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Fine electronic structure of the buckled dimers of Si„100… elucidated by atomically resolved
scanning tunneling spectroscopy and bias-dependent imaging

Kenji Hata,* ,† Yasunori Shibata, and Hidemi Shigekawa‡

Institute of Applied Physics and CREST, Japan Science and Technology Corporation (JST), University of Tsukuba, Tennodai
Tsukuba 305-8573, Japan

~Received 22 January 2001; revised manuscript received 3 June 2001; published 16 November 2001!

We have combined spatially resolved scanning tunneling spectroscopy~STS! measurements with bias-
dependent scanning tunneling microscope imaging of the buckled dimers of Si~100!, both carried out at an
unprecedented spatial resolution. By combing both aspects, in a very unambiguous way, we can elucidate the
detail of the electronic structure of the Si~100! surface that has not been addressed or has been misunderstood
before. Our measurements clearly show that the third peak~located at;11.5 V! in the STS spectra cannot be
attributed to the upper edge of thep* surface band as previously believed. Analyses of our data suggest that
the third peak could be attributed to the dimer bond (D1 ,Di* ) states. Theoretically predicted charge transfer
between the atoms of the dimer, which is the key factor determining both the atomic and electronic structure
of the dimer, was directly confirmed for the first time. Our results imply that the emptyp* surface state is
localized closer to the Fermi level than previously understood, a point that should be treated with great care in
future surface science researches.

DOI: 10.1103/PhysRevB.64.235310 PACS number~s!: 68.35.Bs, 68.37.Ef
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I. INTRODUCTION

Scanning tunneling microscopy~STM! and its variants
such as scanning tunneling spectroscopy~STS! stands as a
powerful tool with outstanding spatial resolution to study t
electronic properties of the surface. For Si~100!, a number of
STM and STS researches have been conducted from w
many fundamental issues concerning the atomic config
tion and electronic structure of the surface dimers have b
elucidated.1–11

However, we point out here that previous researches w
inadequate to resolve the fine electronic structure of
buckled dimer, particularly features that can be addres
only through spatially resolved experiments. Many of t
previous STM and STS researches1–5 have been carried ou
at room temperature on a flip-flopping apparent symme
dimer. However, in order to address to the fine and intrin
characteristics of the dimer, it is necessary to carry out
periments at low temperatures below 200 K where
dimers are buckled.6 This is especially true when studyin
electronic features associated with buckling. Neverthel
no spatially resolved STS measurements have been rep
on the buckled dimer. Moreover, most of the existing ST
observations had a strong tendency to concentrate on fi
state imaging at a fixed bias.1–5 Only recently it became
realized that probing the surface with various biases is
portant, and bias-dependent STM observations sugge
that tunneling from surface resonances and bulk states
ously contribute to the STM images within usual tunneli
condition.1,7

Here we report results of spatially resolved STS meas
ments combined with bias-dependent STM imaging of
buckled dimers of Si~100! at 80 K, carried out at an unprec
edented spatial resolution. Analyses of the spatial variati
of the spectroscopic features in the STS spectra and b
dependent STM images lead us to give a new assignmen
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the STS spectrum of the buckled dimer. Specifically, we c
clude that the third peak~located at;11.5 V! in the STS
spectra cannot be attributed to thep* surface band as pre
viously believed.11,12 Our results show that thep* surface
band is localized closer to the Fermi level than understo
by STM researchers previously, a point that would be imp
tant for future surface science researches. Atomically
solved STS measurements of the buckled dimer enable
address the fine modulation of the electronic structure
duced by buckling. We confirm the theoretically predict
charge transfer between the lower and upper atom of
buckled dimer13 and point out that a previous STS attemp5

carried out on an apparent symmetric dimer at room te
perature must have misjudged the strong spatial depend
of the third peak as the charge transfer between the di
atoms.

II. EXPERIMENT

All measurements were performed on the commerc
JEOL 4500-XT system built in an ultrahigh vacuum chamb
with a base pressure of 3310– 9 Pa. N-type Si samples
phosphorus-doped with a conductivity of 0.01V cm were
used.14 After ultrasonic cleaning for 10 min in acetone
Si~001! sample were loaded into the vacuum chamber a
prebaked at;600 °C for 12 h with a vacuum pressure belo
1.031027 Pa. After prebaking, the sample was once flash
to 1200 °C for 10 s to remove the oxidized layers. After t
sample and sample holder are completely cooled, an a
tional flashing was carried out at 1200 °C for a very sh
time ~;5 s! to reduce the density of defects. Description
the complete fabrication process of the Si~100! clean surface
has been published elsewhere.15 The STM tips were prepared
by the electrochemical etching of tungsten wires.

Spectroscopic measurements were carried out in the
rent imaging tunneling spectroscopy~CITS! mode16 at 80 K.
An I -V curve consists of 128I -V values in the range of22
©2001 The American Physical Society10-1
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to 12 V, thus the energy resolution is 0.031 V.I -V measure-
ments were made on 1283128 positions of the scanned su
face area. Measurements were carried out on regions
have the least defects in the surroundings to avoid any
sible influence from them. Tip-sample separations during
I -V measurement were established at a set surface biasVs of
10.6 V, and a set tunneling currentI t of 1.0 nA, though
similar results were obtained for negative set surface b
Vs521.0 and other cases, e.g.,Vs511.0 V. For the 4
34 nm surface area imaged in the case of Fig. 2, the g
metric resolution is limited to about one spectrum p
0.09Å2. An average tunneling spectrum is presented in Fig
that was calculated from 16384I -V curves of a CITS data
set of which a part is shown in Fig. 2. The similarity betwe
the STS spectrum of Fig. 1 and that obtained on appa
symmetric dimers at room temperature by Hamerset al.2 en-
sures that the obtained STS spectra are not seriously d
ued by any possible electronic structure of the tunnel
tip.17 From the measuredI -V curves, the normalized tunne
ing conductivities@STS spectra, (dI/dV)/(I /V) versusV#
were numerically calculated as described in Ref. 18.

III. RESULTS AND DISCUSSION

A tunneling spectrum of the dimers is characterized
three peaks; one pronounced peak in the filled state
20,7;20.8 V ~first peak! and two rather small peaks in th
empty states at;10.5 V ~second peak! and at;11.5 V
~third peak!, with a surface bandgap of;0.5 V as shown in
Fig. 1. Assignment of the two peaks in the empty sta
seriously conflicts among researchers. Based on first p
ciple calculations of the buckled dimers, Kageshima a
Tsukada insisted that the empty state peaks at;10.5 and
;11.5 V corresponds to the lower and upper edge of thep*
surface state~refer to Fig. 8 and explanation in Ref. 12!.
Actually, this assignment has been used to interpret so
tunneling spectroscopy data.11 Their interpretation agree
with elementary band theory where a one-dimensional~1D!
band is taught to have a large local density of states at b
edges.19 First principle calculations13 and angle resolved ul

FIG. 1. Averaged STS spectra of a 1283128 CITS data set
acquired on a defect free 434 nm. surface area of buckled dime
of Si~100! at 80 K. Tunneling conditions were established atVs

510.6 V, I t51 nA. The shaded region represents the surf
bandgap where the tunneling noise~;several pA! is seriously em-
phasized by the normalization procedure.
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traviolet photoelectron spectroscopy20,21 show that the bands
of thep andp* surface state are dispersive along the dim
row ~the G-J8 direction in the surface Brillouin zone! while
a nearly flat band is obtained in the perpendicular direct
(G-J direction!. This means that the correlation among dim
rows is substantial weak, and that the surface states of
dimer exhibit a one-dimensional~1D! character. In fact, the
1D nature of thep* surface state was directly demonstrat
by the excellent match between the dispersion of thep*
surface state deduced from the standing-wave patt
formed by electrons scattered by a 1D potential Al barri
and calculated from the 1D-Schro¨dinger equation.22

Qin and Lagally1 proposed a different assignment. Bas
on a set of voltage dependent STM observations of
dimers focused on low surface biasesVs511.4 and below,
they implied that the low-bias STM images dominantly r

e

FIG. 2. Spatial mapping of the STS spectra of the buck
dimers of Si~100! at 80 K.~a! A part of the topographic STM image
~Vs510.6 V, I t51.0 nA! taken simultaneously to the spectra.
each area surrounded by the black grids, 333 tunneling spectros-
copy measurements were carried out. Registry of the buck
dimers was given by considering the symmetry of the image
lowing the procedure in Ref. 7. White grids overlapped with t
STM image show the 231 units of the dimers. They are slightl
distorted as a result of thermal drift. This slight distortion is co
pensated or taken into consideration in the analyses. The large
small circles indicate the location of the upper and lower atoms
the dimer where their coordinates against the unit cell grids w
provided by first principle calculations in Ref. 13.~b! A set of 9
39 normalized tunneling spectra taken from the surface area
closed by the box in Fig. 2~a!. Each STS spectrum represents
average of 333 STS spectra. For clarity, the empty state ST
image is overlapped.
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flect thep* surface state, while the conventional high-bi
images~typically 2.0 V! reflect mixed states, with the surfac
state contribution not prominent. Studies carried out at l
temperatures~80 K! reinforced this concept.7 These results
suggest that the third peak does not originate from thep*
surface state.

A spatially resolved STS measurement combined w
bias-dependent imaging of the buckled dimers at low te
perature are ideal means to address to this controversy. A
of the STM image taken simultaneously to a CITS measu
ment is shown in Fig. 2~a!. Five bright rows running through
the diagonal of the image are the Si dimer rows. A set o
39 STS spectra taken from the surface area enclosed b
box in Fig. 2~a! is displayed in Fig. 2~b!. Each STS spectrum
represents an average of 333 STS spectra. For clarity, th
empty state STM image is overlapped. Every STS spect
is composed from the three main peaks, though central to
focus of this section is the spatial dependence of intensit
the third peak. At the first sight, it is clear that the intensity
the third peak shows an eminent atomic scale spatial va
tion. STS spectra of which the intensity of the third peak w
similar to that of the second peak were colored black, wh
STS spectra that had a stronger third peak were colo
white. Comparison of the colored STS spectra and the o
lapped STM image immediately leads to a conclusion t
the third peak has a strong intensity at regions in between
dimer rows. This result is in excellent agreement with t
recently studied voltage dependence of the empty state S
images of the dimers.1,7 At low biases~below 11.4 V!, tun-
neling current from thep* dangling bond localized at th
lower atom of the buckled dimer dominates, hence the dim
row is observed in the STM images. On the other hand, w
the bias is increased from a low to a high bias~above11.4
V!, a phase shift occurs in the STM images, and regi
between the dimer rows are observed at high biases.7 Since
the third peak of the STS spectra is located~in energy! above
the bias where the phase shift is observed and is localize~in
space! at regions in between the dimer, we conclude t
tunneling from the electronic state that represents the t
peak in the STS spectra overwhelms tunneling from the s
associated with the second peak and is mainly observe
the STM images at high biases. From a different point
view, imaging the high bias empty state by STM could
used as a sensitive and convenient method to map ou
spatial variation of the third peak of the STS spectra.

We utilize the spatial dependence of the high bias S
images to seek the origin of the third peak of the STS sp
tra. The first possible origin that comes to mind is to attrib
the third peak to the upper edge of thep* surface state, a
prevailed view previously proposed as mentioned in the
troduction. Physics of chemical bonding tells that the node
an antibonding state extends spatially with bias. A mode
extension of the node could cause the phase shift observ
high biases, a mechanism we nominate as thep* node ex-
tension model in the followings. Figures 3~a!–3~d! show
schematics of the predicted STM images based on thep*
node extension model at low and high biases. The left c
umn shows cases of the buckled dimers~at low temperatures
below 200 K!, the right shows cases of the apparent symm
23531
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ric ~flip-flopping! dimers. Thep* node extension model pre
dicts STM images where zigzagged rows localized at
dimer rows at low biases are observed@Fig. 3~a!#, and this is
exactly what is observed in the actual STM images@Fig.
4~a!#. At high biases, a phase shift is predicted, a
(231)-like features should be observed in between
dimer rows adjacent to the lower atom of the buckled dim
@Fig. 3~c!#.

STM images~80 K! of a particular region that has a do
main of apparent symmetric~flip-flopping! dimers in the
middle and two buckled dimer domains at the sides
shown in Fig. 4. Coexistence of the buckled and appar
symmetric dimers in the same image gives a unique opp
tunity to simultaneously study the voltage dependence of
STM images of both kinds of dimers excluding any possi
ambiguity. Figure 4~a! is a low bias~10.6 V! STM image,
and Fig. 4~b! is an image of the same region where the b
was switched from a low~10.6 V! to a high bias~11.5 V! at
the location indicated by the arrow. Absolute registry of t
high bias image against the low bias image can be given
overlapping the two images. An enlarged high bias ima
with the registry of the lower atom of the dimer is shown
Fig. 4~c!. Schematics of the low and high bias STM imag
are shown in Fig. 3~e! ~apparent symmetric dimer! and Fig.
3~f! ~buckled dimer!. Rows observed in the high bias imag
of the buckled dimer are localized in between the dimer r
and regions adjacent to the upper atom have the stron
intensity. This experimental result is opposite to the pred
tions of the node extension model@compare Fig. 3~c! and
Fig. 3~e!#. It should be noted that this discrepancy betwe

FIG. 3. Stick and ball models showing the predicted STM i
ages. The left column shows cases of the buckled dimers~at low
temperatures below 200 K!, and the right column shows cases
the apparent symmetric~flip-flopping! dimers.~a! to ~d! Predicted
schematics of the STM images based on thep* node extension
model at low and high biases.~e!,~f! Schematics of the actual STM
image presented in Fig. 4.
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the experimental observation and the prediction of the n
extended model is impossible to recognize on the appa
symmetric dimers@compare Fig. 3~d! and Fig. 3~f! for sche-
matics, and regions indicated by~f! in Fig. 4~b! for actual
STM images#. Since the first STM observations of th
dimers were carried out at room temperature on an appa
symmetric dimer, it is now wonder that the node extens
model was proposed at that time.3,4 This result highlights the
importance to carry out experiments at low temperatu
~;200 K! on buckled dimers to understand the correct ch
acteristics of the dimers. When the voltage dependent S
images and CITS measurements of buckled dimers are c
bined, we reach to a conclusion that the third peak of
STS spectra can not be attributed to the upper edge of thep*
surface state, and must originate from other state than thp
andp* surface states.

Another possible origin of the third peak of the STS sp
tra is the extended surface resonances and bulk contin
states located close to the Fermi level and localized clos
the surface. It is a difficult task to estimate these states by
convenient first principle calculations that are based on
super cell techniques because these states might extend
into the substrate and beyond the boundary of the cell u
First principle self-scattering theoretical methods are su
to treat surface resonances extending a long rang into
bulk. Kruger et al. have carried out first principle self
scattering calculations of the buckled dimer showing that
dimer bond (D1 ,Di* ) states lie close to thep* surface state

FIG. 4. Empty state STM images of a particular surface reg
where both buckled and apparent symmetric dimers domains c
ist taken with different surface biases to study the depende
~80 K! of the STM images on the surface bias.~a! An empty state
STM image taken at a low bias (Vs510.6 V). ~b! The same
region though the bias was switched from a low (Vs510.6 V) to a
high bias (Vs511.5 V) at the location indicated by the arrow
~c! Enlarged image of the boundary. Upper region probed wit
low bias (Vs510.6 V) and the lower region with a high bia
(Vs511.5 V). Registry of the 231 units of the dimers represente
by the white grids and that of the lower atoms shown as circ
were provided from the region probed with a low bias based b
procedure described in Ref. 7.
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in energy.23,24 Tentatively, we assign them as the states o
served by STM at high biases, though further detailed th
retical calculations are required to provide a deeper ins
into the origin of the third peak.

Since the third peak is not related to thep andp* surface
states, the first and second peaks should represent thep and
p* surface states. It is natural to attribute the first~second!
peak to thep filled ~p* empty! surface state. Theories pre
dict a charge transfer from the lower to the upper atom of
dimer that is induced by buckling because thesp2(sp3)
component of the hybrid Si-Si orbital of the lower~upper!
atom of the dimer increases which in turn leads to an
crease of thep(s) orbital component of the dangling bond
This charge transfer must be reflected in the STS spectra,
the first ~second! peak is predicted to have a stronger inte
sity at the upper~lower! atom compared to the second~first!
peak. At the first sight of the spatially mapped STS spectra
Fig. 2~b!, such difference is not readily noticeable. In ord
to investigate the influence of the charge transfer on the S
spectrum, 939(1 Å2) STS spectra close to the upper a
lower atoms of the buckled dimer were averaged of wh
the first and second peak are displayed in Fig. 5. It sho
that the upper atom of the buckled dimer has a stronger
tensity at the first peak~p surface state! than the lower atom,
while the lower atom has a stronger intensity at the sec
peak~p* surface state! than the upper atom. The excelle
coincidence between the experimental results and theore
predictions confirms the existence of a charge transfer fr
the lower atom to the upper atom.

We would like to note that the difference between the S
spectra of the lower and upper atom is relatively small, a f
that becomes important when our results are compared
previous STS attempt to observe the charge transfer on
parent symmetric dimers at room temperature.5 Munz et al.
observed a very significant difference in spectra of dim
taken at the right and left side of a dimer row in the emp
state high bias region at room temperature.25 They stressed
that this difference is due to the charge transfer between
low and upper atom. First, we would point out that the
fluence of the charge transfer on STS spectra would be
eraged out on an apparent symmetric dimer because the
and left sides of a dimer are identical for a (231) apparent

n
x-
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s
a

FIG. 5. STS spectra of the lower~dashed line! and upper
~real line! atoms of the buckled dimer. The shaded region repres
the energy window of the surface band gap where the tunne
noise is emphasized by the normalized procedure.
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FINE ELECTRONIC STRUCTURE OF THE BUCKLED . . . PHYSICAL REVIEW B64 235310
symmetric dimer, each representing an overlapped stat
the two possible configuration of buckling as a result of t
flip-flop motion. A preference for one configuration of th
two possible configurations of buckling,26 might give a
slightly asymmetric appearance of the dimers that was a
ally observed by Munzet al.Even in this case, the differenc
of the STS spectra observed in the right and left sides sho
be small, since the intrinsic difference between the STS sp
tra of the lower and upper atom is small. Therefore, t
effect cannot account for the observed large difference
tween the STS spectra taken on the right and left side of
dimer row. It is very likely that they have observed the stro
spatial dependence of the intensity of the third peak and h
misinterpreted it to be a result of a charge transfer betw
dimer atoms.27 This result stresses the importance to ca
out experiments at low temperatures~below 200 K! on buck-
led dimers, not on apparent dimers at room temperature
understand the correct characteristics of the dimers.

IV. CONCLUSION

We have carried out a very high spatial resolution S
measurement and bias-dependent STM imaging of the b
led dimers of Si~100! at 80 K. Results from these high reso
lution studies enables us to address several key point
solved issues regarding the Si~100! surface. First, mapping
e

a

s

e
e

i
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out the spatial dependence of the STS spectra combined
voltage dependent STM observations show that the t
peak ~located at;11.5 V! in the STS spectra cannot b
attributed to the upper edge of thep* surface band as pre
viously believed. Second, our results suggest that the t
peak could be attributed to the dimer bond (D1 ,Di* ) states.
Third, STS spectra averaged over areas 1 Å square clos
the lower and upper atom of the buckled dimers revealed
theoretically predicted charge transfer between the atom
the dimer. Conformation of the charge transfer is very i
portant because it is the factor that determines both
atomic and electronic structure of the surface, i.e., it ma
the surface semiconductive and is the driving force of bu
ling. Our new data advances in a significant way our und
standing of the electronic structure of the Si~100! surfaces. It
clearly shows that thep* surface state is localized muc
closer to the Fermi level than understood by STM resea
ers previously, and evokes a care to lower the surface
from the typically used value of 2 V in future STM studies.
also suggests very well defined theoretical studies to be
sued in the future to resolve the remaining questions in
technological important surface.
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strong intensity of the third peak at this place and energy. T
influence of the charge transfer should be observed wi
each of the three noisy regions adjacent to the dips~note that
the STS sequence spans three dimer rows!, which is clearly
beyond the reliability of their measurement. The difference
tween the noisy region and the dipped region cannot reflect
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charge transfer as they insisted because~1! the STS sequence
spans three dimer rows thus there should be three dips and n
regions instead of the two dips and three noisy region and~2!
our results exclusively show that the dip is caused by the th
peak which is shown to have a different origin from the surfa
states.
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