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Structure Transformation of the C Defects Observed at Low Temperature (80 K)
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The dynamical characteristics of the C defect at low temperature (80 K) were studied by sequential scanning tunneling
microscopy observations. We found that the C defect frequently transforms into a another type of defect termed'as the C
defect. In addition, the reversakCto C defect structural transformation was observed which implies thatfhdeect is a
metastable state of the C defect. The observed structural transformation was completely different from that observed at room
temperature. We interpret that structural transformation associated with a change in the phase of the defect is suppressed at low
temperatures because it disturbs the ordering of the surrounding buckled dimers.
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Defects are one of the most serious problems of the Si(00dgratures.
surface. The first scanning tunneling microscopy (STM) ob- Recently, Zhangt al®) reported an interesting dynamical
servation of a clean Si(001) surface carried out by Tranhp characteristic of the C defects at room temperature. They re-
al.D) at room temperature, showed the existence of a ratheorted the observation of a frequent structural transformation
large number of atomic-scale defects on the surface. Sulf-the C defect into another defect in two sequentially ac-
sequent, STM observations of clean Si(001) surfaces consigired STM images. The new defect was termed thdefect
tently showed a certain amount of defects, which were claand was considered to be a variation of the C defect. Appear-
sified into three types, termed “A’, “B”, and “C” defects byance of the ¢ defect in the STM image is similar to one of
Hamers and Kohle?. the individual protrusions of the C defect transferred to the

Among these, the C defects are the most important. Whepposite side of the dimer row. Foregoing studies have shown
the filled states are probed, the C defects appear to be two #uht the reverse transition, -6 C structural transformation
jacent Si atoms missing along the dimer row direction and aexists, which suggests that the @efect is a metastable and
observed as bright protrusions in the empty staf®sOther excited state of the C defet?. It should be noted that these
reported characteristics of the C defects are as follows. Tustructural transformations were observed at room tempera-
nelingl — V measurements on the C defects show a metalligre, and at low temperatures the C defects might show dif-
feature? 4% Regarding the rather high concentration of C deferent dynamic features as was the case for their static char-
fects, they were supposed to be the prominent cause of Feanteristics)
level pinning? Furthermore, it has been reported that the C In this article, we report the observation of the structural
defects influence the site of adsorption. For example, it tsansformation of the C defects by STM at low temperature
reported that the C defects are sensitive to oxidation. (80 K) which yields new insights to our understanding of the

The C defect s also known to strongly influence the config= defects. A completely different structural transformation
uration of the surrounding dime?5At room temperature, the from that reported at room temperature was observed at low
main part of the dimers are observed in a symmetrical confitemperature which we interpret is induced by the difference
uration in the STM image38, though dimers adjacent to thein the configuration of the surrounding dimers at room and at
C defects are frequently observed as bucki@d.At room low temperatures.
temperature, buckled dimers are induced by the C defects.Standard procedures were employed to fabricate the clean
When the temperature of the sample is lowered below 200 Byrface. Si samples were phosphorus-doped at a conductivity
a symmetries-buckled phase transition occurs and the majoef 0.005€2 cm. After the sample was prebaked~at00 C for
ity of dimers are observed in a buckled configurafibit is  one night, it was flashed once to 1280for 30s, followed by
generally accepted that the flip-flop motions of the dimers aemnealing at 700 for another 30s. The base pressure was
frozen at low temperatures below 200 K and buckled dimekept below 5< 108 Pa during the flashing. Electrochemically
are observed in the STM imag®sIn this article, low tem- etched tungsten tips were used for the STM measurements.
perature means a temperature below 200 K. Whether the surThrough continuous observations of identified C defects
rounding dimers are buckled or not is a factor which requiresser a long period, we studied the structural transformation
serious consideration. Tochihatal® have shown that the C of the C defect in detail. A set of subsequent STM images
defects influence the configuration of the surrounding dimeis displayed in Figure 1, showing the structural transforma-
differently at low temperatures. They showed that dimers &bn of the C defects at 80K, a temperature far below the
one side of the C defects appear buckled while those at tbetical temperature of the symmetcbuckled phase transi-
other side appear symmetrical at low temperatures (149 K)tion. Figures 1(a) and 1(b) show the filled(= —0.8 V) and
Symmetrical dimers are induced by the C defects at low terampty (/s = +0.6 V) states of the initial surface, respectively.
Note that the surface bia¥{ = +0.6V, —0.8V) is signif-
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of the filled state. Figure 1(d) is the corresponding STM im-
age of the empty stat&/{ = +0.6 V). The G defect appears

as a single very bright protrusion in the low-biased filled-state
STM image, similar to the appearance of the C defect in the
empty states. It should be noted that the appearance of the
C5" and C defect in the empty-state STM images are prac-
tically indistinguishable, hence the structural transformation
would not be noticed only if the empty states were continu-
ously observed. After 27 min, the second transition was ob-
served, as shown in Fig. 1(e). A reversal procedure of the first
transition occurred and thesCdefect in the upper region of
Fig. 1(c) transformed into a C defect, as indicated by the cir-
cle. Observation of the reversak'G-C defect transition is
very important, since it directly shows that the-C5" de-

fect transition is not an irreversible and one-way structural
transformation but instead implies that thg" Glefect is a
metastable and excited state of the C defect at low temper-
ature. Both the &-C5" and the reversal £—C transition

of defects were observed frequently, as shown in the subse-
guent STM images where each circle indicates an individual
structural transformation. During the observation, the C de-
fect in the upper region in Fig. 1(e) was again excited into a
C5" defect (Fig. 1(f)), and the '€ defect in the lower region

in Fig. 1(e) recovered to a C defect (Fig. 1(g)) and was again
excited to a §" defect (Fig. 1(h)). The results show that the
C defect is easily excited into a metastablg Gtate. Note
that every G defect observed exhibited the same features in
the STM images.

We found that the appearance of thg @efect in the STM
images has a very interesting and complex dependence on the
surface bias. One striking feature is that the appearance of the
C5T defect is not confined to a single dimer row but crosses
over to the adjacent dimer rows in the filled-state STM im-
ages at typical surface biases. A series of STM images of a
single G defect, taken with different biases at 80K are dis-
played in Fig. 2. At-0.8V (Fig. 2(a)), the € defect appears
o A : as a white protrusion, although a close inspection reveals that
LS : “Sal : the shape of the protrusion is irregular when compared to the
63:01 (h) : white protrusion observed in the empty state (Fig. 2(e)), and
has a small projection which is indicated by an arrow. This

Fig. 1. A series of STM images showing the structural transfor-, .: . ; e
mation of the C defect at 80K. The sequence of events iprojection grows larger as the surface bias is increased, as

(@)~ (c)— (e}~ () —(g)— (h). These images were taken at a surface bia§_hown in Fig.. Z.(b), an image t.ake.n\a;= —1.0V. Here, the
of —0.8V, thus they are images of the filled states, except (b) and (d) tak&ize of the original protrusion in dimer row (2) has decreased
at+0.6V, and show the empty states of (a) and (d), respectively. The tllTWh"e the projection in the adjacent dimer row (1) has grown

displayed indicates the duration in minutes and seconds from the end . . o .
scanning Fig. 1(a) to the end of scanning each image. Two C defects e{r {0 a new protrusion. AVs = —1.2V, this feature becomes

observed in the images, as indicated by the arrows. Each circle in the ifileéarer, and the new protrusion in dimer row (1) and the orig-
ages represents a single structural transformation of the C defects. Scafeal one in dimer row (2) become comparable in intensity and

10nmx 10nm. Tunneling curreatl nA. size. At this stage, the appearance of the defect is not confined
in a single dimer row but crosses over two dimer rows. At
higher voltages the situation becomes more complicated and
when studying the structural transformation of the C defect at Vs = —1.5V, a surface bias close to the typical value used,
low temperatures as discussed below. Two C defects are amly the new protrusion in dimer row (1) remains, while the
served in these images, as indicated by the arrows. Since tréginal protrusion in dimer row (2) transforms into a struc-
surface bias is lower than usual the C defects appear in thee which resembles a zigzag buckled dimer having a slightly
filled states as two protrusions that is slightly brighter thastronger intensity than the surroundings. Note that the protru-
the surroundings with a depression in the other side, a resalbn observed in the empty states is always located in dimer
that is in accordance with the intense local density of statesw (2). Such a complicated dependence of the appearance
near the Fermi energy of the C defett®. After 2min, the on the surface bias has rarely been reported and implies that
first structural transition occurred and both of the C defectie electronic structure of thesCdefect is very complicated.
transformed into different structures, which we term 45 C ~ The observed structural transformation at a low tempera-
defects, as indicated by the circles in Fig. 1(c), an STM imagdere is similar to that observed at room temperature in the
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Fig. 3. A series of STM images showing the structural transformation of
the C defect at room temperature. Tunneling conditighs= —1.0V,
I = 1nA. The C defect, indicated by an arrow in (a), changes into a
C, defect in (b) and reverses to the C defect in (c). Schematics in the
middle row show the stick and ball structures of the C apdi€fects. The
- 1 ) black circles represent the C and @efects, the gray circles the dimers
(e)‘ " . . which flipped to the opposite configuration during the transition. Note
) . . . . that the C defect is a phase shifter while thedgfect is not. The phase
Fig. 2. A series of STM images showing the peculiar voltage dependencegpitter ingredient is carried in and out by a P defect, and the gray circles
of the appearance of.théf:defect. at 80K. The surface bias is displayed  ghoy the direction of migration because the dimers will flip to the opposite
in the upper-right region of each image. Note that (a) to (d) are images of ¢ tiguration when a P defect migrates over them (ref. 11). Accompanying
the filled state while (e) is an image of the empty state. Dimer rows (1) t0 e stryctural transformation of the-6C, defect, a P defect was released
(3) are numbered. Tunneling curreritnA. and migrated downwards. On the other hand, accompanying the structural
transformation of the & C defect, a P defect was absorbed in the defect

. . . . which came from upward as schematically shown in the right-hand side
sense that the C defect is excited into a particular structurggres.

(CLT and G defect) which can also reverse the C defect. How-
ever, the appearance of the excited structures is completely
different. At room temperature, the,@efect is similarto a  In this sense, it is important to note that the d=fect is
zigzagged buckled dimer which has a slightly stronger intemot a phase shifter. Therefore, accompanying the@ and
sity than its surroundings as shown in Fig. 3(b), and shows ttlee reversal g—C defect transition, the C defect switches
bias dependence. For comparison, we have presented anfesrm a phase defect to a defect which is not a phase shifter,
ample of the G>C, and the reversal £>C defect transition and vice versa. The phase shifter ingredient is carried out/in
in Fig. 3. In the following, we present a possible explanatiofrom the C/G defect by another phase shifter termed as the P
for the difference in the excited states observed at room adéfect. The P defect has been defined as two adjacent buckled
low temperatures. dimers aligned in the same direction, thus it is, by definition, a
Even though the practical atomic structure of the C defephase shiftet?) When a P defect migrates along a dimer row,
is not known, schematically it can be considered to represethie buckled direction of the dimers switches to the opposite
two adjacent dimers buckled in the same direction (ferromagenfiguration. Taking this into consideration, we can deduce
netic ordering), thus disorganizing the antiferromagnetic othe direction of migration of the P defect, as shown in the
dering of the buckled dimers at low temperature. Thus, théght-hand schematics in Fig. 3 for the structural transitions
C defect acts as a phase shifter in a complete set of bucklédplayed in Fig. 3.
dimers at low temperatures, although it does not at room tem-At low temperatures, the birth and migration of a P defect
perature, because high-ordering does not exist among dimateng the dimer row will cause a dramatic change in the con-
at room temperature. Tochihaea al®) have proposed that figuration of the surrounding buckled dimers. Indeed, when a
the C defect influences the configuration of the surrounds defect is artificially perturbed by the STM tip at low temper-
ing dimers at low temperatures because it is a phase shiftatures, its phase shifter ingredient is converted into a P defect
Whether a particular structure acts as a phase shifter or notisd accompanied to its migration, a large scale phase transi-
a factor which has to be treated with great care at low tempeion of the surrounding buckled dimers is indu¢édSuch a
atures although it is not so important at room temperature. dynamic change accompanied with the>C5™ and G'—C
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