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Strain-induced anisotropic Ge diffusion in SiGe ÕSi superlattices
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Anisotropic diffusion of Ge induced by nonuniform strain in SiGe/Si interfaces in the range of
700– 850 °C is directly observed with medium-energy ion-scattering spectroscopy through its
composition and strain profiles of atomic-layer depth resolution. For SiGe/Si interfaces with
identical composition profiles but with different strain distributions, the anisotropic diffusion of Ge
can be clearly correlated with the anisotropic relaxation of the nonuniform strain in the near-surface
layer of several nm depth. The results suggest that atomic-scale strain control is critical to maintain
abrupt SiGe/Si interfaces under thermal budget. ©2002 American Institute of Physics.
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SiGe/Si heterostructures have been intensively stud
due to the increasing interest in optoelectronic devices
quantum wells.1 Interface abruptness is important for a va
ety of device applications but interface strain due to a la
lattice mismatch of about 4% between Ge and Si stron
influences the various structural properties such as defect
mation, self-assembled structure, and interface diffusion2–8

Atomic flux in a diffusion couple is linearly proportional t
the concentration gradient in the absence of additional
fects. However, for strained SiGe/Si heterostructures, th
have been reports that diffusion and alloy formation are
hanced by the misfit.4–7 Cowernet al. reported an exponen
tial increase in diffusion of Ge as a function of strain, ind
cating a strong dependence of activation energy on stra5

Strain-induced diffusion and alloying have also been
ported in self-assembled Ge/Si heterostructures.6,7 Our recent
report on strain-induced diffusion shows that the diffusi
under strain does not follow the Fickian model with a co
stant diffusivity.9 However, no direct correlation between th
diffusion and the strain based on separate composition
strain profiles with atomic-layer depth resolution has be
reported for SiGe/Si interfaces to clearly demonstrate the
tent of the nm scale Ge diffusion induced by strain.

Here, we report the direct measurement of the Ge co
position distribution and the strain distribution in a strain
SiGe/Si superlattice by medium-energy ion-scattering sp
troscopy ~MEIS!. MEIS can provide direct compositiona
and structural information in real space with atomic-lay
depth resolution through energy and angular distribut
analysis of scattered protons.10,11 Even though a uniform
composition profile in SiGe is obtained, a nonuniform stra
profile is observed in the near-surface region. The diffusiv

a!Author to whom correspondance should be addressed; electronic
dwmoon@kriss.re.kr
2480003-6951/2002/80(14)/2481/3/$19.00
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is found to strongly correlate with the strain profile in th
layer.

A Si0.91Ge0.09/Si superlattice with seven periods wa
grown on a Si~001! wafer by reduced-pressure chemica
vapor deposition at 650 °C, and the composition and str
of the as-deposited sample were measured by high-resolu
x-ray diffraction. After deposition, the sample was annea
in dry N2 at temperatures from 700 to 850 °C for 30 mi
using a vacuum furnace. The transmission electron mic
copy ~TEM! characterization was performed in a JE
2000EX operating at 200 kV along the@110# zone axis. In
MEIS analysis, a 101 keV H1 ion beam was aligned to th
@111# direction in the~110! plane and 11° rotated azimuth
ally along the@001# axis to achieve random energy spect
and the protons scattered from Si and Ge atoms around
@001̄# direction were analyzed. For strain profile measu
ments, protons are incident along the@001# direction in the
~110! plane with 5° polar rotation and the scattered proto
were measured around the@111̄# direction in the~110! plane
to measure the blocking dip shift. Ge profiles in the SiGe
interfaces were analyzed with low-energy secondary
mass spectroscopy~SIMS! using 650 eV O2

1 ions under an
incidence angle of 80° from the surface normal using
modified Cameca 4f to be compared with the MEIS resu

Figures 1~a! and 1~b! are the bright-field TEM micro-
graph of the as-deposited SiGe/Si superlattice and an
larged high-resolution TEM micrograph of the first SiG
layer of the superlattice, respectively. To avoid intermixi
by the Ar1-ion beam during ion milling for electron trans
parency, the observed TEM specimen was prepared only
mechanical polishing. Each layer is clearly defined by atom
number contrast, and the thicknesses of the SiGe and Si
ers were 5.7 and 4.8 nm, respectively. However, due to
2.7 nm native oxide layer, the thickness of the first Si lay
decreased to 3.5 nm. From the TEM images, considera
il:
1 © 2002 American Institute of Physics

. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



m
ye

rg
n

on
lo

t
m

ni
-
tio

he
te
tio
e
ur

ith
rd
be

aled
in-
Si
py

iffu-
the
r

u-
n
n
for
the
ht
an
n-

e
the

hat
,
in
as

ace

nd
en

rain

IS
not

k

iG
mi
ion

the

he

2482 Appl. Phys. Lett., Vol. 80, No. 14, 8 April 2002 Lim et al.
intermixing of Si and Ge atoms is not visible and the co
positional distribution at both interfaces of each SiGe la
appears identical.

Figure 2 shows the Ge peaks of random MEIS ene
spectra from the first SiGe layer. MEIS is a quantitative a
direct profiling technique with atomic-layer depth resoluti
based on binary scattering and linear electronic energy
with little ion-surface charge exchange.10,11 Therefore, the
energy spectrum of the as-deposited sample shows tha
Ge distribution in the first 5.7 nm SiGe layer is quite unifor
with a full width at half maximum~FWHM! of 1.77 keV. To
reconfirm that the Ge distribution in the SiGe layer is u
form, 650 eV O2

1 low-energy SIMS with 80° grazing inci
dence was used, which can minimize the depth resolu
degradation less than 1 nm. The SiGe1 low-energy SIMS
profile of Ge from the first 5.7 nm SiGe layer is shown in t
inset, which shows that the Ge distributions at the two in
faces are almost identical, consistent with the high-resolu
TEM ~HRTEM! and MEIS results. From the viewpoint of th
concentration gradient, the uniform SiGe layer with two s

FIG. 1. ~a! Bright-field TEM image of the Si0.91Ge0.09/Si superlattice and
~b! enlarged HRTEM image of the superlattice. Operating voltage is 200
and the image is taken along the@110# zone axis.

FIG. 2. Ge peaks of random MEIS energy spectra from the first 5.7 nm S
layer after deposition, 700 °C annealing, and 850 °C annealing for 30
SiGe1 low-energy SIMS depth profile of the first SiGe layer after deposit
is shown in the inset.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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rounding Si layers can be regarded as a diffusion couple w
two identical interfaces, and the flux of Ge atoms towa
both interfaces during thermal annealing is expected to
the same. However, in the spectrum of the 700 °C anne
sample in Fig. 2, anisotropic diffusion across the lower
terface is clearly shown, while diffusion across the upper
layer is not observed at all. The tendency of the anisotro
decreases with increasing annealing temperature. The d
sion into the upper Si layer is observed even though
diffusion into the lower interface is still dominant afte
850 °C annealing.

For interfaces with the identical compositional distrib
tion, the Ge concentration profile will follow the Fickia
diffusion law. The observed anisotropy in the diffusio
couple suggests that there is an additional driving force
the diffusion, besides the concentration gradient. Since
SiGe layer is strained, a nonuniform strain distribution mig
be the origin of the observed anisotropic diffusion. This c
be directly measured by the blocking dip position in the a
gular distributions of the MEIS intensity.10,11 Figure 3~a!
shows the@111̄# blocking dips in the first SiGe layer of th
as-deposited superlattice taken at eight intervals between
lower and upper interfaces. The blocking dip shift shows t
the strain distribution in the first SiGe layer is nonuniform
while the Ge concentration is almost uniform, as shown
Figs. 1 and 2. It shows that the lower interface side h
;0.6% higher compressive strain than the upper interf
side, which is calculated from the blocking dip shift,;0.2°
to the higher scattering angle with a simple trigonometry a
Poisson’s ratio of 0.2. The blocking dip angle shift has be
estimated to be reproducible within 0.1°. The observed st
change corresponds to a composition difference of;15%,
which is not present in the Ge layer according to the ME
and SIMS results, as shown in Fig. 2. Even though it can

V

e
n.

FIG. 3. Compressive strain distribution in the first SiGe layer relative to
upper interface:~a! as deposited,~b! annealed at 700 °C for 30 min, and~c!
annealed at 850 °C for 30 min. A typical blocking dip shift is shown in t
inset.
. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
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be clearly understood at present, the strain seems to r
near the surface in the depth of several nm. A dependenc
the Ge strain distribution on the first capping Si layer thic
ness has also been observed, details of which will be
cussed elsewhere.

In the 700 °C annealed sample, while the strain distri
tion near the upper interface does not change, the rela
strain near the lower interface decreases to;0.3%, as
shown in Fig. 3~b!. The anisotropic strain relaxation ind
cates that the diffusive strain relaxation preferentially o
curred at the highly strained region, and that the main driv
force of the diffusion is the strain energy reduction by t
diffusive relaxation mechanism. Therefore, it is shown t
the anisotropy observed in Fig. 2 is induced by the ani
tropic diffusive relaxation to reduce the strain energy.4 The
relative strain distribution in the 850 °C annealed sam
shows that the strain distribution in the layer becomes m
uniform by diffusive strain relaxation.

In conclusion, direct observation of strain-induced diff
sion is reported for a SiGe/Si superlattice based on the
composition and strain profiles with atomic-layer depth re
lution. Nonuniform strain distribution and subsequent ani
tropic diffusion were clearly observed for interfaces loca
several nm near surface even though the composition pro
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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are identical. Precise control of the strain distribution cou
be important to protect nm scale active regions of vario
devices with abrupt SiGe/Si heterostructures from therm
budget.

This work was supported in part by MOST of Kore
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Atomic Scale Surface Science Research Center.
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