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Direct measurements of strain depth profiles in Ge ÕSi„001… nanostructures
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Direct measurements of strain depth profiles in Ge layers consisting of either pyramidal or
dome-shaped nanostructures grown on Si~001! by gas-source molecular-beam epitaxy were
obtained using medium-energy ion scattering spectroscopy. Layers consisting solely of pyramidal
Ge structures~corresponding to total Ge coveragesuGe55.5 ML) exhibit a compressive strain of
2.1% which is uniform with depth. In contrast, Ge layers with a dome-shaped surface morphology
(uGe58.9 ML) undergo significant relaxation giving rise to a strain gradient which varies from
0.6% at the surface to 2.1% at the Ge/Si~001! interface. © 2003 American Institute of Physics.
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Intensive effort has been devoted to understanding
growth and relaxation of strained Ge layers on Si~001!. Ge/
Si~001!, with a 4.2% lattice mismatch, serves as a mo
system for the study of strain-driven roughening via t
Stranski–Krastanow growth mode in which the initial form
tion of smooth two-dimensional~2D! wetting layers is fol-
lowed by nucleation of three-dimensional~3D! islands with
increasing layer thickness.1–3 This mechanism of island for
mation provides a method for the self-assembled pattern
of semiconductor nanostructures which have potential ap
cations in device architectures.4,5 Due to the effect of strain
on electronic and optical properties, a detailed knowledge
the strain field associated with islands of varying size a
shape is essential to the effective design and fabricatio
devices incorporating strained nanostructures.6

Average strain values in thin Ge/Si~001! layers have
been determined using ion scattering,7 optical measurement
of wafer curvature,8 two-beam transmission electron micro
copy ~TEM! dark field imaging,9 and x-ray diffraction
~XRD!.6 Both wafer curvature and TEM results show a d
continuous change in strain accompanying the pyramid
dome transformation. XRD results suggest that Ge pyram
are highly strained near the interface, but relax progressiv
towards the apex of the pyramids. In each of these exp
mental techniques, however, the extraction of depth dep
dent information requires assumptions on the strain distr
tion in the islands. While numerical calculations of stra
distributions in equilibrium island shapes have been car
out,2,10 there have been no direct measurements.

In this letter, we report the results of experiments us
medium-energy ion scattering spectroscopy~MEIS! to di-
rectly measure strain depth profiles in Ge wetting layers
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two different types of Ge/Si~001! nanostructures: one con
sisting of only Ge pyramids, and one composed almost
clusively of Ge domes. MEIS provides both composition
and structural information with atomic layer depth resoluti
through analyses of energy and angular distributions of e
tically scattered protons.11,12The strain depth profiles we ob
tain clearly show that Ge layers consisting entirely of py
mids exhibit a uniform in-plane compressive strain« i of
2.1%, while dome-dominated Ge/Si~001! surface morpholo-
gies exhibit a large gradient in« i ranging from 0.6% at the
outer surface to 2.1% at the Ge/Si~001! interface.

All Ge layers were grown in a multichamber ultrahig
vacuum ~UHV! gas-source molecular-beam epitaxy~GS-
MBE! system13,14 using Ge2H6 .15 The growth chamber,
equipped with reflection high energy electron diffractio
~RHEED!, is connected through a transfer chamber to
analytical station which includes Auger electron spectr
copy ~AES!. Precursor gases are delivered to the subst
through individual tubular dosers located 3 cm from the s
strate at an angle of 45°. The dosers are coupled to feedb
controlled constant-pressure reservoirs in which press
are separately monitored using capacitance manome
whose signals are used to regulate variable leak valves. V
sequencing, pressures, gas flows, and film growth temp
tures are all computer controlled.

Substrates used in these experiments aren-type Si~001!
wafers with a miscut of 0.2° toward@110#. Following sub-
strate cleaning,16 degassing at 600 °C in UHV for.4 h, and
flash heating to 1100 °C, we grow a 50-nm-Si buffer layer
800 °C using Si2H6 . This provides a clean atomically fla
Si~001! starting surface exhibiting sharp 231 RHEED pat-
terns with no contamination detectable by AES. Ge~001!
wetting layers and ultrathin films whose surfaces consis
pyramidal nanostructures were grown at a temperatureTs of
500 °C with an incident Ge2H6 flux JGe2H6

of 2.8

31015 cm22 s21 while layers consisting of dome-shape
nanostructures were grown atTs5600 °C with JGe2H6

55.2

31015 cm22 s21. The Ge deposition rates were 32.4 a
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8 © 2003 American Institute of Physics
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47.1 ML min21, respectively. Ge coveragesuGe were deter-
mined by Rutherford backscattering spectrometry~RBS!
while tapping-mode atomic force microscopy~AFM! was
used to image surface morphologies. Samples for wh
strain profiles were determined by MEIS were cappedin-situ
with a 3-nm-thick amorphous Si layer, deposited by electr
beam evaporation, prior to air exposure.

MEIS strain depth profile measurements were carr
out using a 100 keV incident H1 beam aligned 4° from the
@001# direction in the~011! plane of the Si~001! substrate.
We measure the angular distribution of protons scatte
610° around the@111̄# direction in the~011! plane. Shifts in
@111̄# Ge blocking dips are obtained as a function of de
with the bulk Si substrate@111̄# blocking dip serving as the
reference position.

Typical AFM images, with line profiles in the insets, a
shown in Fig. 1 for each of the two types of Ge nanostruct
samples. AFM images from Ge wetting layers (uGe

<3 ML) grown under the same deposition conditions
used to obtain Ge pyramids, exhibit no morphological co
trast indicating that the layers are very flat, with rms roug
nesses<0.22 nm, as expected. Figure 1~a! corresponds to a
uGe55.5 ML sample consisting of only square-bas
pyramid-shaped islands, with sides along^100& directions,
which cover approximately 42% of the surface area. T
average pyramid size, is 17.763.5 nm with a heighth
51.560.3 nm and a sidewall anglew511.3° corresponding
to $105% facets. Figure 1~b! is an AFM image of a Ge laye
with uGe58.9 ML grown at 600 °C. The surface is com
posed of uniformly-sized domes with,548.762.9 nm and
h510.160.8 nm. The domes, which cover 35% of the s
face area, are highly faceted. When viewed along a^110&
zone axis, as in the inset of Fig. 1~b!, the dominant facet ha
a sidewall angle of;25° corresponding to$113%, in agree-
ment with previous AFM and low energy electron micro
copy observations of Ge/Si~001! domes.17,18 Based upon the
total number of Ge atoms measured by RBS and the t
mound volume determined from AFM, the thickness of t
Ge wetting layer between the mounds is<0.5 nm.

Figure 2 is a typical series of@111̄# MEIS blocking dips
plotted as a function of sample depth, in this case for
sample with dome-shaped islands shown in Fig. 1~b!. Each
successive blocking dip represents an additional 300 eV
ergy loss corresponding to 1 nm in layer thickness. Nearly
of the Ge signal derives from the mound structures since
wetting layer between the mounds is<0.5 nm. The Si~001!

FIG. 1. AFM images of~a! pyramidal-shaped Ge nanostructures in a 5
ML-thick layer grown at 500 °C on Si~001! and ~b! domed-shaped nano
structures in an 8.9-ML-thick Ge layer grown at 600 °C. Typical line p
files are shown in the insets.
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substrate blocking dip is also shown for reference. Note t
the positions of the blocking dips obtained from Ge near
Ge/Si~001! interface are shifted to higher scattering ang
with respect to that of the bulk Si~001! substrate clearly dem
onstrating that the bottom of the dome-shaped Ge islands
compressively strained. However, the strain relaxes tow
the surface as indicated by the fact that the Ge blocking
moves toward the position of the bulk Si substrate block
dip. We also note that Si near the film/substrate interfa
between the mounds is compressively strained in agreem
with theoretical predictions in Ref. 19 and may also indica
Ge/Si intermixing as expected for Ge/Si~001! growth at
600 °C.20

Shifts in Ge blocking dip minima, as well as local tetra
onal distortions, obtained from Fig. 2 are plotted as a fu
tion of depth in Fig. 3. Based upon similar MEIS measu

-

FIG. 2. MEIS @111̄# blocking dips as a function of depth through the G
layer with dome-shaped islands corresponding to Fig. 1~b! above.

FIG. 3. Shifts in MEIS blocking dips and strain depth profiles throu
Ge/Si~001! layers whose surfaces consist of Ge wetting layers, Ge pyram
and Ge domes. Typical Ge and Si blocking dips for pyramid structures
the bulk Si substrate are shown in the inset.
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ments, strain depth profiles for a Ge wetting layer grown
Ts5500 °C and a sample consisting of Ge pyramids are a
shown. Absolute minimum positions were determined by
ting the blocking dips with a quadratic function. The 1.
ML-thick wetting layer has a uniform in-plane compressi
strain of « i51.660.4%. Samples with a surface morpho
ogy consisting solely of$105% faceted pyramids are also i
compression with a tetragonal distortion of 3.3% which
constant to within60.4% as a function of depth. Using th
Ge Poisson ratio of 0.277,6 « i in the pyramids is 2.1%. In
contrast, the strain profile of the dome-dominated structur
strongly depth dependent and exhibits an approximately
ear decrease in« i from 2.1% near the substrate to 0.6%
the surface. Our MEIS results are consistent with anal
continuum model calculations2,10,19 showing nearly uniform
strain depth profiles in surface islands having small asp
ratios near the size of our pyramids and significant str
gradients, similar to that shown in Fig. 3, in larger islan
near the size of our domes. The calculations also reveal
substrate compliance is important and can relax up to
proximately 40% of the island strain depending upon asp
ratio.

In conclusion, we have used MEIS measurements to
rectly measure strain depth profiles of Ge islands on Si~001!.
We observe significant changes in the strain profile as
islands transform from pyramidal to dome-shaped with
creasing Ge layer thickness. 5.5-ML-thick Ge layers wh
surfaces are composed of square pyramids with an ave
size of 17.7-nm and an aspect ratio of 0.08, exhibit a unifo
compressive strain of 2.1%. Samples withuGe58.9 ML and
grown under conditions such that the surface structure is
sentially all rounded domes with an average size of 48.7
and an aspect ratio of 0.21 also have a compressive stra
2.1% at the film/substrate interface, but the strain decre
approximately linearly to 0.6% at the surface. Thus, str
relaxation is intimately related to the pyramid-to-dome isla
shape transformation.
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