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Wafer-scale strain engineering on silicon for fabrication of ultimately controlled nanostructures

Hiroo Omi,* David J. Bottomley,† Yoshikazu Homma, and Toshio Ogino‡

NTT Basic Research Laboratories, NTT Corporation, 3-1 Wakamiya, Morinosato, Atsugi, Kanagawa 243-0198, Japan
~Received 15 May 2002; revised manuscript received 4 September 2002; published 3 March 2003!

We propose a method of strain distribution control on planar Si~001! and Si~111! wafers for nanostructure
self-assembly, taking a long-term view toward future Si semiconductor science and technology. Oxygen ions
are implanted through patterned layers on the Si wafers. The sample is then annealed at 1325 °C to produce
bulk oxide inclusions that yield a tensile and/or compressive strain distribution on the silicon surface. We also
demonstrate that strained epitaxial growth of Ge on the Si~001! substrate surface at 550 °C in an ultrahigh
vacuum produces three-dimensional islands whose location and size distribution are well controlled. The
degree of localization control is in agreement with simulations of the elastic strain distribution. Additionally,
we show that increasing the Ge growth temperature 50 °C significantly reduces the density of stray dots that
randomly grow on the Si surface. The samples were observed by atomic force microscopy and cross-sectional
transmission electron microscopy. Strains on the silicon surface, produced by the buried silicon oxides, were
measured by micro-Raman spectroscopy.
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I. INTRODUCTION

The mainstay of Si technology is high-density integrati
of submicron scale devices on a large-diameter wafer.1 The
ultimate goal is wafer-scale fabrication of atomically co
trolled nanostructures. As the Si wafer diameter increa
and device sizes decrease, however, the number of pat
that must be formed on the Si wafer surface increases
idly. Although scanning probe techniques have achie
atomic scale patterns,2 such techniques cannot be applied
economical high-density integration due to their unfeasi
low serial throughput. Recently, nanofabrication and patt
formation, based on a surface phenomenon called s
assembly or self-organization, have attracted much3 attention
because of the potential impact these will have on the n
generation of Si technology. For example, quantum dots4–6

and quantum wires7 are self-assembled without lithograph
techniques in lattice-mismatched epitaxial systems such
Ge on Si. The advantages of these processes are
throughput and much smaller dimensions than the lit
graphic limit. On the other hand, the wafer-scale control
quired in Si integration is difficult to achieve by only sel
assembly because self-assembly can guarantee only a
ordering. These technological considerations naturally l
us to conclude that atomically well controlled surface str
tures on the silicon wafer scale have good potential as t
plates for nanostructure fabrication based on self-assem

In most research to date on nanostructure formation o
surfaces, however, the substrate has not been subject
advanced preparation procedures. Preparation has typi
consisted of chemical etching followed by thermal treatm
in an ultrahigh vacuum. Without localization control, the si
variation of Ge or GexSi12x alloy nanostructures grown co
herently on the surface is appreciable. As a result, the st
tures are not suitable for commercial applications.4–7 A re-
cent exception with regard to the size variation is the work
Schmidtet al., in which electron beam lithography was us
to create a pattern that enabled the growth of evenly spa
Ge nanostructures with a narrow size distribution.8 Electron
0163-1829/2003/67~11!/115302~10!/$20.00 67 1153
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beam lithography suffers from a throughput scaling proble
however: wafer throughput decreases as device sizes
crease because the pattern writing time increases. In o
notable recent work, the growth of Ge islands on Si me
structures led to ordered island~‘‘dot’’ ! patterns.9,10 How-
ever, a planar wafer surface is desired by industry beca
mesa patterns limit the device structures and fabrication p
cesses that can be employed.

It is well known that elastic strain or stress is one of t
significant factors governing physical and chemical p
cesses on a surface, and that it might be useful in nanot
nology fabrication on silicon wafers. For example, Teich
et al. reported that periodic arrays of uniform SiGe islan
were obtained by the modulation of surface strain in epitax
Si layers in molecular-beam epitaxy. The strain in the Si fi
was due to buried SiGe islands in SiGe/Si multilayers.3,11,12

If the designed strain distribution on a Si planar surfa
could be achieved on the nanoscale, as reported by Teic
et al., it would be a good candidate for nanostructure fab
cation on the wafer scale. Despite the significance and
tential of designed patterns of strain and stress distributi
on wafer surfaces, however, no methods for preparing th
have been proposed. Also, little attention has been paid
strain distribution control for nanostructure fabrication d
rectly on the silicon wafer scale.

Against this background, we proposed a commercially
able industrially proven process to prepare Si wafers for
vanced nanostructure fabrication. We have already propo
a method of strain-distribution control on Si~001! wafers,
and demonstrated that the strain-distribution-controlled s
strate succeeds in controlling the localization and size of
islands in self-assembly and the shape of atomic steps
Si~111!.13,14 This paper is a detailed report on our progre
including the results on Si~001! and Si~111! wafers. Section
II describes our key idea to achieve our goal and gives
perimental details. Section III A presents the typical resu
of strain distribution control on Si~001! and Si~111!. Section
III B describes Ge island self-assembly on stra
distribution-controlled Si~001! substrates and discusses t
©2003 The American Physical Society02-1
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H. OMI, D. J. BOTTOMLEY, Y. HOMMA, AND T. OGINO PHYSICAL REVIEW B67, 115302 ~2003!
localization of Ge island growth using linear isotropic ela
ticity theory. Section IV concludes the paper.

II. KEY IDEA AND EXPERIMENTS

As shown schematically in Fig. 1, oxide inclusions a
formed at selected places within the Si bulk by implanting
ions through a poly-Si and SiO2 mask. The mask consists o
an 800-nm-thick chemical vapor deposition~CVD! oxide on
top of 100 nm of poly-Si which lies on top of a 100-nm-thic
thermal oxide, which is in turn on top of the Si wafer. Th
polycrystalline Si layer acts as an etch stop for the CV
oxide mask. The ion implantation is done at an energy of 1
keV and a substrate temperature of 450 °C. Openings
implantation are created by optical lithography, which leav
behind only the thermal oxide layer. The substrate and
pattern are annealed in an Ar atmosphere containing 0
60.01% O2 at 132565 °C for 2.5 h, and finally the patter
is removed by a lift-off etch in a HF:H2O 1:3 solution. The
volume of the oxide inclusions formed during the anneal
is approximately double their Si content prior to implan
tion. The stress produced by the inclusions leads to a st
distribution at the Si wafer surface as described in the rela
theoretical work by Tersoff, Teichert, and Lagally.12 We use
this strain distribution for nanofabrication and nanostruct
positional control. Note that the oxide inclusions are co
pletely stable up to at least 1325 °C and are therefore c
patible with any subsequent fabrication process in stand
Si technology.

The approach combining O ion implantation and anne
ing is a spinoff from the silicon on insulator~SOI! field,
specifically the separation by implanted oxygen~SIMOX!
process invented 24 years ago at NTT.15 The SOI technology

FIG. 1. Schematic diagram of the process for producing st
distribution controlled Si substrates with line and hole patterns.
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field was recently reviewed by Colinge and Bower.16 Enor-
mous improvements in the SOI silicon layer have be
achieved over the past 20 years of research and developm
principally at industrial laboratories such as our own. SO
playing an increasingly important role in low-voltage low
power circuitry,17 and SOI knowhow has contributed to th
different process reported here.

In order to demonstrate the process in Fig. 1 on the wa
scale, six six-inch-diameter Si wafers, four~001! and two
~111! in orientation, were used. The Si~001! wafers were
miscut by 0.5° towards the@100# direction. Following sur-
face layer deposition and optical lithography, the four~001!
orientation wafers were implanted with O ions at densities
231017, 531016, 331016, and 131016 cm22, and the two
~111! wafers were implanted at densities of 231017 and 5
31016 cm22. We hereafter refer to 231017 cm22 as high-
density implantation and 531016 cm22 as low-density im-
plantation. The O ion implantation energy was 180 keV. I
plantation was uniform across the whole wafer; the ions w
stopped by the CVD oxide in places so covered. The wa
were then cleaved into square pieces 15 mm to a side.
pieces were employed in chemical etching and annealing
periments to determine suitable processes for produc
strain distribution controlled substrates.

A conventional molecular-beam epitaxy~MBE! chamber
was used to grow Si and Ge on the strain distribution c
trolled Si~001! substrate. The substrate surface was clea
in the MBE chamber. Si deposition was done using
electron-beam evaporator at a substrate temperature of
620 °C. Ge depositions were done using a Knudsen ce
substrate temperatures of 550620 and 600620 °C. 200-nm-
thick Si buffer layers were grown only on the high-dens
Si~001! sample for the Raman measurement. Ge covera
were below 9 monolayers~ML’s !, where 1 ML56.3
31014 atoms cm22. The deposition rate was 0.09 nm min21.
The pressure during the Ge deposition was 5310210 Torr.

Surface morphology was observed by tapping-mo
atomic force microscopy~AFM! in air. Cross-sectional trans
mission electron microscopy~XTEM! images were obtained
using the transmission,$200% and$111% beams, performed a
300 keV. The point resolution was 0.18 nm.

Raman spectra were taken in a backscattering geomet
room temperature using the 457.9-nm wavelength line of
argon ion laser as a light source. The power and diamete
the focused laser beam were 5 mW and 1mm, respectively.
Incident light was polarized in the scattering plane, wh
scattered light was collected without polarization analys
The spectra were analyzed with a Ramanor U-1000~Jobin
Yvon! micro-Raman system.

III. RESULTS AND DISCUSSIONS

A. Strain distribution control on Si „001… and Si„111…

Figure 2 shows cross-sectional TEM images obtain
from the high- and low-density O implanted samples bef
and after annealing at 1325 °C. As seen in Fig. 2~a!, most of
the oxygen ions were implanted to a depth of 200–500 nm
the center of the mask opening. Some oxygen ions, howe
stopped near the edge of the opening, which may be due

in
2-2
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FIG. 2. Cross-sectional TEM images of lin
patterns on Si.~a! 700-nm-wide line pattern on

Si~111! perpendicular to the (112)̄ image plane,
before annealing.~b! 700-nm-wide line pattern
perpendicular to the~110! image plane on Si~001!
after annealing to 1325 °C for the high
implantation-density sample.~c! is same as~b!,
except that the sample is the low-implantatio
density one.
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mask edge effect. For the high-density implantation Si~001!
sample, the annealing produced oxide inclusions in the b
@Fig. 2~b!#. The inclusions are facetted and are about 100
wide, 150 nm high, and are at a depth of about 300 nm.
distance between them is about 100 nm. Numerous line
fects around the inclusions due to excessive stress are
served, but in the low-density case no line defects reach
surface. The low-density substrate quality is sufficient
our purposes for growing Ge nanostructures on a silicon
fer scale, as described in the next section. For the l
density sample, although the presence of the inclusion
clear from AFM, which shows that the surface has ris
about 1–2 nm in the implanted regions as described later
inclusions are visible in the cross-sectional TEM image@Fig.
2~c!#. This is because they are too small to observe by TE
Therefore for later theoretical purposes we treat a silic
oxide inclusion as a point inclusion in this case and the d
tances between these inclusions are assumed to be the
as in the 231017 cm22 implantation case.

In the XTEM images of Si~111! samples after annealing a
1325 °C, we see that the line defects due to the silicon ox
inclusions reached the surface in the high-density impla
tion sample, but no defects are visible around the oxide
clusions in the low-density implantation sample.

For wafers prepared differently than shown in Fig.
namely by etching off the patterned layers before anneal
for the high implantation density, the surface of the~001!
wafer is free of defects due to the buried oxide, whereas
defects reach the surface of the~111! wafer. The data are
11530
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consistent with the 27% greater stiffness and greater ela
anisotropy of the~111! plane of Si with respect to the~001!
plane.18 Si~001! substrates are therefore more suitable th
Si~111! substrates for strain distribution control.

The volume of a given inclusion is approximately doub
its Si content prior to implantation. This volume expansi
leads to a strain distribution in the substrate. For an ela
cally isotropic medium, the trace of the two-dimension
strain tensor evaluated in the surface plane is

«~x,y!5
C

~x21y21L2!3/2F 3L2

~x21y21L2!
21G , ~1!

wherex andy are orthogonal distances in the surface pla
from the place directly above a point inclusion at a depthL.
C is a constant. This equation was derived by Tersoffet al.
from earlier work by Maradudin and Wallis.12,19

From investigations of samples from the six wafers d
scribed above, we were able to distill the following resul
Figure 3 shows AFM images of a strain-distributio
controlled Si~001! wafer implanted at a density of 5
31016 cm22, measured in air in a clean room. Figure 3~a!
shows a large scale~100 mm on a side! image of line pat-
terns, demonstrating the wafer-scale nature of the proc
product. Figure 3~b! is a smaller scale image, which show
the behavior of steps in the vicinity of a 700-n
2-3
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FIG. 3. ~a! AFM image of line patterns, which
vary in implanted width from 1.2mm on the left

to 400 nm on the right.@110# and@11̄0# axes are
parallel to the edges of this image.~b! AFM im-
age of a 700-nm implantation width line patter
~c! Topography from the bottom left to the to
right along the white line in~b!. ~d! As ~b! except
for a 2-mm implantation diameter hole pattern
The data in~a!, ~b! and ~d! are topographic, illu-
minated by a light source.
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implantation-width line. It is noteworthy that the continuo
step structure observed is that originally present at
Si~001!/oxide interface, where the oxide was removed
chemical etching. This step structure was obtained with
ever inserting the sample in an ultrahigh vacuum. The det
of the step structure formation are described in Ref. 20. S
bunching to a typical bunch height of about 0.5 nm is o
served along the line pattern, which is qualitatively cons
tent with the theory of stress-induced step bunching on v
nal surfaces by Tersoffet al.21 In addition, kink bunching

occurs. The@110# and@11̄0# kinks on the@100# oriented step
kink bunch, ensuring that the step orientation as it crosses

line is approximately perpendicular to@11̄0#. Kink bunching
is the plan-view analog of the step-bunching case consid
in the cross section by Tersoffet al.21

Figure 3~c! shows the line topography in Fig. 3~b!. The
center of the line has risen by about 2 nm relative to
nonimplanted surface due to the volume expansion acc
panying oxide inclusion growth. In Fig. 3~a!, the 2-nm topo-
graphic scale is replicated over a square area 100mm on a
side.

To obtain a quantitative estimate of the maximum str
and strain present at the surface of the substrate, mi
Raman spectroscopy measurements were performed
strained line after the 200-nm-thick Si buffer growth. T
results are shown in Fig. 4. A substrate with the high impl
tation density was prepared by a procedure different fr
that in Fig. 1 in order to produce a surface topography w
visible contrast in an optical microscope. Correcting for t
1-mm resolution and the difference in the preparation pro
dure, we estimate that the maximum stress at the cente
the line pattern in Fig. 3~b! is 1363 MPa in each orthogona
surface direction. Using the two-dimensional elastic modu
of Si~001!, 13 MPa corresponds to an in-plane tensile str
of approximately 0.007%.22 It is remarkable that such
small value of strain produces the dot alignment effects
served in Figs. 5 and 6.
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B. Self-assembly of Ge islands on the strained surfaces

Figures 5~a!–~c! show tapping mode AFM images of th
surface after growth of Ge on the strain-distributio
controlled Si~001! surface as shown in Fig. 3. The Ge grow
forming three-dimensional islands surrounded by a wett
layer.5,6 This growth mode occurs to reduce the combin
surface energy and elastic energy of the system; the ela
energy arises due to the approximately 4% greater lat
constant of Ge with respect to Si.20 Growth on a 700-nm
implantation width line pattern produces straightly aligne
closely spaced islands with 140-nm mean diameter
23-nm mean height, in a highly uniform size distributio
@Fig. 5~a!#. Figures 5~d! and ~e! are the size distributions o
Ge dome islands on the implanted line and nonimplan

FIG. 4. Line scans of micro-Raman spectroscopy data a
wavelength of 457 nm. The surface was sampled at a depth of a
200 nm.
2-4



ibution
fter

WAFER-SCALE STRAIN ENGINEERING ON SILICON . . . PHYSICAL REVIEW B67, 115302 ~2003!
FIG. 5. ~a! Gradient-mode AFM images of the surface after growth of Ge on a 700-nm implantation width line pattern. Size distr
of Ge dome shaped-islands on~d! the implanted region and~e! the nonimplanted region. Gradient-mode AFM images of the surface a
growth of Ge on~b! a 4-mm and~c! 1.5-mm implantation width line patterns. The arrows indicate the positions of the two dot lines.
115302-5
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FIG. 6. Gradient-mode AFM images of the surface after growth of Ge on 2-mm ~a! and~b!, and 1.5-mm ~c! implantation diameter hole

patterns.@110# and @11̄0# axes are parallel to the edges of the images.
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regions. The standard deviations of diameter and height~7.8
and 2.2 nm, respectively! of these islands were reduced by
factor of 2 compared to the same type of island grown on
nonimplanted region@compare Figs. 5~d! and ~e!#. In addi-
tion, only one island type~the ‘‘dome’’ type! grows on the
line pattern—the reduction in the island size distribution
therefore greater still since a much larger island type~the
‘‘superdome’’! grows elsewhere.6 The removal of Ge islands
that grow at random on the nonimplanted regions is
scribed at end of this subsection.
11530
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Growth on the wider implantation line produces tw
aligned straight lines of uniform Ge islands near the edge
the 4-mm implantation width line@Fig. 5~b!# and near the
centers of the 1.5-mm implantation lines@Fig. 5~c!#. The dis-
tances between the two dot lines are about 2.8 and 0.4mm.
The alignment of the two lines of dots was confirmed for
to the 8-mm implantation width line. The distance betwee
the two linesD ~micrometers! was found to be proportiona
to the width of implantation line patternW ~micrometers! as
D50.94W21.0 (W.1.5mm). These results indicate tha
2-6
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WAFER-SCALE STRAIN ENGINEERING ON SILICON . . . PHYSICAL REVIEW B67, 115302 ~2003!
the location and number of the lines can be exactly c
trolled by initial implantation line width.

It should be noted here that processed substrates~e.g., in
Fig. 3! contain some defects. The pin-hole density
;105 cm22. Dislocations are observed in places: They ali
parallel to and occur within the line patterns at a density
;106 cm22. However, they have a negligible influence o
dot alignment. Such dislocations can occur at any lateral
sition within a line pattern, but the dots are always align
near the line pattern center. Consistent with Ref. 16, we
pect substantial reductions in the defect density with fut
development.

Figures 6~a!–~c! are AFM images of hole patterns wit
2-mm @~a! and ~b!# and 1.5-mm ~c! diameters after the 7.5
ML-thick Ge island growth. The islands have self-organiz
into a ring at the center of all implanted hole patterns 2mm
in diameter@Figs. 6~a! and ~b!#. No dot rings were obtained
for hole patterns 1.5mm @Fig. 6~c!# to 700 nm in diameter. It
should be noted, however, that the density of the islands
the implanted regions without dot rings is larger than that
the nonimplanted regions, suggesting that the implanted
gions are under tensile strain.

Further experiments on Ge island growth showed that
Ge islands on the implanted regions change shape simi
to the manner in which they do on nonimplanted regions:
shape changes from hutlike, to pyramidlike, to domelike, a
finally to superdomelike with increasing Ge coverages.23 Im-
perfections in the line and hole pattern island arrangem
are most probably due to nonideal oxide inclusion distrib
tion in the bulk.

In addition, we could not observe clear alignment of G
islands on the line implanted regions for 131016- and 3
31016-cm22 O ion doses. This indicates that those doses
not produce sufficient stress on the Si~001! surface for Ge
island alignment.

Figure 7 shows cross-sectional TEM images obtain
from a strain-distribution-controlled Si~001! substrate line
pattern after Ge island growth. As shown in Fig. 5~a!, the Ge
islands have a domelike shape and are aligned on the
Figure 7~a! shows a Ge dome that has grown at the cente
the line pattern~white box!. Figure 7~b! shows a lattice-
resolution image of the Ge dome in Fig. 7~a!, including the
wetting layer. The growth is coherent. Also, no defects
visible in the substrate. These TEM observations indic
that the Ge island alignment is caused by the strain distr
tion on the surface produced by buried oxides, not by lin
originating from dislocations. This is consistent with the fo
lowing simulations.

Simulations of the strain distribution at the substrate s
face were performed in order to understand the narrow
eral spread of island positions in Fig. 5~a!, the two lines of
aligned Ge islands in Fig. 5~c!, the dot ring shape in Fig
6~a!, and the absence of the dot ring shape in Fig. 6~c!. No
fitting parameters were used. The results for idealized dis
butions of bulk inclusions are shown in Fig. 8, where~a! and
~b! confirm that the spread in the island lateral positions
the 700-nm implantation width line pattern should be sm
~c! and ~d! confirm that two aligned lines of dots should b
produced on the 3-mm implantation width line in Fig. 5~c!,
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and ~e! and ~f! verify that a ring shape of dots should b
produced, as observed in Fig. 6~a!. The predicted diameter o
the ring is 1.25mm, which is very similar to the 1.1
60.1-mm diameter observed. The most likely explanati
for the small difference is that the inclusion distribution d
fers from the idealized one. For example, simulations
inclusions confined to a disc 1.8mm in diameter predict a do
circle diameter of 1.05mm, which is in better agreemen
with experiment. Simulations of hole patterns 1.5mm to 700
nm in diameter predict no circle of dots within the inclusio
uniformity implied by the gaps in the dot rings in Fig. 6~a!
@see Figs. 8~g! and ~h!#. This is in agreement with experi
ment: dot rings were not obtained for hole patterns 1.5mm to
700 nm in diameter@Fig. 6~c!#. For accurate strain distribu
tion prediction, we emphasize the importance of using a tw
dimensional strain function, as in Eq.~1!, rather than the
one-dimensional strain function used by Tersoffet al.12 Note,
however, that the simulation of the 1.5-mm implantation
width line does not produce two clear maxima of tens
strain across the line~not shown here! in contrast to Figs.
8~c! and ~d!. This is not in agreement with the experiment
result in Fig. 5~c!. This discrepancy might be overcome b
taking into consideration the elastic interactions between
Ge islands through the strained silicon substrate in the ela
simulation, or it could be due to an oxide inclusion distrib
tion which differs from that idealized.

Next, in addition to the creation of the tensile strain
regions for Ge island localization control, we show how
create a compressive strained region on a Si wafer. Fig
9~a! shows an AFM image of a surface after growth of G

FIG. 7. ~110! cross-sectional TEM images of line patterns pe
pendicular to~110!. ~a! 700-nm implantation width line pattern o
which Ge was grown.~b! Lattice resolution image of area enclose
in the white box in~a!.
2-7
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FIG. 8. Plots of the total strain
function evaluated at the surfac
using Eq.~1!, for a square lattice
of inclusions in which the inclu-
sions are 100 nm apart and 30
nm below the surface. The hori
zontal axes correspond to surfac
distances in micrometers; the ve
tical scales are in dimensionles
units CL23. ~a! The array is 600
nm wide by 10mm long. The cen-
tral 434-mm area is shown.~b!
Cross section perpendicular to th
center of the line pattern in~a!. ~c!
The array is 4mm wide by 10mm
long. The central 834-mm area is
shown. ~d! Cross section perpen
dicular to the center of the line
pattern in~c!. ~e! The array is con-
fined to a disc 2.0mm in diameter.
~f! The cross section of~e!. ~g!
The array is confined to a disc 1.
mm in diameter.~h! The cross sec-
tion of ~g!.
ith
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islands on arrays of 700-nm implantation width lines w
1-mm-wide spaces between the lines. The correspond
simulation is shown in Fig. 9~b!. As seen in this figure, com
pressive strained regions emerged in the region between
implantation lines@see region C in Fig. 9~b!#. The emergence
11530
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of these regions is supported by the fact that lines of d
formed on the implantation lines as shown in the simulat
on tensile regions@Fig. 5~a!#. Therefore we can say from th
simulation that compressive regions on a micrometer sc
were produced by long-range elastic interactions between
2-8
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WAFER-SCALE STRAIN ENGINEERING ON SILICON . . . PHYSICAL REVIEW B67, 115302 ~2003!
tensile strained regions and the use of the interaction is
way to form regions of localized compressive strain on a
wafer. We could not, however, find any characteristic feat
of the compressive strain effect on the Ge island growth
Fig. 9~a!, although we see that the localized compressive
tensile stresses in Fig. 8 clearly affect the stability of ste
The steps on the strained regions are bunched and cu
due to the localized strains as seen in Figs. 3~b! and ~d!.

Finally, we discuss how to remove the large number
randomly positioned dots on the nonstrained regions, wh
is necessary because these dots would degrade the func
of future nanodot devices. To solve this problem, we chan
the Ge island growth temperature from 550 to 600 °C. T
50 °C increase significantly reduced the density of stray d
on nonstrained regions, and thus resulted in the localiza
of big and dislocated Ge islands only on strained line a
hole regions, as seen in Figs. 10~a! and ~b!. This indicates
that the increase in the growth temperature made the d
sion length of Ge atoms on the Si surface long enough
the Ge atoms to find the more energetically suitable sites
nucleation and growth.11,12,24 Therefore if we can optimize

FIG. 9. ~a! Gradient-mode AFM images of the surface aft
growth of Ge on arrays of 700-nm implantation width lines w
1-mm nonimplantation width line spaces. One line of se
assembled uniform Ge dots is visible on each implantation line.
image size is 534 mm. ~b! Cross section of the total strain of th
line arrays along the white line A-B in~a!, evaluated as in Fig. 8
The lines are 700 nm wide by 10mm long.
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the Ge growth conditions for the local strain distribution w
initially designed on a Si wafer, we should be able to ali
uniform self-assembled and dislocation-free Ge dots on
artificially designed regions on the Si wafer without havi
stray dots grow randomly on nonstrained regions.

IV. CONCLUSION

We have proposed and demonstrated a different way
control the strain distribution on Si~001! and Si~111! surfaces
on a wafer scale and shown that this can be applied for
control of nanoscale Ge island self-assembly on the Si~001!
surface. The approach applies commercially viable, indus
ally proven processes to prepare the Si wafer for nanost
ture fabrication. We expect that this strain distribution co
trol method will be readily extended to shorter length sca
in future work. Shorter scales than those reported here ca
achieved in optical lithography, and lower energy implan
tion will reduce the depth of the oxide inclusions.

The technique used here, a combination of ion implan
tion and annealing that leads to a strain distribution suita
for nanofabrication control, is not restricted to the Ge-on
system: We hope that our results will inspire researcher
other fields to try out the same basic approach, espec
since our results demonstrate a different fabrication con
technique in the highly topical field of nanofabrication. Fu
thermore, we hope that this work will open up a new chap
in the field of surface science, particularly the physics o
surface under localized stress and strain, and inspire sur
scientists.

ACKNOWLEDGMENTS

This work was supported by the NEDO International Jo
Research Grant Program. The authors thank Rosei for s
AFM measurements, not included here, H. Sugiyama
TEM measurements, and H. Ando for coordinating mic
Raman observations. They also thank Dr. H. Yamaguchi
useful comments.

e

FIG. 10. Gradient-mode AFM images of the surface af
growth of Ge on 1-mm implantation width lines with 5mm wide
line spaces~a! and 1-mm diameter hole patterns that were locat
with a period of 4mm. The image sizes are 12325mm for ~a! and
12312mm for ~b!.
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