermore
in spite of the break of the surface bands, we cou
not observe the standing waves both at the upper s
of the SB steps and near missing-dimer defects. The
results indicate that the electronic structure of the loc
bonds at adsorbates, steps, and defects seems to deter
the effective barrier height, as well as the transmissi
probability to the bulk states. By using other materia
for the potential barrier, the standing-wave studies w
provide detailed information about the local bond natu
of the metal- or semiconductor-Si(001) interfaces.

In summary, using the low-temperature STM, we hav
observed the standing waves generated by the scatterin
3426
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the electrons in thepp surface states on the Sis001d-cs4 3

2d surface. Based on the 1D square potential model,
surface dispersion of thepp states has been obtained from
the STM data. In addition, the Al dimer chain has bee
found to act as an impenetrable hard wall of 0.43-nm wid
for the electrons in thepp surface band.

We thank Dr. A. Ramstad and Dr. G. Brocks for sen
ing their calculation data [12] in Fig. 3.
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