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Regular step arrays on silicon
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Highly regular arrays of steps are produced on vicin@l BI)7X7. The step edges are atomically
straight for up to % 10* lattice sites. The terraces are single domain, which produces a minimum
kink width of 2.3 nm(half a 7x7 unit cel) and thus a high barrier for creating kinks. Criteria for
obtaining optimum step arrays are established, such as the niis@dttowards(112)] and an
annealing sequence which passes through step bunching regions quickl¥998® American
Institute of Physicg.S0003-695(98)03908-4

The patterning of semiconductor surfaces on the nanomeonfiguration since they are found to occur during Si-on-
eter scale has become important for a variety of applicationsSi(111) epitaxy’ The S{1002x1 surface has a more com-
such as quantum wires and dots, as well as magnetoresistipéex step structure consisting of alternating rough and
sensors on sawtooth-shaped semiconduétd®articularly  smooth steps, which do not easily combine into smooth
appealing are self-assembly methédsThey are easier and double steps.
faster than high-resolution lithography and writing, but they  We have studied §111) wafers with miscuts between 1°
also tend to produce less-perfect structures. Therefore, olnd 4° along112) and(112). The doping was type in the
taining straight edges and narrow-size distributions will be1g!® ¢m=3 range. They were held as stress free as possible
the key to practical use of self-assembled structures. between Ta wire loops and heated by a dc current parallel to

Stepped surfaces can serve as templates for producinfe direction of the step edges. The temperature was deter-
one-dimensional wires or stripes by decorating the stepnined by a Minolta-Land Cyclops 52 optical pyrometer with
edges in a step-flow growth mo@é™ For such structures it e emissivity set to 0.4. The most reqular step arrays were
is essential to start out with smooth steps. Silicon, of coursgypained from samples cut 1.1° toward42) using a multi-
is among the preferred substrates. There have been extensg/t(-‘ép annealing sequence. The wafers were outgassed for 1/2

studies of steps and kinks on silicon, including their kineticsy, by raising the temperature slowly up to 700 °C, flashed to
and dynamic§~*°Our goal is to utilize the lessons from this 1260 °C for 10 s to diffuse residual surface C into the bulk,

work to optimize silicon substrates for step-flow growth of and cooled to 1060 °C in 1 min, where single steps are

guantum wires. In particular, we want to avoid defects, Suc@table. The most critical part is a quench to 850 °C within 3

as kinks, step bunches, and multiple domains. - - .
: s for avoiding a step tripling regime, and a 1/2 h postanneal
We are able to produce highly regular step arrays on vording b pling regt P

Si(1117x7, which exhibit atomically straight step edges. o o0 @nd lower to develop long-range# domains.
. . . . - Scanning tunneling microscog€TM) images were taken at
Kink densities as low as one inx210* lattice sites are

. . ; a tunneling current of 0.4 nA and a sample biastdt V.
achieved. The X7 reconstruction helps ordering the stepsSte locations and terrace widths were determined by a com-
by quantizing the kink width in units of half the>X77 unit b : W e ! y

cell (2.3 nm, which creates a large energetic and kineticpme.rized pa.tter.n recognit.ion. rogti%which allowed us to
barrier for forming kinks. Several parameters have to be con(-)bta"_1 quantitative step d-lstnbutlons from. a large data set.
sidered for perfecting the step arrays, such as miscut angle .Flgure 1 showg STM images from various stgp arrays on
(azimuthal and polar annealing sequence, current direction, 2 Si111) wafer, miscut by 1.1° t(_nwa_rds th@12) direction. .
and external stress. To enhance the steps, the derivative of the topography is
Our choice of SL11)7X7 as the substrate is motivated Presented. This can be viewed as the surface illuminated
by the existence of a particularly stable step geometry on thigom the left side with the steps going downhill to the right.
surface. The top edge of an equilibrated step consists of All steps are a double-layer high.31 nm, and the average
string of corner holes of the>77 unit cell® 1% which runs  terrace width of 15 nm corresponds closely to the nominal
along the[110] direction. This still leaves two possible ori- Miscut of 1.1° In the top panel one observes atomically
entations of the step edge, where the surface normal is tiltegfraight step sections, interrupted by a series of kinks. All
from (111) towards opposite directions, i.¢112) and(112).  kinks have an identical widtfi of 2.3 nm. They all point to
The steps with thg112) tilt are taken as the most stable the right. These kinks are created by_a small miscut in the
azimuthal directior(~1° away from thg 112] direction. To
dpermanent address: Institutr feestkaperphysik, Universita Hannover, determine the limit of spont_aneously_ created kinks W_e have
D-30167 Hannover, Germany. searched for spots on the Si wafer with the correct azimuthal
PPermanent address: Department of Physics, University of Missouri Kansagrientation, such as on the bottom of Fig. 1. A lone kink is
L Slby, Kansas City, MO 64110. . . observed in this image over an area that comprised @
Permanent address: Department of Physics, National Chung Cheng Uni- . N R
versity, Taiwan, R.O.C. step edge site¥. This kink density is significantly lower than
9Electronic mail: himpsel@comb.physics.wisc.edu the upper limit of 1 in 18 sites set for H-terminated @il11)
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; FIG. 2. STM image of an irregular step array obtained ddBi)7x7 with
o 3 ! ‘K a miscut of 3.5° towards thel12) direction (50 nm widg. Three types of

‘ i ; 4 1 characteristic defects are seen, i.e., step bunches, kinks, and domain bound-
aries(jog in the black ling.

edges. The highest perfection is found parallel to the step
edges along thEL10] direction. Kink densities as low as 1 in
2x10* atom spacing$~8 um) can be achieved along that
direction (Fig. 1, bottom. The quantized nature of the kink
width implies that the X7 reconstruction remains single do-
main on each terrace over such distances. In fact, we have
never observed a domain boundary for samples with opti-
mum miscut and preparation. Domain boundaries do become
visible in Fig. 2 for a sample miscut by an angle of 3.5°,
which is too large and towards the wrong direction, i.e.,
(112). As indicated by the black line in Fig. 2, corner holes
jog by a fraction of a X7 quantum across a domain bound-
ary, making kinks with fractional width possible.

Going from one terrace to the next, we find the order to
be less perfect. As observed previously? several of the
possible K7=49 registrations do indeed occur between the

Step Edge First Row of Corner Holes
FIG. 1. STM images of step arrays obtained of1 1) 7X7 with a miscut of
1.1° towards the112) direction (340<340 nnf). Thex derivative of the —>| | Offset
topography is displayed to enhance stégiark lines. In the top panel, an
azimuthal miscut of~1° produces kinks, all having the same width3
nm). The bottom panel contains only one kink irx20* step edge sites.
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surfaces® The steps on $111)7X7 are much smoother than
those obtained on metal surfaces.

The origin of such a low kink density lies in thex7
reconstruction of the surface. The upper step edge alway
runs along corner holes of the<7 unit cell$~1°(see Fig. 2
A kink has to be at least one row spacing wi@s3 nm), as
long as the K7 reconstruction on a given terrace is single o2 00 02 o7 o
domain. This large size of a minimum kink provides a high Offset in 7 x 7 Quanta [2.3 nm]
energetic and kinetic barrier for kink creati8r® and ex- . T . .
plains the smoothness of the step edges observed bhli ° ! Nzumb i 3f . 7‘; w (23
X7. In the following, we will quantify the perfection of the o of Tx7quama {23nml

step arrays produced on($11)7Xx7 and give a list of crite- FIG. 3. Width distributions of individual terraces in Fig. (istogramg

; i ; They are characterized by a series&functions, separated by half a<7

ria that 0pt|m|zg their growth. . .. ., unit cell (2.3 nm). When averaged over all terraces, thiunctions become
For evaluatmg the order in step arrays we d'St'ngwsh:onvoluted by the distribution of offsets between a step and the first row of

between the directions parallel and perpendicular to the stegprner holes below itsee the inset
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7X7 domains on adjacent terraces. Among the seven regig4) Stress: We minimize stress by holding the wafer be-

trations parallel to the step edge, we find a prevalence of tween soft Ta wire loops where it can expand freely

those who preserve th@10) mirror plane symmetry. The upon heating. Stress-induced step bunching is well

rows of corner holes perpendicular to the step edges continue documentetf on S(100).

from one terrace to the next in this caget shown. Per-

pendicular to the step edge, the seven possible registration

induce different offsets between the step edge and the fir

row of corner holes on the lower terradéig. 3). The most

commonly observed offset is about 0.2 of &7 quantum

(=0.5 nm or one X1 lattice sitg. This offset affects the

distribution of terrace widths in Fig. 3. The most commonly

observed offset is about 0.2 of &7 quantum(~0.5 nm or

one 1X1 lattice sitg. This offset affects the distribution of

terrace widths in Fig. 3. For a given terrace we find a serie

of & functions (within our pixelation limi), with an incre- This work was supported by NSF under Award Nos.

ment of one K7 quantum generated by a kink. Thede DMR-9624753 and DMR-9632527.

functions are shifted slightly from one terrace to the next,

due to the variations in the offset at the step edge. The over-

all terrace width distribution exhibits a standard deviation

of 3—4 nm(=~1-2 quantg which is comparable to the value

of 0=3.6 nm(1.6 quantumobtained for samples with Simi-  1T. ono and T. Shinjo, J. Phys. Soc. J4, 363 (1999; M. A. M. Gijs,
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In producing highly regular step arrays on silicon, we éog’;’j's‘gtzrl‘?;Ey‘:‘lgj”;egv'{‘ﬁ"zﬁqggg hys. Lé#, 1839(1995; W.
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s In summary, we are able to produce arrays with unprec-
dented perfection on @il1) by a proper choice of the wa-

er miscut and by an annealing sequence that passes quickly
through step bunching regions. The kink density is extremely
low, making S{111)7X7 steps ideal for creating quantum
wires>352%py growth along atomically straight steps. We are

in the process of fabricating such structures, e.g., epitaxial
CaRy(111) stripeg? that can play the role of a photoresist in
éraditional microlithography.



