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Anisotropic strain relaxation of Ge nanowires on Si„113… studied by medium-energy ion scattering
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We have investigated the strain state in Ge nanowires on Si~113! substrate using medium-energy ion scat-
tering. We found that nanowires have negligibly relaxed compressive strain along their length, but the strain
across them is almost totally relaxed. Anisotropic strain relaxation plays a role in determining the width of the
nanowires.
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I. INTRODUCTION

The Ge/Si heteroepitaxial system has been studied ex
sively for device application. As is well known, Ge grows o
the Si surface in the Stranski-Krastanow~SK! mode to relax
the strain caused by the lattice mismatch between Ge an
Elastic strain is one of the most significant factors govern
the surface morphologies, structures, and properties.1 For
control of self-assembling Ge islands on the Si substr
sufficient understanding of strain relaxation is indispensa
For the self-assembly of quantum dots on a Si~001! surface,
the formation of well-ordered Ge nanocrystals and sub
quent shape transition have been studied extensively for
last decade.2,3 Two typical Ge nanocrystal shapes, depend
on their size, are square-based pyramids bounded by$105%
facets for smaller volume and domes with a complex geo
etry of steeper facets. The shape transition from pyramid
domes results from the interplay between strain relaxatio
the facets and stress concentration at the edges.2,4 For the
formation of Ge or Ge-Si quantum wires, however,C1v sym-
metry Si~113! seems to be more attractive because of
anisotropy. Ge grown epitaxially on Si~113! can form highly
elongated three-dimensional~3D! islands along the@332̄#
direction, which are candidates for the self-assembled qu
tum wires.5–7 The relation between the surface and bulk a
isotropy and the nanowire formation has been reported.8–10

Once nucleation of three-dimensional islands begins, it
been suggested that the interplay between anisotropic s
relaxation and kinetic influences becomes dominant.11 How-
ever, no strain measurements have ever been made in d
necessary to understand the role of anisotropic strain re
ation in the nanowire formation.

This paper describes the strain distribution of Ge na
wires grown on Si~113! substrate, which we investigated u
ing medium-energy ion scattering~MEIS!. MEIS is one of
the most powerful techniques for determining the atomic d
placement quantitatively.12–14 From MEIS blocking profiles
measured along and across the Ge nanowires, we could
lyze the strain relaxation quantitatively. We discuss the re
tion between the anisotropic strain relaxation and the na
wire stabilization mechanism.

II. EXPERIMENT

Sample preparation and MEIS measurements were ca
out in an ultrahigh-vacuum~UHV! system consisting o
0163-1829/2003/67~3!/035319~4!/$20.00 67 0353
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three working chambers for MEIS, molecular-beam epita
~MBE!, and photoelectron spectroscopy. The system is
scribed in detail elsewhere.15 The samples prepared in th
MBE chamber can be transferred to the MEIS chamber in
UHV. Si~113! wafers with a dimension of 15317 mm2 ~P
doped,r51 –10V cm) were preoxidized chemically and in
troduced into the UHV through a load lock. After outgassi
at 620°C for 1–2 h, the samples were heated from behin
850°C by radiation from a W filament to remove the prote
tive oxides. The sample temperature was measured usin
infrared pyrometer. The samples were then cooled to the
buffer-growth temperature of 620°C. Si buffer layers we
deposited at 0.5–1.0 nm/min using a 10-kV electron-be
evaporator. After deposition of a Si buffer layer 10215 nm
thick and annealing at 850°C, clean and flat Si~113! surfaces
were confirmed by reflection high-energy electron diffra
tion. Ge was deposited at a rate of 0.6–0.7 ML/min, wher
ML is defined as 8.231014 atoms/cm2, using a Knudsen cel
operated at 1180°C. The growth temperature was 430°C
favor nanowire formation.6,7 The base pressure of the MB
chambers is 3310211 Torr, and the respective pressur
when evaporating Si and Ge were below 331029 and 5
310210 Torr. Carbon contamination during Si and G
growth was confirmed to be less than detection limit of A
ger electron spectroscopy and x-ray photoelectron spec
copy.

In the MEIS measurements, a H1 ion beam of 99.5 keV
energy was used for the probe. The energy and scatte
angle of backscattered ions were analyzed with a tw
dimensional detector,16 whose energy resolutionDE/E is
about 331023 and angle resolution is 0.1°. For analysis
the strain in the 3D islands, the planar channeling geomet
were adopted in order to detect the ions scattered from
core of the islands. After MEIS measurements, antiferrom
netic ex situ observations were carried out using a Digit
Instruments Nanoscope III to confirm the surface morph
ogy. The nanowires are along@332̄# and their typical geom-
etries are 20 nm in width, 125 nm in height, and severa
hundred nanometers or more than 1mm in length.

III. RESULTS AND DISCUSSION

When Ge is deposited on the Si~113! substrate, as de
scribed in previous reports,5–7,10 nucleation of 3D islands
begins after 5-ML 2D wetting layer growth. Figure 1 show
the MEIS energy spectra obtained from the Ge thin fil
©2003 The American Physical Society19-1
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grown on Si~113! substrate. The amounts of Ge deposit
were 4 and 7 ML before and after the nucleation of 3
islands started, respectively. The incident angle of the pr
ion was set to 5° from the surface normal in order to
information on deeper layers. In this scattering geometry,
can analyze the strain inside Ge 3D islands. The scatte
angle was 115° and the scattering plane was (110̄). It is
confirmed that Ge thin films grew in the typical Strans
Krastanow growth mode on Si~113! surface. From the 4-ML
Ge surface, we can see the clear Ge peak that correspon
the Ge two-dimensional layer. The solid line represents
simulated spectrum for the 4-ML Ge thin film that is tw
dimensionally grown on the Si substrate. The simula
spectrum is consistent with the experimental one. When
is deposited to more than the critical thickness,6 the Ge 3D
islands form on the 2D layer. The peak intensity of the ME
energy spectra for Ge 2D layer is not changed so much
an obvious tailing on low-energy side appears. The ions s
tered from the inside of the 3D islands are distributed
tween 91 and 94 keV.

For a heteroepitaxial system such as Ge/Si, intermix
and interdiffusion between Ge thin film and Si substrate
ten play important roles in surface morphological chan
Henstromet al. showed the strain enhanced interdiffusion
the 3D islands on Ge/Si~001! system.17 In our case, however
such effects are not remarkable because our growth temp
ture (430°C) is much lower than theirs (650 °C). The int
mixing and interdiffusion are estimated from MEIS ener
spectra. Figure 2 shows the surface peaks of Si in the M
energy spectrum measured for Ge~4 ML!/Si~113! in the
channeling geometry. The incident anglea was set at
64.76°, which corresponds to the@110# channeling direction,
and the scattering angleu was 90°. The experimental spe
trum is compared with the theoretical calculations for tw
plausible models: one having complete abrupt interf
~model 1! and the other having 20% of the Si atoms seg
gated at the topmost surface~model 2!. The experimental
spectrum shows the clear surface peak that is formed by
scattered from several atomic layers at the interface and

FIG. 1. MEIS energy spectra from the 7- and 4-ML Ge dep
ited on the Si~113! surface.
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agreement with the calculation for model 1. The present
sults suggest that, within the permitted depth resolution
MEIS ~0.1 nm order!, the interface between Ge and Si
abrupt. We do not have to consider any intermixing in the
islands.

In order to analyze the strain distribution, we measu
MEIS blocking profiles in two typical scattering planes; o
along the@332̄# direction, i.e., parallel to Ge nanowires, an
the other along@11̄0#, i.e., across Ge nanowires. Figure
shows the blocking profile for Ge signals of nanowires m
sured parallel to the nanowires. The (110̄) planar channeling
geometry was adopted. The incident angle of the probe
was 5° from normal, as shown in the inset of Fig. 3. T

-
FIG. 2. The surface peaks of Si in the MEIS energy spectr

measured for Ge~4 ML!/Si~113! in the channeling geometry alon
the @110# direction. The experimental spectrum is compared w
theoretical calculations for two plausible models: one having
complete abrupt interface~model 1! and the other having 20% o
the Si atoms segregated at the topmost surface~model 2!.

FIG. 3. Blocking profile for Ge nanowires measured in t

(11̄0) plane; that for the Si substrate is shown for reference.
9-2



c
t
in
n
e

ca
a

e
t
te

r G
y
a
4%
le

a

r
re
ns

fo

ir

es

tio

a
th
gl
gl
s

en
c
or
kin

-
e
th
ow
a

no-
ble
sub-

m-
xed.

ith
es

as
th
ited
ur-

er-
he
it of
tes
of
the

he

the

ANISOTROPIC STRAIN RELAXATION OF Ge . . . PHYSICAL REVIEW B 67, 035319 ~2003!
scattered ions were collected around@ 1̄1̄2# between 110°
and 130°. In order to remove the contribution of the surfa
reconstruction at the wetting layer, the integration range
obtain blocking profiles was selected as yields correspond
to the signal scattered from Ge atoms between 1 and 5
deep, which appears at energies lower than the surface p
The Si substrate~between 3 and 10 nm deep! is shown for
reference. In the blocking profile of the Si substrate, we
see clear blocking dips at 114.5° and 124.5°. These dips
in agreement with the calculated angle for@ 1̄1̄2# and@ 1̄1̄3#
directions, respectively.

Similar blocking dips in the blocking profiles of the G
nanowires were also observed. However, the angles of
dips were a little bit higher than those for the Si substra
These angle shifts indicate that the Ge atoms of the inne
nanowires are displaced from the ideal lattice site. Ge la
and islands are strained compressively laterally and exp
vertically because the lattice constant of Ge is about
larger than that of Si. From the difference of these dip ang
between the Si bulk and Ge nanowires (Du51.2°), the ver-
tical strain («z) can be estimated as

~11«z!

~11«x!
5

cot~c1Dc!

cotc
, ~1!

wherec is an ideal exit angle measured from surface norm
which is expected from the nonstrained crystal, andDc
52D u is the angle shift. The Ge layer and islands a
strained compressively laterally. The length of nanowi
along @332̄# is more than 500 nm and signs of dislocatio
are not observed in scanning tunneling microscopy~STM!
and cross-sectional TEM images.18 Therefore, the lattice
constant along@332̄# can be regarded to be same as that
the Si substrate, i.e., (11«x)5aSi /aGe . The vertical expan-
sion is caused by the compressive strain along the nanow
«z is calculated to be 0.7 and 0.2%, for@ 1̄1̄2# and @ 1̄1̄3#
dips, respectively. The uncertainty caused by the angle r
lution 60.1° of our 2D detector is about60.5%, and must
be the main reason for the disagreement in the calcula
between the two blocking dips.

Compressive strain along@11̄0#, which is the direction
across the nanowires, is also expected. In order to estim
the strain, we also observed the blocking profiles in
(332̄) scattering plane as shown in Fig. 4. The incident an
of the probe ion was 25° from normal. The scattering an
was set between 110° and 125°. The most remarkable re
is that the blocking dips from Ge nanowires are consist
with their angles from the substrate. We can see clear blo
ing dips at 114.5° and 122.5° in the blocking profiles f
both the Si substrate and Ge nanowires. These bloc
angles correspond to the@31̄3# and @51̄6# directions. Al-
most the same strain«y along@11̄0# as the vertical strain«z
is calculated from Eq.~1!. This indicates that the compres
sive strain along@11̄0# is almost totally relaxed and tensil
strain is produced instead. Schematic illustrations of
strain distribution along and across the nanowires are sh
in Fig. 5. Since the width of nanowires is much smaller th
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their length, it is easy to relieve the strain across the na
wire. Abrupt strain relaxation at the interface is unreasona
because the misfit between the relaxed Ge and the Si
strate is too large. The estimated misfit~1 nm! is larger than
the interlayer distance~0.384 nm! along @11̄0#. The strain
must be relaxed gradually layer by layer. Finally, the co
pressive strain across the nanowires is almost totally rela
The estimated tensile strain of«z5«y5(0.560.5)% is con-
sistent with that obtained from the simple calculation w
Poisson’s ration50.3 under uniaxial stress along nanowir
caused by lattice mismatch between Si and Ge.

The average width, height, and length of the nanowires
a function of Ge deposited are shown in Fig. 6. Their wid
is almost constant at 20 nm, even if the amount of depos
Ge increases in the initial stage of nanowire formation. F
thermore, STM images10 have shown highly uniform distri-
bution of nanowire width. The nanowire growth is charact
ized by an increase of length with Ge deposition. T
relaxation across the nanowires determines the upper lim
the nanowire width. Therefore, the nanowire width satura
in the initial stage of the 3D-island formation. The height
the nanowires is also restricted by the free energy of

FIG. 4. Blocking profile for Ge nanowires measured in t

(332̄) plane; that for the Si substrate is shown for reference.

FIG. 5. Schematic illustration of strain along and across
nanowires.
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~159! side facets, when the width is fixed. These restrictio
of the width and height make possible the full strain rela
ation across the nanowires. Strain relaxation across
nanowires leads to additional compressive strain in the w
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IV. SUMMARY

We have investigated the strain state in Ge nanow
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