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We have studied the @01 surface from 120 K to room temperature using a variable
low-temperature scanning tunneling microscope. Complementary investigations were carried out on
two distinctly different types of surfaces: first, the normakR surface and second, thex@
(4<n<12) surface. For the 21 surface, the defects are scattered randomly. By plotting out the
fraction of buckled dimers as a function of temperature, we find a slow transition from
predominantlyc(2xX4) at low temperature to mostly >l at room temperature for a defect
concentration of about 8.5%. For the<@ surface, the much larger number of surface vacancies
form long-range ordered chains, dividing the surface into many short dimer segments. These dimer
segments predominantly appear to be unbuckled at room temperature. Upon cooling to 190 K, we
observe very little change in the amount of buckling. The implications of this result are discussed.
© 1996 American Vacuum Society.

[. INTRODUCTION hand, if it really is a second order phase transition, then, by
mapping out the order parameter, i.e., the percentage of
buckled dimers, as a function of temperature, we should be
gble to deduce the critical exponent. Either result should

Although it has been known for a long time that the
Si(001) surface exhibits a:21 reconstruction atRT),' con-
troversy has surrounded the topic of the exact nature of th

dimers. Theoretical studies have lent support to two differenP™V¢€ Interesting. . . .
models of the surface dimers, namely, the symmetric and A complete understanding of this phase transition should

asymmetric dimer modefs:® explain why the surface at low temperature exhibits prima-

Experimental investigations have also attempted to verif)f"y c(2x4) rather thanp(2x2) symmetry. This question

one or the other model. Scanning tunneling microscopymay also be related to the surface defects. A recent STM

(STM) images have shown symmetric-appearing dimers aiesult has concluded that certairC*type” defects act as

RT except in the vicinity of defects and step edges wheré’hase shifters with regard to the buckling pattern, thus induc-
buckled dimers are observ&8 A variable temperature low- N9 local regions 0p(2x2) on an otherwise perfect(2x4)
energy electron diffractiofLEED) investigation has shown, reconstructiort! However, the question remains as to why
however, that the surface undergoes a reversible phase traffi€ surface seems to prefer h@x4) arrangement and how
sition at around 200 R.The first low-temperaturdT) STM It gets into that state.
images of this surface showed that at LTs the surface is in- The LEED study mentioned above found that the phase
deed largely composed of buckled dim&siowever, those transition took place over a fairly broad temperature rahge.
images showed that a fair fraction of Symmetric-appearingThUS, the authors concluded that this is a second order
dimers remain. order—disorder transition. However, their result lacked a

Additionally, most of the buckled dimers were arrangedduantification of the defect type and concentration on the
into the c(2x4) structure although regions @f(2x2) also  surface. Atheoretical article has predicted that as little as 1%
coexisted. This was attributed to the defect density on thélefect concentration could reduce the order parameter by
surface(about 5%—-10% in that wojk A number of more 75%, resulting in a smearing out of the transition over a
recent works have aimed to obtain a low defect concentratiofgirly broad temperature rangéBased on this prediction, it
and, by so doing, remove their influence? would then appear that since the bestO81) surfaces re-

In the present study, rather than jump into the controversyorted thus far have arourg§—1% defects, it may not be
of whether dimers are intrinsically symmetric or asymmetric,possible to ever entirely remove their influence on the phase
we choose to focus on the following questions. First, what igransition. Thus the difficulty remains for identifying the true
the nature of the phase transition, and second, what is theature of the phase transition.
role played by defects in the phase transition? Several recent The key to making progress on these issues appears to be
theoretical works have aimed at addressing this i$$i8Ve ~ to gain a more complete quantitative as well as qualitative
consider that there are two possibilities, namely that it isunderstanding of how the different types of surface defects
either a first order or a second ord@ilso referred to as influence the phase transition. To that end, we have per-
continuou$ phase transition. If it is actually first order, then, formed a comparative investigation between normal12
through careful experimentation, we should be able to obsurfaces having defect concentrations of about 8.5% and
serve the nucleation and growth of reconstrudteel, c(2  2Xn surfaces where the defects are almost all vacancies
x4)] domains near the transition temperature. On the othewhich form long-range ordered chains running normal to the
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dimer row direction. Since the symmetric vacancies do not
appear to induce buckling in the case of the normall2
surfaces, it is interesting to ask the question what will happen
to this surface at low temperature. If, for example, the short
dimer segments do not buckle, then this may shed some light
on the issue of dimer buckling itself.

[I. EXPERIMENT

It is clear then that in order to carry out this investigation,
the tool of choice should be able to measure both the fraction
of buckled dimers as a function of temperature as well as to
guantify both the number and type of surface defects. Thus it
would appear that a variable low-temperature STM would be
the tool of choice for this investigation. Our experiments are
carried out in an ultrahigh vacuufHV) chamber specifi-
cally designed for use with our home-built variable low-
temperature STM® The chamber is also equipped with
LEED and various sample and tip preparation facilities.
Samples and tips can both be transferred into the main cham-
ber through a load lock. Typical pressure in the main chamrec. 1. (a) A 174 Ax174 A room-temperature STM image of a fairly high
ber is 6x10° 1 Torr. defect(13.5%) Si(001) surface recorded at2.84 V sample bias and 0.65

TipS are prepared using electrochemical etching of poly_nA tunnelir]g cgrrent. Buckling appears to be_ localized near the defégts.

. " . 2" Surface with slightly less defect density0%) imaged at—2.69 V sample
crystalline W wires. They are treated prior to use inside thejas and 0.39 nA tunneling current at 205 K. Extended regions of buckled
chamber with electron bombardment. Samples used are frodimers ag/e amirzriﬁ eTSoZtr ereii?enjsra;ﬁ?%?k (sdg:itil;.(}i)tﬁ; 1si?f§c'e

. o o ;
either 0.08 O.r 0'5. miscu{00)-oriented wafers made by ?sbg\l:él?gst‘:/oobuckled, witlt(2x 4) makipng uyp 59% ang(2x2) 24% of the
Wacker Chemitronic Corp. Most of the work used the lower, .,
miscut samples. Low defect surfaces are usually prepared in
the standard way: outgassing for a period of time at 700 °C,
followed by a quick flash to about 1200 °C, followed by a
slow anneal starting at about 950 °C. In one case, we first did
an ex situchemical treatment before heating the crystal in-
side the chamber. Thext surfaces are prepared in a similar
way except that, rather than anneal the sample, the tempe
ture is quenched from 1200 °C to RT. Repeated quenchi

cycles finally result in a n or partial 2<n structure.

In contrast to the roort surface, we observe in Fig(ld)
that the Si001) surface at 205 K, namely near the transition
rte_mperature, is composed of an increased concentration of
nSluckled dimers. This image contains about 10% defects.
giere, we observe that the dimer buckling within a given row
appears to propagate further along the row as compared to
the room-temperature surface. A close inspection of the im-
lll. 2x1 SURFACES age reveals that where two rows of buckled dimers lie adja-
In Fig. 1(a), we show an image of a normal(801) sur-  cent to one another, they are usually in t{@x4) arrange-
face at room temperature acquired at a sample bias2084  ment, although an appreciahg2x2) fraction also exists.
V and a tunneling current of 0.65 nA. This surface is com- At 165 K, the fraction of buckled dimers on the surface is
posed of Si dimers, various combinations of symmetric-even larger, as seen in the image of Fi(c)1Here we find
appearing missing dimer defects, and other asymmetricvery few places on the surface where there exist more than
appearing defects, which have also been discussed in pritwo adjacent dimer rows having only symmetric-appearing
work.”810-12The total defect concentration for this image is dimers. At even lower temperature, namely at 127 K as
about 13.5%. This leads to a fairly high percentage of buckshown in Fig. 1d), the surface is mostly composed of buck-
led dimers. At this temperature, the buckling appears to beled dimers.
gin at the asymmetrical-shaped defects, as also pointed out The preceding gives the general picture for the behavior
previously'®~*?2The buckling propagates for a short distanceof this surface as a function of temperature. With a sufficient
(6—8 dimer$ and dies out. Close inspection reveals that thedatabase, however, it is possible to do a more thorough data
buckling does not start at single missing dimer defectsanalysis. Though somewhat painstaking, our method of
double missing dimer defects, or combinations of theseanalysis is the following: we begin by simply counting the
However, such defects may serve to interrupt the bucklingqiumber of buckled dimers to determine the buckling fraction
pattern or terminate it at that point. It is also evident thatat different temperatures. In many cases, however, even with
large domains o€(2x4) are not observed at room tempera- a high quality image it is difficult to judge the amount of
ture even for high defect concentrations, but rather there exbuckling without introducing inconsistency from image to
ist fairly large domains of symmetric appearing dimers, agmage. In fact, this is not just an issue of image quality since
seen towards the center of the image. a whole range of buckling exists, from weakly buckled to
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To simplify matters, we choose to count every dimer that
appears at all buckled. In order to do so, we employ thé'e: 3- (8 Graph of the percentage of buckled dimers as a function of
. . temperature. Filled circles indicate the buckling; empty circles indicate the
curvature image that can easily be calculated from the F8Wefect concentration. Some of the points represent over three thousand
data. Such a curvature image is shown in Fig. 2 and corredimers. The average defect concentration is about 8.5% but fluctuates be-
sponds to Fig. 1, which was taken at 127 K. As can be seeriyeen 6.5% and 13.5%b) Graph of the separate percentagesx4)
the curvature image amplifies the buckling such that slighfdiamond-shaped symbolandp(2x2) (open squargsas a function of tem-
. . o perature. The(2X4) increases with decreasing temperature while gt
buckling can be more clearly identified. After the curvature ) fiyctuates.
image is produced, all of the apparently buckled dimers are
marked and counted. At the bottom part of the image of Fig.
2 is shown a sample of the marking of the buckled dimerdrom image to image, averaging around 8.5%.
which is done for each image in the analysis. Additionally, We can get more information out of the images by count-
we count the total number of defects within the image whiching the fraction of buckled dimers that are in th&x4)
then gives us the defect concentration. Subtracting the totalrrangement and the fraction that are in {ig<2) arrange-
number of defects from the total number of dimer sites, asnent. The method is to compare each buckled dimer in a
computed from the total area of the image, gives us the totaiven row with the dimer in the row next to it, for example,
number of dimers on the surface. Dividing the number ofto the left. If they are buckling in opposite directions, then
buckled dimers by the total number of dimers yields thethat is onec(2x4) unit; if they are buckling in the same
buckled dimer fraction for that image and at that temperadirection, then that is onp(2XX2) unit. This is repeated for
ture. Doing the same for images at many different temperaevery buckled dimer within every row of the image. Sum-
tures then allows us to plot out the fraction of buckled dimersming all thec(2x4) andp(2x2) units and dividing each sum
along with the defect concentration as a function of temperaby the total number of dimers, we finally arrive at the per-
ture. centages oft(2x4) and p(2xX2). For the image shown in
We have carried out such an analysis from our data sefig. 1(c), for example, the fraction of(2X4) is 45%; for
and the results are shown in FigaBtogether with the cor- p(2X2) it is 20%. Notice that these two percentages do not
responding defect concentrations. Note that all of the pointadd up to the total percentage of buckled dim@&%9 since
are from the same sample except for the point at 246 Kthis does not include the isolated buckled chains.
which we add for reference to compare with the rest of the In Fig. 3(b) are shown the results of this counting analy-
data. Here, most points represent up to several thousarsis, based on the same data sets as those used for the plots of
dimers. Despite the remaining fluctuations, it is clear that a¥ig. 3. Clearly, the percentage of2x4) increases as the
the temperature is reduced, the percentage of buckling irtemperature decreases over a certain range around the ex-
creases gradually over a certain range near the expected trggected transition temperature while the percentage(@f
sition temperature, in agreement with Murata’s LEED X2) fluctuates without a strong trend. p{2x2) regions are
result? Notice also that the defect concentration fluctuategeally related to the defects, then one may expect that as the
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(a) . buckled dimers at 190 K on thexh surface? Does this
. mean that dimers on thexh surface for some reason will
not stop oscillating at LT? A possibility is that 190 K is still
not low enough to freeze out the thermal motion of the
dimers, but they may actually freeze out at some lower tem-
perature. Further experiments will be necessary to verify this
point. On the other hand, for a longer dimer row we do
observe buckling at 190 K. These observations should have
implications for the underlying mechanism of dimer buck-

) ) I ling.

V. SUMMARY

We carried out a study of 21 and 2xn surfaces of
Si(001) as a function of temperature. Th& 2 surface shows
buckling at all temperatures with the amount of buckling
increasing at lower temperatures, similar to observations re-
SR ported previously by others. We have found that the percent-
190 K age ofc(2x4) does increase as temperature decreases while

the percentage gb(2x2) appears to fluctuate. However, in
FIGﬁ 4. (@ rf\dlcf)o Axhlf_JO A rOQm-temperzturT imagﬁ Oc;'a Paftia*lfil order to address the nature of the phase transition, we need to
surface wit efect chains running perpendicular to the dimer rows. mag _
was acquired at-2.74 V sample bias and 0.52 nA tunneling current. Almost ?)erf_orm the same temperatu.re dependent study over a range
no buckling is observed, except at the step edgePartial 2<n surface at ~ Of dlfferent defect concentrations. The lack of observation of
190 K acquired under similar biasing conditions. Buckling is confined to thebuckling at LT on the Xn surface calls for a new under-
longer dimer segment crossing over the defect chain. standing of the buckling mechanism itself.
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