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Formation of regular step arrays on Si (111)7x7
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Highly regular arrays of steps are produced on vicinal Si(1Xlj7surfaces. A tilt of the surface
normal from(111) toward(1 1 2) produces single stef§®.3 nm high and typically 15 nm aparThe
opposite tilt toward1 1 2) produces bunched steps with adjustable heifh6 nm) and a spacing

of 70 nm. Preparation criteria for straight edges and regular spacings are determined, taking into
account the miscut angl@zimuthal and polay annealing sequence, current direction, and applied
stress. ©1998 American Institute of Physid$0021-897608)04113-9

INTRODUCTION the [110] direction. Thereby, the X7 reconstruction helps
ordering the step arrays by quantizing the terrace width in
In recent years, it has become possible to design andnits of half the 2 7 unit cell(2.3 nm.** This still leaves us
fabricate nanostructurtin a controlled way. An appealing with two possible orientations of the step edge, where the
technique is self-assembly of nanostructures, which avoidsurface normal is tilted fronfl 1 1) towards opposite direc-
the complications of nanolithography and the slow speed ofions, i.e.,(112 and(112). The steps with th¢112) tilt are
nanowriting. Here we are interested in one-dimensionataken as the most stable configuration since they are found to
structures, such as arrays of wires and stripes. In this casedtcur during Si-on-$111) epitaxy’ The Si(100)2 1 sur-
is useful to have an array of steps at a vicinal surface, whicliace has a more complex step structure consisting of alter-
can be used as template for producing stripes by decoratingating rough and smooth steps, which do not easily combine
the step edges in a step-flow growth méd&Thereby, the into smooth double steps.
stripe width and the stripe spacing can be controlled inde- We are able to produce highly regular step arrays on
pendently by the coverage and the tilt angle of the vicinalSi(111)7x 7. Kink densities as low as one in 20* lattice
surface, respectively. More general schemes have been prsites are achieved. Single stg@s31 nm high are observed
posed, where a set of passivating stripes acts like the photder a tilt of the surface normal fromil11) toward (1 12). A
resist in microlithograph{.That allows the combination of tilt toward (112 produces bunched steps with a spacing of
materials that do not exhibit a step flow growth mode, suchabout 70 nm. Their height can be tailored by the miscut
as reactive metals on silicon. It also should makes it easier tangle from five steps per bunch.6 nm total heightat a
obtain stripes thicker than a monolayer by selective deposit.3° miscut angle to 14 steps per buridld nm total height
tion on the part of the substrate not covered by the passivagt a 3.5° miscut. Several parameters are considered for per-
ing stripes. fecting the step arrays, such as miscut ar{glemuthal and
For all these structures it is essential to start out withpolan, annealing sequence, current direction, and external
smooth steps. Silicon, of course, is among the preferred sulstress. The optimum annealing sequence consists of several
strates. There have been extensive studies of steps and kinkieps that circumvent undesirable regions of the surface
on silicon, including their kinetics and dynamits’ Our  phase diagram.
goal is to utilize the lessons from this work to optimize sili-
con substrates for step flow growth of quantum wires. INEXPERIMENTAL METHOD

particular, we want to avoid kinks in order to obtain the We studied Sil11) wafers with miscuts between 1° and
smoothest possible step edges and wires. Recently, we haye along (1—12) and (115, respectively. The doping was

reported highly perfect single stepfsin the following, we n-type in the 16°% cm3 range. They were held as stress-free

give a more detailed account of regular step arrays on silicols ossible between Ta wire loops and heated by a dc current

that includes bunched steps in addition to single steps.  p4ra1ie] 1o the direction of the step edges. This avoids elec-
Our choice of Si(111)X7 as the substrate is motivated yomigration effect¥ complicating the surface morphology.

by the existence of a particularly stable step geometry on thig,q temperature was determined by a Minolta-Land Cyclops

surface. The top edge of an equ.ilibratse(zostep consists of 8o gptical pyrometer with the emissivity set to 0.4. We esti-
string of corner holes of theX 7 unit cell,;” " running along  mate the temperature uncertainty to h&0°.

Arrays of single steps were obtained from samples cut
Apermanent address: Institutr ffestkoperphysik, UniversitaHannover, ~ 1.1° towards(1 12) using a multi-stage annealing sequence.
D-30167 Hannover, Germany. The wafers were outgassed fbh by raising the temperature
PPermanent address: Department of Physics, National Chung Cheng U”§Iowly up to 700 °C flashed to 1260 °C for 10 s to diffuse

versity, Taiwan, R.O.C. . ! .
c)permzmem address: Department of Science EducaRogsics Majo, ~ residual surface carbon into the bulk, and cooled to 1060 °C

Chosun University, Kwangju 501-759, Korea. in 1 min, where single steps are stable. The most critical part
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FIG. 1. STM image of two step&ark lineg for a Si(111)7<7 surface
tilted 1.1° toward(1 12), with the step edges parallel to thELO] direction.

Lin et al.
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FIG. 2._Array of steps and kinks on a Si(11X7 surface tilted 1.1°
toward(1 12), showing a quantization of the kink width in units of 2.3 nm.
A slight azimuthal misorientation of 1° gives rise to kinks. 34840 nnf¥.

ages. It can be viewed as the surface illuminated from the left
side with the steps dropping off toward the right.

SINGLE STEPS

Figures 1-3 show STM images from step arrays on a
Si(111)7x 7 surface, miscut by 1.1° towaxd 12). Figure 1
gives a close-up of the step and terrace structure, containing
two atomically straight steps running along fHe.0] direc-
tion and three terraces with single-domaix 7 reconstruc-

Rows of 7X7 corner holes form the upper edges and appear as grooves afions. The steps are one($11) double-layer high0.31 nm).

the terraces. Their spacing is 2.3 nfmalf of the 7xX7 unit cel). The

x-derivative of the topography is shown, producing a side-illumination ef-
fect where light incident from the left casts shadows down the steps to th

right. The same holds for Figs. 2—6.4@0 nn¥.

is a quench to 850 °C withi3 s for avoiding a step tripling

regime, and a slowj(h) cool-down from 850 °C for devel-
oping long-range X7 domains and kink-free step edges.

Arrays of bunched steps were obtained for a miscut in

the opposite direction, i.e., towarék12). For small miscuts,

such as 1.3°, we used the heating sequence described above.
Step-bunching on these surfaces is spontaneous. At surfaces
with higher miscut the bunching process slows down, requir-
ing a modified annealing sequence beyond the 1060 °C
point. From there on, the sample was cooled slowly, instead
of quenched, proceeding from 1060 °C to 650 °C at a rate of
0.5 °C/s or slower. This allowed the surface to establish a
guasi-equilibrium state during cooling, which was essential
for the development of regular arrays of the bunched stéps.

A 30 min post-anneal at 650 °C was applied to permit the
bunched steps to reach a self-limited maximum size reported

previously'1920

Scanning tunneling microscopéSTM) images were
taken at a tunneling current of 0.4—0.8 nA and a sample bi

The average terrace width of 15 nm corresponds closely to
the nominal miscut of 1.1°. In Fig. 2, a larger area is shown
which contains atomically straight step sections interrupted
by a series of kinks. All kinks have an identical witft3* of

2.3 nm. They all point to the right and are, on average, 470

EIG. 3. Step array on a Si(111X77 surface similar to that in Fig. 2, but

a\ﬁithout the azimuthal misorientation. The image contains a single kink in

of +2 V. In order to enhance the steps, the derivative of thex 10 step edge sites, located on the ninth step from the right. 340

topography in thex-direction is presented in all STM im-

X 390 nnt.
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lattice spacings apart. These kinks are created by a small
miscut in the azimuthal direction, about 1° away frahil2).

To reduce the kink density we have searched for spots on the
Si wafer with the correct azimuthal orientation, such as in
Fig. 3. A lone kink is observed in this image, over an area
that comprises 210* step edge site¥ This kink density is
significantly lower than the upper limit of one in 4 6ites set

for H-terminated Sil11) surfaces® The steps on Si(111)7
X7 are much smoother than those obtained on metal
surfaces.

Such a low kink density can be achieved because of the
long-range & 7 reconstruction of the surface. For the stable
step orientation, the upper edge of a step passes through the
corner holes of the X7 unit cells®1° These rows of corner
holes can be seen in Fig. 1 as vertical grooves. A kink has to
be at least one row spacing wi¢2.3 nm to jump from one
row to the next. This is true as long as th& 7 reconstruc-
tion remains single-domain on a given terrace, which we
achieve by careful annealing. The large size of a minimum
kink provides a high energetic and kinetic barrier for kink
creatiot®!® and explains the smoothness of the step edges
observed on Si(111)47.

BUNCHED STEPS

Figures 4a),(b) are STM images of bunched steps on
Si(111)7x 7 surfaces miscut toward$12) by 1.3° and 3.5°,
respectively. Light areas are atomically flak7 terraces,
dark areas contain bunched steps, which are resolved in more
detail in Figs. %a),(b) and 6. Both miscuts exhibit a compa-
rable periodicity, i.e., the total width of the light and dark
areas in the image& 0=+ 10 nm for the 1.3° sample and 75
+10 nm for the 3.5° sample These results are consistent
with a previously reporte28 saturation of the Sp_acm_g be- FIG. 4. Bunched steps on two Si(1127 surfaces tilted towar(ﬂllg.
tween facets at about 2010 nm for long annealing times, The light stripes are flat X7 terraces, the dark regions correspond to
which has been attributed to the elastic relaxations caused kbynched steps. 380380 nnf. (a) Tilt angle 1.3°.(b) Tilt angle 3.5°.
the facet edges. The different average miscut is reflected in
the different height of the bunched steps. A close-up of these

step bunches in Figs.(#,(b) resolves them into individual even though the uphill and downhill directions are inter-
Si(111) steps, each 0 31' nm high. There are b steps per changed. In both cases, the stability of a step edge consisting

bunch for the 1.3° miscuiFig. 5a] and 14+ 1 steps per of corner holes leads to a low kink density. Each ledge on the

bunch for the 3.5° miscitFig. 5(b)]. In both cases, the nar- 7° facet is about 2.4 nm wide, slightly larger than half a unit

row ledges between single steps are about 2.4 nm wide, gi\?—e" of the 7x7 reconstructior(2.3 nm. Thus the 7° facet

ing an inclination angle o= 7° for the regions with bunched represents the tightest possible array of single steps that pre-

steps. Note that this angle is exaggerated in the line scans §?rves the terrace width quantization, containing just a single
Figs. Ha),(b), due to the difference in the vertical and hori- X7 quantum per terrace.

zontal scales. The inclination angle of the step bunches i
independent of the miscut of the sample for the miscu
angles from 1° to 4° studied here, suggesting a stable facet The driving forces underlying facet growth of vicinal
structure. At a higher miscut of 10°, a steeper inclinationSi(111) surfaces have been studied in previous work by vari-
angle of 22° has been report&dcorresponding to @331)  ous author$!?3?*These findings help us choosing the opti-
facet. To test whether we have a well-defined structure omum annealing sequence for obtaining either single-height
our 7° facet, we have examined it more closely on the 3.5%r bunched steps. In Fig. 7, we show a schematic diagram of
miscut sample(Fig. 6). The narrow(111) ledges between the prevalence of various step structures versus temperature
individual steps are reconstructed with patches of adatorand miscut, based on previous wbrk®??and on our own
arrangements similar to thextb analog of the K7 recon-  results. It contains a nearly horizontal boundary where the
struction. Again, the top edges of the steps are formed by X1 structure(upper regioh is transformed to the X7

rows of corner holes. This is similar to the step_structurereconstructior(lower region.'®?22°Below the phase bound-
found for the single-height steps on miscuts towétd?2), ary, three different regions are marked: triple steps, single

NNEALING STRATEGY
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FIG. 6. Close-up image of a step bunch for the surface in Figs, 8(b).
3 The ledges between individual steps exhibit patches ok& @datom re-
construction. 3& 38 nm.
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evant in producing highly regular single-height stépmis-

cut angle, annealing temperature and time, heating current
direction, and stress. All are optimized for producing regular
arrays of steps. Particularly important are two factors, that is
the cooling rate and the post-annealing temperature. Rapid
quenching through step bunching regions allows us to pre-
serve the single-height steps that are stable at high tempera-
ture. Slow cooling near thermal equilibrium allows step
bunches to form. Post-annealing at temperatures in the 7
X7 regime smoothens out step edges and produces single-
domain 7X 7 terraces. It also drives bunched steps to reach a
self-limited size.

To create regular single-height steps, we use samples
with a small miscut toward1 12). At a miscut of <2°
single-height steps are predomirf@nat temperatures well
below the IX1 to 7X7 phase transitiori860 °Q, as indi-
cated in Fig. 7. Right at the phase transition a minor fraction
of triple-height steps forms on these surfa¢@% at a 1.2°
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FIG. 5. Detail of the two Si(111)X 7 surfaces with bunched steps in Fig.
4(a),(b), including a line scan across the steps. The height of the step
bunches is proportional to the miscut angle, while the periodicity is nearly
constant. 208 200 nnt. (a) Tilt angle 1.3°.(b) Tilt angle 3.5°.
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steps, and step bunches. The arrows represent our coolir’f{?- 7. Qualitative diagram of the prevalence of various step structures on

vicinal Si(111) surfaces, including the ¥7 to 1X1 phase transitiorisee

pathvyays_, the solid circles pO.St_annea“ng' In the fOIIOV\!Iﬂg, efs. 11, 19, and 30and regions of single, triple, and bunched steps. The
we will dISCgSS _hOW our heating sequences can be rationalows and solid circles indicate the annealing sequences and post-anneal
ized from this diagram. In general, four parameters are reltemperatures used for obtaining regular step arrays.
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miscub.!! These triple steps quickly become immobile whenupon fast cooling: either the steps are not closely packed, or
lowering the temperature and cannot be removed by posthe step bunches contain only 7—8 steps, instead of the maxi-
annealing. Therefore, we choose to quench the sample@um size of about 14 steps obtained at the lower tempera-
through the narrow temperature window where the triplingture of 650 °C for a 3.5° miscut. In summary, long post-
of the step height occurs, effectively eliminating triple steps.annealing is required for obtaining regular and self-limited
Longer annealing at temperatures below this window permitstep bunches, using temperatures below thellto 7X7

the development of the long-range, single-domain77ter-  phase transition.

races which remove the kinks on the step edges and stabilize

the step configuratiolf A post-annealing time of 30 min at  SUMMARY AND OUTLOOK

850 °C is found to significantly reduce the number of the

kinks at the step edges. For temperatures below 800 °C, th§i(111)7>< 7 surfaces by a proper choice of the wafer miscut

mObilit¥hOf lthe S surfacedatons1§ b.?.comt:as ltoo sm?” to im'and by an annealing sequence that passes quickly through
prove the fong range order. Signiticantly 1onger ime was, ,jq gjrgp|e regions of the surface phase diagram. The kink
required to achieve any additional ordering at an annealmg|ensity can be as low as-50°° per lattice site, making
temperature of 700 °C, as reported previously. Si(111)7X 7 steps ideal for creating quantum wirés-18py

To obta_un a regular array_of bonched steps, we ChOOS‘ﬁrowth along atomically straight steps. We are in the process
samples miscut toward tH& 1 2) azimuth, where the coex- of fabricating such structures, e.g., epitaxial QAR

isteooe.of (111)K7 facets a_md bun_ched steps repre_sents thgtripe§7 that can play the role of a photoresist in traditional
equmb_num morphology. This faceting has been attributed tomicrolithography. Regular arrays of bunched steps can be
the orientation dependence of the surface free engrdy. produced as well, choosing a miscut orientation opposite to

Within the step bunching region we have established Wqy,5; tor single steps. Their step height can be controlled by
different annealing procedures, depending upon the miscufe miscut angle. Step bunches might be useful for creating

angle. For a small{2°) miscut toward112) we find spon- ;3 56 nanowires, e.g., by side evaporatfuch sawtooth
taneous formation of a stripe pattern where (1D4y7facets gy cryres might become useful for producing structures ex-
alternate with facets consisting of step-bunches. This SteFHibiting giant magnetoresistanc€GMR) in the more-

bunching instability has been ascribed to a long-range attragssficient CPP geometricurrent perpendicular to the plarfe
tive interaction between steps, which is produced by elastic
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