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Studies of Bi heteroepitaxy on®01) have shown that lines grow to lengths of up to 500 nm if the substrate
is heated to above the Bi desorption temperatd@d °C during or after Bi deposition. Unlike many other
nanoline systems, the lines formed by this nonequilibrium growth process have no detectable width dispersion.
Although much attention has been given to the atomic geometery of the line, in this paper, we focus on how
the lines can be used to create a majority 2 domain orientation. It is demonstrated that the Bi lines can be
used to produce a single-domain orientation di@@l) if the lines are grown on 801) surfaces with a regular
distribution of single height steps. This is a compelling example of how a nanoscale motif can be used to
modify mesoscopic surface structure ori0Bil).
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For nanoscience to develop into a viable technologymeasured using an infrared pyrometieand Instruments In-
methodologies must be found for assembling large numberernational. Line arrays were created by depositing
of nanostructured systems on a practical timest@ae way  0.5-4.5 ML of Bi on a clean silicon surface at a rate of
of achieving this goal is to utilize systems that can be asabout 0.07 ML/min in the desorption regini&>500 ° Q).
sembled in parallel. For systems assembled on surfaces, difhe samples were subsequently annealed for an additional
ferent terms in the surface free energy can be used to guidg)—40 min. All sample heating was done with ac to mini-
the parallel assembly proce330n semiconductor surfaces, mize electromigratioR?
morphological instabilities that arise from either anisotropic |t 55 proven difficult to acquire high-resolution images of
strain field§ or growth kinetics} can also be used to break the lines together with high-resolution images of the Si at-

6,7 i 8-10 . R L. .
syrRmetrty r";ng] ctreatr? gcﬁﬂjutshbclnrdvv_lres. lel. and that h oms located in the surrounding terrace. This is due, in part, to
syste at can be assembled In parallel, and tha e fact that the growth conditions that are required to pro-

received attention because of its striking structural quality . ;
(Fig. 1), is the S{001)-Bi line (sometimes called nano- duce S(001) terraces with a low density of defects and the

line) systemti19 If Bi is deposited on $DO01), above the growth conditions required to produce line arrays are differ-

Bi desorption temperature of 500 °C, lines form. These€Nt- In fact, the most precise determinations of the linewidth

lines have no measurable width dispersion and they can H¥) have been obtained from(8D1) surfaces that have been
grown to lengths of up to 500 nm without kinks or €xposed to H>171® Hydrogen exposure breaks surface
breakst!1214-1618.1Qnderstanding the physical factors that dimers in the Si terraces, forming a monohydride, and this
govern the nucleation and growth of these lines could possiallows the registry of the Bi atoms to be referenced to the
bly lead to methods for fabricating other quasi-one-1X1 surface unit cell. However, there is always the concern
dimensional structures on(8D1). Consequently, the Bi lines that this width is extracted from a modified surface; H ad-
have been studied with total energy calculatib¥23the  sorption has been shown to break Si-Bi bonds and disas-
scanning tunneling microscop€TM),11:12.14-16.18.19 _ray  semble the liné> Width determinations made on surfaces
photoelectron diffractiod* and low-energy electron diffrac- that have not been exposed to H yfél4* w=3a,, in dis-
tion (LEED).2* It is known that they comprise two parallel agreement with w=4a, extracted from H-terminated
rows of symmetric Bi dimers and that three subsurface layersurfaces®'"*a, is the 1x 1 surface lattice constant.
reconstruct and the two layers below this relax. The struc- Because the width of the line is a parameter to which all
tural model of the line that provides the lowest total energystructural models must conform, we have remeasured it and
has been named the Haiku structure because it contains bagthesent the results in Fig. 2. The left-hand side of the line
five- and sevenfold rings of Si atoms. scan traverses a row of Si dimers allowiag to be deter-
Our study was performed with a home-built beetle-typemined. Using this estimate, it can be established that the line
STM?5 using a Pt-Ir tip that was sharpened by field emissionoccupies four unit cell§4a,), in agreement with the width of
The piezocalibration was performed using the 2.7 nm spacthe H-terminated lin®17-18and the predictions of the Haiku
ing of the S{111)7 X 7 unit cell. The Si001) wafers (Vir- model!” STM images contain both structural and electronic
ginia Semiconductgrwere n type, phosphorus doped, with information. Consequently, care must be taken when inter-
resistivities in the range 5.2—7(2cm and misorientation preting line scans such as Fig. 2. However, the interpretation
angle |6 <0.5°. They were diced into rectangular samplesthat we have presented above is consistent with a more so-
with a width of 6 mm and a length of 17 mm. Following an phisticated analysis based on a comparison of the experimen-
overnight degas, atomically ordered surfaces were preparddl line scan withab initio STM simulations’’ We also
by resistively heating the samples to 1260 °C for 40 s whildfind the spacing of the two maxima within the line, at the
maintaining the chamber pressure below 20°° Torr, an- same bias voltage(-2.09 V, full statey to be 1.6y
nealing at 1000 °C for 180 s, and then slowly cooling down=(6.2+0.5 A. This is in excellent agreement with a previous
the sample at a rate of IC/s. Sample temperatures were estimate of 6.3 A obtained from a H-exposed(0Bil)
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FIG. 1. Ten Bi lines grown on 8)01) possess striking structural . MMALM A/
quality despite the fact that the (801 surface that the lines are ° 1 2 3 4 5 6 7
grown on contains a relatively high areal density of defects. Bias Distareei(nm)
voltage Vsampi=—2.47 V (full statey. Area (47 nm2. This surface FIG. 2. (8 STM constant-current image of a single line; area

was prepared by maintaining a temperature near 590 °C during th&X 8 nm, bias voltage/sampie—2.09 V. The white line defines the
30-min deposition oF=2.0 ML of Bi, and subsequently annealing position of (b) a line scan that shows that the line occupies four
for an additional 30 min at the same temperature. surface unit cells; #,=15.4 A, wherea,=a./\2=3.84 A anda, is

the lattice constant of Si5.43 A). The 1x periodicity of the unit
Surface];7 suggesting that in the latter experiment H adsorp.ce” is inferred from the region to the left that lies along a Si dimer
tion did not modify the geometry of the line. row.

We now turn to the main topic of this paper; the effect that
the lines have on the distribution of surface steps on th
double-domain $001) surface?®-30 In particular, we will
show that when aperioditline arrays are grown on &01)
surfaces that have a regular distribution of single heigh
steps, a single-domain orientation is produced.

The influence of the lines on the(801) step distribution
was examined using large-scale STM images where the i
age area was greater tha00 nm?. A flat Si(001) surface,
with an unintentional offcut caused by misorientation, will

typically have a 1:1 ratio of domain or|entat|0|(12><l:12 trude on Si peninsuldé. Lines also grow into the terrace
x2) and a comparable number 8f- and Ss-type steps?  apoye and the terrace's part to create intéfBhe mass trans-
Using the established conventi&f®a single height step is nort of Sj produces two additional structural features that are
S, type if the Si dimer rows in the terrace above the step rurtommonly found?® islands of Si and depletion holgBigs.
parallel to the step edge afg type if they run perpendicular 1 4 and 5that are one or two layers deep. The formation of
to the edge. ArA-type terrace is located above &type  peninsula-line-inle(P-L-I) motifs within a terrace produces
step and @-type terrace lies above &-type step. The two 4 |ateral expansion of the terrace. Furthermore, because the
dimer orientation¥’ are a direct consequence of the tetraheqines connect two step edges, they introduce a correlation in
dral bonding configuration in the diamond crystal structurene distribution of peninsulas in the lower step and the dis-
On S{001), a single height step rotates the direction of theyipution of inlets in the upper step.
surface dimers byr/2. The formation of parallel domain  The complex surface structure of line surfaces can be
orientations, either 21 or 1X2, requires double height symmarized by three observations that were inferred from
steps. ) o images of lines prepared towards the low end of our specified
We note that the con_venuc_mal definition &f and B-type deposition and annealing rang@) lines do not cross(b)
terraces has to be applied with great care to the surfaces Wgiets grow until they encounter a perpendicular line located
have studiedsee latey. There are two problems. The firstis 4 single height step above or a parallel line a double height
that our surfaces have azimuthal misorientation. The unintenstep above, an¢c) peninsulas grow until they encounter a
tional offcut does not lie along one of the high symmétty  perpendicular line a single height step below or until they
1 0] and[110] directions. Consequently, tif# steps are not encounter a parallel line a double height step below. We have
perfectly straight. However, thg,-type steps still have fewer searched unsuccessfully to find clear counter examples to
kinks than theSs-type steps and consequently, it is straight-these observations. If inlets broke through a line in an upper
forward to differentiate them from each other. Second, the Bierrace, we would expect to see matching lines approach the
lines create an interpenetrating arrangement of inlets anihlet on either side. These have not yet been observed. Fur-
peninsulas at step edges. Therefore, defining a domain oriethermore, we have yet to observe a peninsula break through

tation with reference to the step edg#imer rows running
%arallel or perpendicular to step eddecomes ambiguous.
Our proposed solution to this problem is to infer the absolute
orientation of the dimer rows il-type terraces from STM
‘mages of the clean surface first. Then, once the orientation
of the dimer rows has been established, we use the orienta-
tion of the dimer rows to label the two terrace types on the
"Surfaces covered with Bi lines.

Figure 3a) illustrates the inletgl) and peninsulaéP) that
accompany the Bi lined).11-19At step edges, the lines pro-
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FIG. 4. A S{001) surface covered with parallel lines. The for-
mation of parallel lines is only possible if the terraces are separated
by double height steps. In this image, lines over 400 nm can be
found. Vgampie—2 V. Approximate areg500 nm?. This surface
was prepared by maintaining a temperature slightly above 590 °C
during the 40-min deposition 6£3.7 ML of Bi, and subsequently
annealing for an additional 20 min at the same temperature.

is possible to disassemble lines after they have formed. Con-
sequently the observations that we made aljave) clearly

are not sufficient to explain the surface structure that is ob-
tained at the high end of our specified deposition and anneal-

o - : ing range.
_FIG. 3. The influence of lines on the(801) step structure(a) We checked that the concentrationftype terraces was
Bi deposition results in linee.) inlets (1) and peninsulagP). Ap-  |arger than the concentration Bftype terraces over the area

proximate ared500 nm?. Vsampe=—1.85 V. This surface was pre-  accessible to the STM. This is a rectangular area of width
pared by maintaining a temperature slightly above 590 °C duringg ;mm and height=3 ,u,m.25 Despite extensive searches on
the 10-min deposition of1.4 ML of Bi, and subsequently anneal- goyeral samples, we did not find regions where the concen-

ing for an additional 10 min at the same temperattsgFor Com- 461 ofB-type terraces was larger than the concentration of
parison, a clean 8)01) surface that was subject to a similar post

anneal cycle shows a more even distributionAefand B-type ter-
races(indicated byA andB in both figure$. Vsampie=—2.00 V. Ap-
prox. area(1 um)2. This surface was prepared by maintaining a
temperature near 590 °C for 40 min immediately following sample
cleaning.

a perpendicular line in a lower terrace. The break would be
straightforward to detect because it would, once again, leave
behind two matched lines on either side of the peninsula.
Likewise the crossing of two lines appears to be energeti-
cally unfavorable. The atomic geometry of a crossing would
be complex because the lines would differ in height by a
single height stepa,/4=1.36A.

Images of line arrays that were prepared towards the high
end of our specified deposition and annealing range are pre- - i
sented in Figs. 4 and 5. These can be contrasted with previ- FIG. 5. This image shows a surface that is almost completely

ously published images that show nearly equal proportiong,ered ina-type terraces; the peninsulas and inlets associated with
of A- and B-type terraces(alternatively 2<1 and I1X2 g growth on these terraces clearly dominate the large-scale sur-
domaing.***°In both of our images there is a majority con- face structure. In contrast, the small population of lines on the re-
centration ofA-type terraces. The step structure on these sUrmaining B-type terraces appears to be geometrically inhibited or
faces is clearly modified by the presence of the Bi lines. Theonstrained by the competing growth of lines on theype ter-
single height steps that are ubiquitous on double domaifaces.Vgympe==2.41 V. Approximate are&l um)2. This surface
Si(001) surfaces are replaced by double height steps and was prepared by maintaining a temperature near 590 °C during the
complicated arrangement of interpenetrating peninsulas angb-min deposition of=2.3 ML of Bi, and subsequently annealing
inlets. The near elimination d&-type terraces suggests that it for an additional 20 min at the same temperature.
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A-type terraces. We also performed a control experifeee#  domain surfaces through Si homoepitaxy in the step-flow
also Fig. 3b)] to verify that the 1:1 domain ratio was pre- regime, where the assertion of majoriBsterrace surfaces
served when we used an identical postanneal cycle on a cle@an be explained through a difference in the sticking coeffi-
Si(001) surface. This eliminated the possibility that the ap-cient atS, andS; step edged® Much of the advancement of
plied ac current or unintentionally applied surface stress proa terraces on Bi line surfaces appears to be related to penin-
duced an imbalance in the domaterrace ratio. sula growth, and an investigation of the sticking coefficient
The formation of a majority domain orientation has beenassociated with the peninsulas may help elucidate one of the
observed previously on a Bi line surfateHowever, the mechanisms of majority-domain assertion. The long anneal
domain ratio of 4:1, as measured by LEED, was achieved byme associated with the creation of majority-domain Bi line

depositing Bi onto a surface that had a preexisting domaiRfaces indicates that kinetic processes must play a key role
ratio of 9:1. Thus, the growth of Bi lineeducedthe majori- defining the final surface structure.

ty:minority domain ratié* whereas in the present study Bi |5 symmary, it has been demonstrated that Bi lines can be

line growthincreasedthis ratio relative to the starting sur- | ;5ed to produce a single-domain orientation Q@) if the
face. The unintentional offcytmisorientation that is present  |iyes are grown on ®001) surfaces with a regular distribu-
on our surfaces, may play a role in stabilizing a majoritytjon of single height steps. The growth 8étype terraces
domain because of geometrical line competition. After cleanye|ative toB-type terraces creates a surface dominated by a
ing with ac current we found regularly spaced single heightcomplicated arrangement of interpenetrating peninsulas and
steps on all surfaces. Assuming that the lines nucleate anfdjets. The formation of a majority domain may result from
grow with equal probability on botA- andB-type terraces, ap interplay of geometric line competition and asymmetric
we would expect the lines that grow @ktype terraces 10 gjicking and diffusion coefficients associated with the ter-
reach the terrace edge first. Consequently they will havgyces and step edges on the line surface. Additional studies

more opportunity to modify the step structure and block theyre required to determine the relative importance of each of
growth of lines onB-type terracegFig. 3. To date, we have  {,ese mechanisms.

not been able to grow single-domain orientations on surfaces

that do not have regularly spaced single height steps. This research was supported by the Natural Sciences and
The formation of a majority domain also appears in manyEngineering Research Council of Canada. We would like to

respects to be analogous to the creation of nearly singlehank A. G. Mark for a critical reading of this manuscript.
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