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Phase transitions on Si113): A high-temperature scanning-tunneling-microscopy study
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Reconstructive phase transitions or(13B8) have been investigated near the critical temperatures using
high-temperature scanning tunneling microscopy. During the phase transition bd®weBnand (3X2) re-
constructions(3xX2) domains nucleate and fluctuate within #8<1) domain, and their size increases as the
temperature decreases. During the disordering of(3€l) reconstruction, highly mobile domain walls are
observed, which increase in density as the transition is approached from below. The structure and evolution of
the domain walls is consistent with disordering of {8&1) reconstruction via incorporation ¢f-] (heavy
domain walls[S0163-182807)05231-4

Whether a(3X2) or (3x1) reconstruction appears on a a key to understanding the nature of the disordering of the
clean S{113 surface depends on the temperattfeThe  (3X1) reconstruction, was not observed.
(3X2) reconstruction is stable at room temperature and ex- In this paper, we investigate the reconstructive phase tran-
periences a transition to tt§{@x< 1) reconstruction. It has been sitions on Si113) on an atomic scale using high-temperature
reported that low-energy electron diffractiehEED) spots  (HT) scanning tunneling microscopSTM). In HT-STM
related to the(3x2) reconstruction completely disappear atimages of thg3x1)-to-(3X2) phase transition, locaBx2)
about 500 °C. The (3% 1) reconstruction is also transformed orders appear in a larg8x1) domain. HT-STM images of
into a (1x1) disordered phase at higher temperatures; théhe disordering of th€3%x 1) reconstruction confirm that the
reported disordering temperatures are 570—750 °CRe- disordering occurs through the incorporation of the domain
cently, much effort has been focused on understanding thwalls. . )
disordering of th&3x 1) reconstruction on a 8i13) surface, We observed phase transitions or(138) in real space

and LEED and x-ray-diffraction studies have shown that the/Sing @ commercial scanning tunneling microsc¢pgoL
disordering belongs to the chiral melting universalityJSTM45OO VT, which enables us to observe surface atomic

class24-8 However, little is known about the nature of the structures at elevated temperatures. The base.pressure of the
(3x2)-to-(3x 1) phase transition chamber was 8108 Pa, and the pressure during HT-STM
-to- ) -
Figure 1 schematically illustrates @x1)-reconstructed zg?giu;%miitlsmw ca;)bv?/g?éllganezab Trr;e ;%;g)osx?ég%lgﬁ in
Si(113 surface including domain walls running normal to hec, yrep

o o H,SOH,0,=1:4 and oxide removal in HF solution, and
the 3x dlrect|9n along the 332 direction. There are tW_O protective oxide layers were formed as the final step. They
types of domain wallsA|B andB|A, and they are topologi-

s | were introduced into UHV through a load lock. The samples
cally different. Huse and Fisher called thent] and [~] \yere outgassed at about 600 °C for several hours, and then
domain walls] whose widths are (8+1)a; and (N cleaned by flashing at 1250 °C. They were annealed by pass-
+2)ag (n=0,1,...), respectively, wherey is a unit length  jng electric currents through them. The sample temperatures
along[110]. Conventionally, the two types of walls are re- pelow 600 °C were estimated by extrapolating the relation
ferred to as light and heavy because the density of the elé&setween the heating current and the temperature measured
ments constituting thé3x 1) periodicity is lower in the 4,  above 600 °C with an infrared pyrometer. The uncertainty of
wide [+] wall and higher in the @, wide [—] wall. Chiral  the temperature below 600 °C is probably less th&i °C.
melting occurs through the preferred generation of the doSTM images were taken in the constant current mode.

main walls with lower energy. Shifts in the positions of the Figure 2 shows STM images aof3X2)- and (3X1)-
(3x1) diffraction spots have shown thiat | walls are incor- reconstructed $113 surfaces. Figures(d and 2b) were
porated during the disordering of tk@x 1) reconstructiorf.®  taken at room temperature and 663 °C, respectively. The in-
Recently, Tromp, Theis, and Bartelt investigated criticalsets show Fourier transforntBT) of the images. Unit cells
fluctuations during the disordering of tli@x1) reconstruc- of the (3X2) and(3X1) reconstructions are also indicated in
tion in real space and real time using low-energy electrorthese images. In the STM image of t#8x 1) reconstruction,
microscopy(LEEM) and showed an increased spatial corre-bright spots are arranged in(8x1) symmetry. The striped
lation near the phase-transition temperature and the assodentrasts seen in each bright spot are artifacts due to me-
ated slowing down of the relaxation of long-wavelengthchanical vibrations. We normally observed no domain walls
critical fluctuations’ This LEEM study greatly contributed to of the (3x1) reconstruction in 5850 nnf STM images.
understanding the general critical behavior of continuousrherefore, sharp spots originating from the reconstruction
phase transitions. However, because the spatial resolution appear in the FT. On the other hand, in large-scale STM
LEEM was 40 nm and the image contrast originated from thémages of thg3X2) reconstruction taken at negative sample
difference in the work function between the ordered and disbiases, every other row of features alddd0] looks almost
ordered phasesthe incorporation of domain walls, which is continuous, which corresponds to the symmetry. As has
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FIG. 1. Schematic illustration
of the (3X1) reconstruction on
Si(113. Squares show unit cells
of the (3X1) reconstruction. Two
types of domain walls betweeh
and B domains are shownA|B
and B|A domains are called+]
and[—] walls, respectively.

been already reported, ti8x2) surface consists of small inserted into one of the two pentagdisThe model of Dab-
domains, but the 8 symmetry is continuous across the do- rowski, Missig, and Wolff for thg3x2) reconstruction well
main walls'® Therefore, in the FT, spots related to {%<1)  reproduces the observed STM imad@$® In the simulated
symmetry remain sharp, but spots associated with only th&TM image of the3x2) model of Dabrowski, Mssig, and
(3%X2) symmetry are broad. Wolff at the sample bias of-2 V, rebonded atoms and
The bulk-terminated $113 surface consists of alternat- dimers in the pentagons without interstitials look bridht,
ing (111) and (001) terraces, which are both single-atomic- which agrees with our result that every other row of bright
row wide in the[332] direction. Ranke first proposed four features along110] looks almost continuougFig. 1(a)].
structure models for §113.! Ranke’s dimerized model for Dabrowski, Missig, and Wolff also showed that the surface
the (3x 1) reconstruction is supported experimentdfiyand  free energy for &3x1) model, in which all pentagons in-
recentab inito calculations show that this model is locally clude self-interstitials, is equal to that for Ranké3x1)
stable in terms of surface free enefgyrhe (3x 1) dimerized  dimerized modet? Furthermore, Sakamet al. recently in-
model is essentially based on rebonding(@@1) steps and vestigated the structures of defects on (B 2) surface, one
dimer formation on(001) terraces. Recently, Dabrowski, of which was found to basically correspond to tt&x1)
Mssig, and Wolff proposed a model for tii@x2) recon- symmetry'® They showed that the STM image of this defect
struction employing the idea of the self-interstittARanke’s  is well explained by introducing a Si interstitial atom into the
(3x1) dimerized model has two pentagons, each of whictpentagon at the defect sittThese reports suggest that the
involves a dimer in d3X2) unit cell. In the(3X2) model of  transition betweet3xX1) and(3X2) reconstructions may be
Dabrowski, Missig, and Wolff, a Si self-interstitial atom is explained by simple addition or extraction of interstitial

FIG. 2. STM images of
Si(113) surfaces taken dg) room
temperature anth) 663 °C. Insets
shows their Fourier transforms.
The sample biases were2 and
—1.2 V. The tunneling currents of
(a) and(b) were 0.1 and 0.07 nA,
respectively. The image area is
30% 30 nnt.
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FIG. 3. STM images of
Si(113) surfaces taken at(a)
415 °C, (b) 375°C, (c) 340 °C,
and (d) 295 °C. Insets show their
Fourier transforms. The sample
biases of(a), (b), (c), and(d) were
-1,-2.1,-2.1,and—2.4 V, re-
spectively. The tunneling currents
were 0.07, 0.1, 0.08, and 0.08 nA.
The image area is 3030 nnr.

atoms*? Later, we will show filled-state HT-STM images creases. The LEED results of tk@x2)-to-(3x1) transition
showing fluctuations of bright features during the disorderingshowed that thé€3x2) spots completely disappear at about
of the (3% 1) reconstruction. Here, one should note that, evers00 °C? This temperature is higher than that at whickxa
though only the rebonded atoms appear in these HT-STMrder starts to appear in HT-STM images. The difference is
images, there are also pentagons with interstitial atoms bgsrobably because the slow time resolution of STM prevents
tween the rebonded atoms. The motion of the rebonded asmall domains, which appear and disappear at a fast rate,
oms thus should be accompanied by the motion of the perfrom being imaged and the dynamic range of the LEED in-
tagons. tensity is much wider than that of the FT's of the STM
Figure 3 shows HT-STM images taken at various tem-mages, which is partly due to the limited scanning area of
peratures near thg8x2)-to-(3X1) phase transition. The in- STM.
sets show the FT's of the images. The STM image taken at Figure 4 shows sequential HT-STM images of thel $8)
415 °CJ[Fig. 3(@)] shows thg3x1) reconstruction with long-  surface at 295 °C taken with a 12-s time interval. These sur-
range order similar to that of Fig(l® taken at 663 °C. In the faces consist of two types ¢8x2) domainsA andB, which
STM image taken at 375 °C, however, some bright featuresare different with respect to th&2 symmetry. In Fig. 4,
have lengthened and connected alhip]. In the model of domain walls are indicated by solid lines. Comparison be-
Dabrowski, Missig, and Wolff, this indicates that some in- tween these HT-STM images indicates that the domain walls
terstitial atoms have left pentagons. At 375 °€2 order  shift in the directions indicated by the arrows. One can also
starts to appear locally, resulting in diffus€2 spots in the see that & domain nucleates in aih domain. These results
FT, as indicated by the arrow head. In the STM image takelindicate that the(3%2) surface is divided into fluctuating
at 340 °C[Fig. 3(c)], (3%X2) units can be clearly seen, as small domains under thermal equilibrium. The width of the
indicated by the square, aif@x2) domains are localized. In  (3%X2) domain is at most 10 nm at 295 °C.
the STM image taken at 295 °(Fig. 3(d)], the domain size Next, we show results on the disordering of t#&x1)
has increased and tti@x2) domains almost come in contact reconstruction. Figure 5 shows HT-STM images taken at
with each other. The FT’s show that the2 peaks intensify 663—680 °C. The insets show the FT's. The HT-STM image
and sharpen as the temperature decreases. These HT-SEW663 °C[Fig. 5a)] shows a single domain of thg@x1)
images show that mani3x2) domains nucleate in @x1)  reconstruction. At 663 °C, no domain walls were typically
domain, and that thé3x2) domain size increases until the observed in 5850 nn? HT-STM images. However, in the
(3%2) domains cover the surface as the temperature dedT-STM image taken at 673 °{Fig. 5b)], there are some
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FIG. 4. Sequential STM im-
ages of Si113 surfaces taken at
295 °C. The sample bias and tun-
neling current were-1.88 V and
0.08 nA, respectively. The image
area is 1& 18 nnt.

fluctuations of the features in théX1) reconstruction. the temporal effect of STM scanning to interpret the apparent
However, the features are still arranged on straight lineslomain walls. Horizontal rastering made this STM image,
along [110]. This indicates that the fluctuations are notand it took 17.5 s to make. The apparent domain walls are
caused by extrinsic factors such as fluctuations of the temalmost parallel to the scanning direction. However, this does
perature, fluctuations of the heating voltage, and mechanicalot necessarily mean that real domain walls favor this crys-
vibrations, but that they are intrinsic. In tH8x1) recon- tallographic direction, since apparent walls were normally
struction, troughs alonf031] are straight, as indicated by a seen along the scanning direction even after changing it. We
straight line in Fig. %). However, in Fig. ®), troughs thus conclude that, at 673 °C, the domain walls fluctuate
along[031] are not continuous, but are shifted several timesover a width comparable to the scanning afé@ nm at a
Thus, the image shown in Fig(l§ is divided into several speed comparable to the scanning sp@aD0 nm/$. Thus,
(3%1) domains. Th&€3Xx1) spots in its FT are therefore more apparent domain walls are seen along the scanning direction
diffuse than those in Fig.(8). However, we must consider in the STM images as the real domain wall fluctuates back

FIG. 5. STM images of
Si(113) surfaces taken at(a)
663 °C, (b) 673°C, (c) 675°C,
and (d) 680 °C. Insets show their
Fourier transforms. The sample
biases of(a), (b), (c), and(d) were
-1.2,-1,-0.8, and—-0.8 V, re-
spectively. The tunneling current
was 0.07 nA. The image area is
30% 30 nnt.
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indicated byA andB. The regions marke® are regions in
which fluctuations of bright features are too severe for us to
identify the types of domains. The pattern of the apparent
domain walls probably indicates that the surface shown in
this image is divided intoA and B domains(respectively
located in the upper and lower regions of the imalbg a
widely meandering domain wall running from the middle
right to lower left. It is possible to identify the structure of
the real domain wall by measuring the displacement across
the apparent domain wall as in the area indicated by the
square. A magnified view of this area is shown as an inset.
The upper and lower halves of the image correspond to
and B domains. In this figure, the positions of the features
are indicated by circles. This image clearly shows that the
distance between the features across the domain wadljs 2
This indicates that this domain wall is thie-] one, which
seems to agree with the diffraction results that the disorder-

FIG. 6. STM image of a $113 surface including a domain ing of the (3X 1) reconstruction is accompanied with the in-
wall taken at 670 °C. The nominal domain walls are indicated bycorporation of th¢ —] walls. However, we cannot assert that
solid lines, and the types of the domains are also indicated. Thg|| the domain walls seen in the STM images [ard domain
sample bias and tunneling current werd.3 V and 0.06 nA, re-  \a|is. This is due to large fluctuations of the bright features
spectively. The image area is 444 nnt. The inset is a magnified around the domain wall, which makes the structures of the
STM image of the area indicated by the square. In the inset, brighyo ain houndary unclear, and the slow time resolution of
features are indicated by circles. STM, which causes the domain walls seen in the STM im-
and forth across the scan line ages to be apparent Walls_. However, we have found other

i Co evidence of the incorporation of tHe-] wall. In the HT-

As the temperature is further increased to 675 FR). STM image taken at 675 °CFig. 5(c)], the troughs, which
5(.0)]3 fluctua_tions in the(_3><1) reconstruction get larger. In should be alond03T] in the (3><.1) reé:onstruction,,are ro-
this image, it looks as if the troughs alohg31] meanqler. tated from[031] in some regions, one of which_is encircled.
The apparent domain walls thus are no longer restricted tﬂ1 these regions, the troughs are almost alfi2f] and the
the scan direction. Regions in which bright features are alyistance behNeén the features in thbTO] direction are
ranged in a(3x1) symmetry are localized in a fewsXx1) early 2a,. We suggest that bunches pf ] walls 2a, in
units normal to the scanning direction. Therefore, the FT\r/]vidth wh(;éh correspond 1o the heavy wall, are formoed near
includes(3_><1) peak_s that are greatly_ broadened normal tOthe di,sordering transition, and that they aré imaged by STM
the scanning direction. 'T‘ the STM Image at 680|f1€g. . because they move more slowly than an individual domain
S(d)], the 3< symmetry d|s_appears, consistent with the dIS'waII. The formation of the bunches of tiie-] walls further
%paﬁeﬁgﬂfﬁnﬁﬁgﬁgfﬁ Igr;thlr:;igTergsir:rr;(algzi;rgzestr:gws indicates that thé—] walls are incorporated during the dis-

X . . ordering of the(3X1) reconstruction.
The lines look almost continuous, and the pacing cannot In summary, we have investigated the reconstructive

be seen in the lines. This may indicate that the features Se%h o . : ;
. . X ase transitions on @i13) using HT-STM. During the(3
in the STM images of th€3x1) reconstruction move along X 1)-to-(3%X2) phase transition3xX2) domains nucleate in a

the[110] direction. These HT-STM results clearly show the large (3% 1) domain, and their size increases as the tempera-

'(gg?lrf ?;act(')?]r;t?;cdtg:a;]&'vﬂes %l::rrlggsgﬂe g':ﬁ;ﬂer?fgtﬁ; tSg_ture decreases. The HT-STM images have also shown that
Y y the disordering of th€3x1) reconstruction occurs through

maIIDr;ffvrv:c”t?oiSsizii;irr;\r;?/r:tsljrzgv:/rr’:ﬁ;ﬁsé disordering of th the incorporation of domain walls. We observed bunches of
9 —] walls near the disordering transition, which is consistent

(3X1) reconstruction occurs through the incorporation of the. ... . , . : .
~ 6 ; . . ! with incorporation of —] walls during the disordering of the
[—] wall.® We, therefore, tried to verify this using HT-STM. (3x1) reconstruction.

Figure 6 shows a HT-STM image at 670 °C including appar-
ent domain walls. In this image, the apparent domain walls We would like to thank Professor Ellen D. Williams for
are indicated by solid lines, and two types of domains aréhelpful discussions.
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