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View of the empty states of the SiL00)-(2x 1) surface via scanning tunneling microscopy
imaging at very low biases
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It is shown that the use of very-low-bias voltages in scanning tunneling microscopy of the Si(¥QD)-2
surface achieves significantly greater sensitivity to the electronic states of the top atomic layer than does the
use of typical larger bias voltages. Measurements with the increased sensitivity demonstrate that the conven-
tional interpretation of empty-state images of180 is inadequate. New spectroscopic assignments for ob-
served features are propos¢80163-182609)05708-2

Scanning tunneling microscopySTM) has provided calculationsi®** Second, theori¢$ 1% show that the anti-
many breakthroughs in imaging surfaces on the atomibonding dimer-bond «*) level is near the bottom of the
scale! Some of the most notable of these have been for theonduction band. It has been suggested thatdhestate
Si(100 surface, which has great technological importancemight be energetically accessible in addition to #e dan-
and also serves as the model semiconductor system fafling bonds'? As the o* state has a maximum state density
studying atomistic growth mechanisfrend electronic prop- at the ends of the dimer, it could presumably also be respon-
erties. Filled-state imaging, for which electrons tunnel fromsible for the empty-state STM image.
the surface into the STM tip, has been conventionally used The interpretation of the conventional empty-state image
for mapping the surface morphology and structure. Becausef Si(100) is therefore still ambiguous; measurements have
Si has a significant density of statéswithin the probing been of insufficient quality and detail to resolve the ambigu-
energy window, filled-state images lead to a strong tunnelingties. In this Brief Report, we show, on the basis of very-low-
signal. Empty-state imaging, with electrons tunneling frombias high-resolution STM studies, that the conventional un-
the tip into the surface, has recently attracted interest foderstanding of empty-state imaging of the Si(100¥-R2
identifying local electronic states, because empty-state imsurface is inadequate. We revise the interpretation, and ex-
ages are more sensitive to dangling-bond orbitals associatggain why the surface sensitivity is greatly enhanced in our
with adsorbed atom:® However empty-state imaging of experiment.

Si(100), which should be background knowledge for inves-  The experiments were carried out in an ultrahigh-vacuum
tigations of adsorbed-atom electronic properties, has nagcanning tunneling microscope with a base pressure below
been fully enough explored to provide a consistent andlx 10 °Torr. The clean Si(100)-21 surface was pre-
physically realistic picture of the empty states of the cleampared in the conventional manhéby degassing at 970 K
surface. and flashing at 1470 K for-1 min. The sample was radia-

As is well known, the Si(100)-& 1 surface, in order to tion cooled, then transferred to the STM stage and imaged at
reduce surface energy, reconstructs to form rows of tiltedoom temperature. All images were acquired in the constant-
dimers?~*! the two atoms of a dimer are positioned up andcurrent mode using a tunneling current of 0.2 nA.
down relative to the surface plane. The dimer formation Figure 1 shows the same region of 180 surface at
leaves one dangling bond per surface atom, and the two daudifferent biases. Figure (4 shows the well-known filled-
gling bonds of a dimer form a-like bonding to stabilize the state image. The long bands running through the diagonal of
surface structure furthéf:'® The conventional empty-state the frames are the Si dimer rows, in which individual dimers
STM image of the 100 surface has a minimum in the are clearly resolved. Dimers away from defects appear sym-
tunneling current at the center of the dimer bond, making thenetric, with a “bean” shape. This is because a tilted dimer
tops of the dimer rows appear as dark bands, while tunnelingas two possible orientations of the tilt that are energetically
maxima occur between the dimer ro#&*2A popular in-  equivalent, and the kinetic barrier for moving from one to the
terpretation of these features is based on the concept that thher is low; at room temperature, on the time scale of typi-
m-like bonding of the two atoms of the dimer dominates thecal STM image acquisition, the tilted dimers are oscillating
electronic behavior in the empty-state imagiig:because (“*dynamic buckling”), due to thermal activation, between
the unoccupied antibonding state(i.e., thew* statg has a  the two equivalent positions, causing the average symmetric
nodé®*in the middle of the dimer bond, the state densityappearanc&!! Figure Xa) also shows that dimers adjacent
there drops to zero, resulting in an image that shows wellto a surface defect are statically “buckledSmaller zigzag
resolved “atoms” in the dimer. Thist* description has protrusions along the dimer rows, such as in the area be-
been widely used. There are, however, two concerns. Firstween the two black lines marked by arrgysecause atomic
conventional empty-state images do not show the tiltingdefects can induce or stabilize the buckliig.

(buckling of dimers even when these are pinned or adjacent Figures 1b)—1(h) show a set of empty-state images of the
to defects, in disagreement with the* state density same surface area under different sample biases. At high
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FIG. 2. Schematic STM empty-state imaging contours at high-
(H) and low-biagL) conditions, and their relationship to the under-
lying dimers, which at room temperature oscillate between two
buckling configurationgsolid and shaded

the conventional=* description, which requires a node at
the middle of the dimer bond, cannot explain the bean-
shaped dimers at the low bias.

FIG. 1. Scanning tunneling microscope images of the Si(100) We believe that the low-bias image more properly reflects
-2x 1 surface(a) Filled-state image(b)—(h) A set of empty-state  the unoccupied dangling-boner{) state. First, low-bias im-
images of the same area at different sample biases. The rectang@ging is energetically more focused on thé state. Scan-
shows the same Si dimer in each image. The zigzag patterns markédng tunneling spectroscopy empty-state spéatfaa dimer
by arrows in(a) and(h) show buckled dimers at the same location: consist of a weak peak at0.5 eV and a strong peak atl.5
the two zigzag patterns have opposite phases. Sample biages: eV above the Fermi enerdy;. The former corresponds to
() =2V, +2V, +18V,+16V,+1.4V,+11V,+1.0V,and the 7* state’ The latter has never been clearly interpreted,
+0.7 V. Image size: 6830 A% but it is located at an energy at which the combination of

antibonding states associated with the dimer bawtl) (and
bias, +2 V, the image[the rectangle in Fig. (b)] shows backbond is proposed to occlirlt has been suggested that
characteristics of a conventional empty-state image of th¢he backbond decays rapidly with distance from the
surface: a deep minimum between the two Si atoms formingurface'® if its antibonding state also behaves so, than the
the dimer bond and a shallow minimum between dimer rows1.5-eV peak is more likely attributable to the* state
which is usually observable with a sharp tip. These featuregveighting. In any case, because only states betvigesind
are maintained to biases of about.4 V [Figs. 1b)-1(e)].  (E;+eV) contribute to the tunneling process, high-hies.,
With decreasing sample bias, the difference between the-2.0 V) imaging probes states at both0.5 and+1.5 eV,
deep minimum and the shallow minimum becomes smallerwhereas low-biage.g.,+0.7 V) imaging cannot probe states
until at about+1.1 V [Fig. 1(f)], a reversal of the contrast at +1.5 eV. Second, in contrast to high-bias imaging, in
occurs. At lower biases, new features are immediately obviwhich dimer buckling is essentially invisible, low-bias imag-
ous. For example, at-0.7 V [Fig. 1(h)], the tunneling ing not only shows the buckling, but shows it as a mirror
maxima again conform to the dimer bond locations, with theimage of that seen with a bias of the reverse $kjg. 1(a)].
same image registration as that of the filled-state im&ig It is well accepted that the “up” atom of the tilted dimer
1(a@]. The dimers not only appear symmetric but alsoappears brighter in filled-state images. The mirror image ob-
“bean” shaped; Fig. th) could easily be taken for a filled- tained in the low-bias empty-state imaging suggests that the
state image. Second, in contrast to empty-state images &atlown” atoms of the tilted dimers are now more visible.
higher bias voltage, in which dimer buckling is essentially These results are fully in agreement with ti€ state density
invisible, buckled dimers clearly stand out from beans in Fig.calculations:®!4 the two atoms of the dimer should have
1(h). However, the zigzag pattern of the buckling is out of different state densities, with the down atom having the
phase with that in the filled-state ima@Eig. 1(a)]. These higher empty-state density, and with the up atom having the
low-bias imaging properties are maintained up~0.8 V,  higher filled-state density.
and a hint of these features appears up to biaseslod V From the above analysis, we conclude that the conven-
[Fig. 1(g)]. The dramatic differences in the dimer image intional high-bias empty-state images are not predominantly
the empty-state tunneling contour between conventional highetermined by the surface dangling-bond state, but instead
bias (H contouy and the low biasL contouy are shown mainly by other states. The insensitivity, at high biases, to
schematically in Fig. 2. buckling is because the images do not have an effective con-

The low-bias imagége.g., Fig. 1h)] clearly suggests that trast of the dangling-bond state over the background contri-
the conventional view of the empty-state image of thebutions from other states. Our results on the buckling also
Si(100)-2x 1 surface is incomplete and inadequdt®:the  demonstrate that the low-bias imaging is dominated by sur-
fact that the static buckling is invisible in high-bias imagesface electronic structure rather than by geometric structure.
but visible in low-bias images indicates that the high-bias If the buckling results confirm the role of the* state in
images cannot be explained by the surfacestate; and2)  the density of local empty states on(E)0), how can one
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literature. We first estimate the range for the node shifting.
The atomic positions for the dimer atoms are shown in Fig.
3. The dimer center of gravity projected into the plane of the
unbuckled dimer is then deduced to be offset by 0.31 A.
Dynamic buckling leads to the projected dimer center of
gravity moving in a range of 0.62 A, more than 27% of the
dimer bond lengtli~2.30 A). STM measures a time average
over all different tilting angles between the two intrinsic
buckling configurations. The two extreme positigfég. 3

are expected to be highly weighted in the average because
they are the lowest-energy states and thus the most stable
configurations. We thus consider the relative positions of the
two configurations in order to understand the node smearing-
out effect in the time-average measurement. The distance
between the down atoms in the two configurations is 1.68 A,
which is significantly less than the dimer bond length. As
already mentioned, the down atom appears brighter in the
low-bias STM image, thus we see approximately the “time
lapse photograph” of a “bright” atom moving in this short
distance. Furthermore, the shiftesf node in one configu-

FIG. 3. Top view of an intrinsically buckled dimer. The circle
size represents the height. The dotted frame is tRel ulk unit
mesh with lattice constanao=3.84A. The two dimer atoms are
displaced from the X1 bulk positions byx;=0.46 A andx,

=—1.08 A (Ref. 10, respectively. The alternative buckling con- : L A . ;
figurations are shown by solid and dashed circles. The projecteflat'on(SOIId circles in Fig. 3is very close to the bright down

center of gravity for the dimer in the configuration indicated by &0m in the opposite configuration, with a 0.53-A separation
solid circles is 0.62 A away from that indicated by dashed circles(OF |€SS, as charge-transfer effects have not been included
and 0.53 A away from the center of the “down” atom in the con- Therefore, the shifted node can also be effectively weakened
figuration indicated by the dashed circles. The distance betweelf) the time-average sense, leading to the bean-shaped dimer
down atoms in the two configurations is 1.68 A. image.

Our interpretation for the beans is also consistent with

explain the bean-shaped dimers in the low-bias images? Wew-temperature STM observatiols. Because dynamic
propose that the bean-shaped Si dinjé&ig. 1(h)] arise be-  buckling is inhibited at low temperatures, all the dimers are
cause the node of the* state is shifted when the dimer buckled, smearing-out effects are absent, and no beans are
oscillates and is smeared out when the STM measuremenbserved in the empty-state imaging.
averages the motion. The dimer tilting is always accompa- Because low-bias imaging of the empty states shows great
nied by two effects: charge transfer from the lower dimerenhancement of the STM sensitivity to the surface states
atom to the upper one, and the displacement of the dimeiFig. 4), a greater sensitivity to structural information is also
center of gravity(projected into the plane of the unbuckled obtained. At room temperature, low-bias imaging dafl80)
dimen along the dimer axi&® Charge transfer leads to a allows us to locate dynamically buckled dimewshich ap-
polarization of ther bond1° the polarization shifts the node pear as beansto find the statically buckled dimeisvhich
of the =* state from the center of the dimer bond along thehave their down ends more visibl@nd to identify less tilted
dimer axis. The node shift will be enhanced because the twdimers or symmetric dimergwhich should have a well-
atoms in a buckled dimer are asymmetrically displaced frondefined node or minimum at the center of the dimer bond,
the 1x 1 bulk positionst®8 Therefore, although there is a e.g., the arrow in Fig. #)]. None of these identifications can
node in the polarizedr* state, oscillation of buckled dimers be made in the conventional high-bias empty-state images.
shifts the node back and forth, and thus may smear it ouffhe last one is also not be possible in filled-state imaging
leading to the observation of bean-shaped dimers in the infe.g., the arrow in Fig. @], because ther bonding state
age. Qualitatively, the larger the tilt angle, the greater is theloes not have a node; hence dynamic dimer buckling makes
node shifting, and the stronger is the smearing-out effecan intrinsically buckled dimer appear the same in the filled-
when the dimer oscillates. state images as a symmetric dimer. We have successfully
We quantitatively analyze the case of an intrinsicallyapplied the low-bias imaging approach to reveal the local
buckled dimer using the available calculated resliitsthe  buckling variation in the vicinity of Ge or Si ad-dimer is-

FIG. 4. Sensitivity of STM images of @00 to bias voltage. A filled-state image) [—2.0 V] and two empty-state images taken with
sample biases afb) +2.0 V and(c) +0.8 V. White frames show the same area. Arrows point to an identical dimer in the vicinity of a
missing-dimer defect; the dimer appears symmetric and can only be distinguished from otfmeréntage size: 8% 65 A2.
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lands. The strain field induced by the ad-dimer islands pinsdded result that we are able to distinguish structural con-
the dimers in much less buckled configurations than that fofigurations of the Si dimers that are not obtainable at con-
an intrinsically buckled on& ventional biases. We believe these results enhance the under-

In summary, using STM measurements at a variety oftanding of the cl_ean-_surface electro_nic structure that is
very low biases, we show that the conventional understan(f—'eceslsarydfor (t:)or&adermg the electronic properties of more
ing of the empty-state imaging of the Si(100)<2 surface comptex ‘Z dsc:jr.e —atoﬂrr/:lsystemil. b ¢ simi
is inadequate. We show that the low-bias images dominantl}/ ote added In proolvve recently became aware of simi-

. : ar work, as yet unpublished, by K. Hata, S. Yasuda, and H.

reflect the surface dangling-bond state, while the conveng, .
. . . . ; Shigekawa, Phys. Rev. B.
tional high-bias images reflect mixed states, with the surface
state contribution not prominent. We demonstrate an en- This work was supported by NSfrant No. DMR93-
hancement of the STM sensitivity to the surface states at lo4912 and by Sandia National LaboratoriéGrant No. AS-
biases that other bias conditions cannot achieve, with th@168.
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