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Origin, Cause, and Electronic Structure of the Symmetric Dimers of Si(100) at 80 K
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The characteristics of the apparent symmetric dimers observed in the scanning tunneling microscope (STM) images at low
temperatures (20K—200K), far below the symmetge buckled phase transition temperature, were investigated by utilizing
the technique applied to fabricate an almost defect free Si(100) surface, the art of atomic manipulation, and current imaging
tunneling spectroscopy. We show that the symmetric dimers are observed at metastable regions caused by the surrounding
defects, and they appear symmetric as a result of flip-flop motions of buckled dimers.
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ric dimers, is it different from the electronic structure of the
buckled dimers?

Even though the Si(100)dimer is one of the most simple In this article we address these issues by utilizing the tech-
surface reconstructions, it has turned out to be a source rafjue to fabricate an almost defect free Si(100) surface, the
ever lasting controversy. A great deal of research has beart of atomic manipulation, and current imaging tunneling
devoted to elucidate its atomic configuration, optical propespectroscopy (CITS). We show that the symmetric dimers ob-
ties, and electronic structure. In particular, scanning tunnederved at low temperatures are metastable states of the surface
ing microscope (STM) have considerably contributed to emaused by the defects on the surface. Note that we exclude
lighten our understandinds®” At room temperature, most symmetric dimers observed below 20 K in this article because
of the dimers of Si(100) appear in a symmetric configurahey might have a completely different origihwe show that
tion in the STM image$) The observed apparent symmetriche effect of a single defect extends over a long range. Scan-
dimers in the STM images were first considered to suppaning tunneling spectroscope (STS) measurements show that
the concept of symmetric dimers. However, many experimethe electronic structure of the symmetric dimers resembles
tal?) and theoreticdl studies revealed the buckled dimers tdhe average electronic structure of the upper and lower atoms
be more stable than the symmetric dimers, and at present, ibisthe buckled dimer. From these results, we conclude that
believed that the buckled configuration is the ground state tife low temperature symmetric dimers appear as a result of
the dimers. Indeed, below 200 K, Wolkow showed that moglip-flop motions of buckled dimers, and are identical to the
of the dimers are observed in a buckled configuration in treymmetric dimers observed at room temperature.

STM images? In order to understand the apparent symmet- ,

ric dimers observed in the STM images at room temperatufe =xPerimental

within the framework of buckled dimers, the concept of flip- N-type Si samples phosphorus-doped with a conductivity
flop motion was introduced. It is implied that the buckledf 0.1Q-cm were used. The base pressure of the vacuum
dimers flip-flop much faster than the scanning rate of STMhamber was 8 10~° Pa. After ultrasonic cleaning for 10 min

at room temperature, providing apparent symmetric dimers in acetone, the Si(001) sample was loaded into the vacuum
the STM images, while the flip-flop motion is frozen at lowchamber and prebaked at600°C for 12 h with a vacuum
temperatures (below 200K), hence the dimers appear bugitessure below-1.0 x 10~/ Pa. After prebaking, the sample
led. was once flashed to 1200 for 30 s to remove the oxidized

However, even at temperaturesd, 80K) far below the layers. After the sample and sample holder are completely
phase transition temperature of the symmetec buckled cooled, an additional flashing was carried out at 220fdr a
dimers (200 K), not all of the dimers are observed in a buckrery short time {5 s) to reduce the density of defects.
led configuration. STM images published so far (in the range
of 20—200 K) always show a certain ratio of dimers appear-
ing in a symmetric configuration. What makes the situation A typical STM image of the clean Si(100) surface at 80K
more complicated is the report of the reappearence of tlieeshown in Fig. 1 to demonstrate the coexistence of the sym-
symmetric dimers at temperatures below 28 KConcerning metric and buckled dimers. In this and the following figures,
the symmetric dimers observed at low temperatures far beldive symmetric dimers are colored dark. In the middle region,
the symmetrics- buckled phase transition temperature (herethe dimers appear in a symmetric configuration, while in the
after, low temperature indicates the range of 20 K—200 Kypper-left and lower-right regions the dimer rows appear as
there are several issues which remain to be elucidated. @@yzagged chains. The zigzagged chains reflect the antifer-
Are the symmetric dimers observed at room temperature, themagnitic alignment of the buckled dimers, since only the
same as the symmetric dimers observed at low temperaturegper or lower atom of the dimer is observed by STM de-
(2) What is the origin of the symmetric dimers observed giending on whether the filled or empty state is probed (STM
low temperatures; are they intrinsic or induced by externéinages shown in this article are those of the empty states).
factors? (2) What is the electronic structure of the symmethis ordering provides a surface reconstruction of x(2).
Frequently, at the boundary of the buckled-symmetric dimer
*E-mail address: hidemi@ims.tsukuba.ac.jp, http:/dora.ims.tsukuba.ac.jdomains, defects are observed, as shown in a typical example
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coexistence of the symmetric dimer and buckled dimer domains. The sym-§=
metric dimers are colored darks = +0.6V, I = 1 nA. (b) A C defect at
the boundary of a symmetric and buckled dimer domain.

in Fig. 1(b). Various STM studies have shown that the defects
on the Si(100) surface significantly influence the configura-
tion of the surrounding dimes1¥ For example, at 200K,
Yokoyama and Takayanagi have shown that the A defects
serve as growth nuclei of buckled dimer domains. Also,
Tochiharaet al. have shown that the C defects act as phas
shifters in a complete set of buckled dim&srequently, the
C defects are observed at the boundaries of buckled and sy
metric dimer domain3.®) Taking into consideration these re-
sults, it might be supposed that the boundaries, shapes, ar
size of the symmetric and buckled domains are regulated by
the defects.

In order to investigate the influence of the defects, we ob- (e) &5
Serveq the diStribUtion of the S-ymmetric and buckled -d-imeri . 2. (a)-(d) A set of STM images showing the influence of defects on
domam; onvarious surfgces W|t_h d'ﬁerent defect denS|t|e§ 5ghe configuration of the surrounding dimers. The defect density decreases
shown in a set of STM images in Fig. 2. On a surface with from (a) to (d).Vs = +1.0V, I; = 1.0nA. The symmetric dimers are col-
high defect densities, the surface consists of a random mixturered dark. (e), (f) STM images of a clean Si(100) surface with extremely
of symmetric and buckled dimer rows (Fig. 2(a)). As the de- 'ow defect density. Temperatuse 80K. Vs = +0.6V, Iy = 1.OnA.
fect density decreases, symmetric and buckled dimer domains
emerge and grow in size (Figs. 2(b) and 2(c)). On the surfagey dimers was observed. Two examples are shown in the
with a rather low defect density, the surface is covered witket of STM images in Fig. 3. For the case displayed in
large symmetric and buckled dimer domains (Fig. 2(d)). ThiBigs. 3(1-a) to 3(1-d), we destroyed the four C defects en-
result demonstrates that the defect density is the main facosed by the white circles one after another in the order indi-
that determines the configuration of dimers at low tempera&ated by the figures written next to the circles. Accompany-
tures. However, the following issues remains to be addressénly each destruction, a symmetks buckled transformation
“would these symmetric domains be observed on a defect freéthe configuration of the surrounding dimers was observed.
surface?” For example, accompanying the destruction of the C defect

Recent progress in the fabrication methodology of Si(10@)umber 1, the symmetric dimer domain observed in the initial
clean surfaces makes it possible to fabricate an almost defestate in Fig. 3(1-a), diminished in size and changed its shape
free Si(100) surfacé? An STM image of a clean Si(100) as shown in Fig. 3(1-b). Anillustrative symmetris buckled
surface with extremely low defect density@.1%) at 80 K transformation was observed after destruction of the C de-
is shown in Figs. 2(e) and 2(f). Almost no symmetricfect numbered 4. In this case, a new symmetric dimer do-
dimers were observed, and the surface is covered with largein emerged after the destruction in the lower-right region
buckled dimer domains. These experimental results suggest shown in Fig. 3(1-d), which was initially a single buck-
that the symmetric dimers observed at low temperatures deal dimer domain as shown in Fig. 3(1-c). It should be noted
metastable regions induced by the surface defects. that the configuration of the dimers in between the destroyed

The influence of individual defects (C defects) can be in€ defect number 4 and the newly emerged symmetric dimer
vestigated by a unique methéd.When the STM tip is posi- domain did not change but remained in a buckled configur-
tioned above a pre-selected C defect and a controlled electsiation as can be seen from Figs. 3(1-c) and 3(1-d). This re-
field is applied by a regulated ramped bias, the C defect canlt shows that the influence of a single defect on the con-
be demolished. In many cases, accompanying the destructfgguration of the surrounding dimers extends to a long dis-
of the C defect, an avalanche type dynamical symmetsic tance. Figures 3(2-a) and 3(2-b) show another example. In
buckled transformation of the configuration of the surroundhis case, we destroyed seven C defects enclosed with the cir-

m
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have a semiconductive feature due to charge transfer from the
lower atom to the upper atom. In order to clarify this point,
we carried out a CITS measurement of the symmetric and
buckled dimers to resolve the electronic structure of the sym-
metric dimers observed at low temperatures, and to compare
it with that of the buckled dimers. The normalized tunneling
conductivities (STS spectrad!/dV)/(1/V) versus \J are
numerically calculated from the tunneling |-V spectra (not
shown) extracted from the CITS data. -V spectra show that
the buckled and symmetric dimers both have a similar semi-
conductive feature with a surface band gap-6f5 V, similar
to that of the symmetric dimers at room temperature. The
Fermi level is at the edge of the conduction band because the
sample is n-type doped. Figure 4 shows the STS spectra of
the upper and lower atom of the buckled dimer with the STS
spectra taken on both sides of a symmetric dimer. The shaded
region represents the energy window of the surface band gap
where the tunneling noise is emphasized. Immediately it is
clear that the buckled dimers and the symmetric dimers have
very similar electronic structures. The similarity between the
STS spectrum of the buckled dimer at low temperature and
that of the dimers obtained at room temperature by Hamers.
et al? ensures that obtained STS spectra are not devalued
by any possible electronic structure of the tunneling tip. The
main peaks in the filled and empty states are attributed to the
7 andrz* surface states of the dangling bonds of the buckled
dimers, respectively. The upper atom of the buckled dimer
has a stronger intensity at thesurface state than the lower
atom, while the lower atom has a stronger intensity atithe
surface state than the upper atom. This result confirms the
charge transfer from the lower atom to the upper atom (charge
: : » g transfer from ther* to = surface state) that was predicted by
Fig. 3. (1-a) to (1-d) Four C defects enclosed by white circles were petheoretical calculations and the general law of chemical bond-
turbed and destroyed in an order indicated by the figures. (1-a) The initighg.

tate before destruction. (1-b i . (2 - i ; ; i

zon 2,3,and 4 (1-d) After(deszrﬁft?c:ndze,s g :ﬁéjoz.l(z-g) frzitlia;fgtr:t: Eztfgjri As me.mlo.ned above, theoretlca.l CalCUIatlor.]S pr_e dict a real

destruction. (2-b) After destruction of the seven C defects enclosed by tﬁé(mmemc dimer to have a metallic feattﬁe‘u'te different

circles.Vs = +0.6 V. Iy = 1.0 nA. Temperature= 80 K. from the measured semiconductive feature. Hence, we con-

clude that the apparent symmetric dimers observed by STM
are not truly symmetric but buckled. Generally, the elec-

cles. Fig. 3(2-a) shows the initial state of the surface, arftionic structure of the symmetric dimer can be considered to

Fig. 3(2-b) shows the final state of the surface after all de-

structions were executed. By comparing the location, size.

and shape of the symmetric dimer domains observed in tt

upper-right region of Figs. 3(2-a) and 3(2-b), it is easy to se

that the influence of the destruction has extended to a couy

of ten nanometers,

The surface morphologies before and after destruction cz§ 6
be regarded as representing the equilibrium surface confi%
uration with and without the C defect. Therefore, compars, 4
ing the configurations before and after destruction will give ™~
unique opportunity to study the influence of the C defects o 2

I Symmetric Dimer

the configuration of the surrounding dimers. The drastic lon /V‘ .
range transformation of the configuration of the surroundin ILower N .
dimers means that the influence of individual defects extent -15 -1.0 0.5 0 +0.5

to a long range. From these experimental results, we co .
clude that the low-temperature symmetric dimers emerge ... Surface Bias (V)
metastable regions caused by the surrounding defeéts.  Fig. 4. STS spectra of the lower (dashed line) and upper (dashed-dotted
As the symmetric dimers are caused by external factorsline) atoms c_>f the buckled dimer YVith two STS spectra (real lines) taken
they might have a different structure from those observed affo™ Poth sides of the symmetric dimer. All of the data was taken
with the same tip apex. The shaded region represents the energy win-

room temperaturg. Infact, a r.eal Symmetric dimeris PrediCteddow of the surface band gap where the tunneling noise is emphasized.
to have a metallic characteristiovhile the buckled dimers  Temperature= 80K.
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