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Direct measurements of strain depth profiles in Ge  /Si(001) nanostructures
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Direct measurements of strain depth profiles in Ge layers consisting of either pyramidal or
dome-shaped nanostructures grown oriO&l) by gas-source molecular-beam epitaxy were
obtained using medium-energy ion scattering spectroscopy. Layers consisting solely of pyramidal
Ge structuregcorresponding to total Ge coveragég.=5.5 ML) exhibit a compressive strain of
2.1% which is uniform with depth. In contrast, Ge layers with a dome-shaped surface morphology
(Ase=8.9 ML) undergo significant relaxation giving rise to a strain gradient which varies from
0.6% at the surface to 2.1% at the Gé0Bi) interface. © 2003 American Institute of Physics.
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Intensive effort has been devoted to understanding théwo different types of Ge/#001) nanostructures: one con-
growth and relaxation of strained Ge layers of081). Ge/  sisting of only Ge pyramids, and one composed almost ex-
Si(001), with a 4.2% lattice mismatch, serves as a modeklusively of Ge domes. MEIS provides both compositional
system for the study of strain-driven roughening via theand structural information with atomic layer depth resolution
Stranski—Krastanow growth mode in which the initial forma- through analyses of energy and angular distributions of elas-
tion of smooth two-dimensionalD) wetting layers is fol- tically scattered protons:*2The strain depth profiles we ob-
lowed by nucleation of three-dimension@D) islands with  tain clearly show that Ge layers consisting entirely of pyra-
increasing layer thickness? This mechanism of island for- mids exhibit a uniform in-plane compressive straip of
mation provides a method for the self-assembled patterning.1%, while dome-dominated Ge{801) surface morpholo-
of semiconductor nanostructures which have potential appligies exhibit a large gradient i, ranging from 0.6% at the
cations in device architectur&s.Due to the effect of strain outer surface to 2.1% at the Ge®1) interface.
on electronic and optical properties, a detailed knowledge of All Ge layers were grown in a multichamber ultrahigh
the strain field associated with islands of varying size andracuum (UHV) gas-source molecular-beam epitax@S-
shape is essential to the effective design and fabrication d¥IBE) systemi®* using GegHg.'®> The growth chamber,
devices incorporating strained nanostructdres. equipped with reflection high energy electron diffraction

Average strain values in thin Ge(801) layers have (RHEED), is connected through a transfer chamber to an
been determined using ion scatteringptical measurements analytical station which includes Auger electron spectros-
of wafer curvaturé, two-beam transmission electron micros- copy (AES). Precursor gases are delivered to the substrate
copy (TEM) dark field imaging, and x-ray diffraction through individual tubular dosers located 3 cm from the sub-
(XRD).% Both wafer curvature and TEM results show a dis-strate at an angle of 45°. The dosers are coupled to feedback-
continuous change in strain accompanying the pyramid-tocontrolled constant-pressure reservoirs in which pressures
dome transformation. XRD results suggest that Ge pyramidere separately monitored using capacitance manometers
are highly strained near the interface, but relax progressivelyhose signals are used to regulate variable leak valves. Valve
towards the apex of the pyramids. In each of these experisequencing, pressures, gas flows, and film growth tempera-
mental techniques, however, the extraction of depth deperures are all computer controlled.
dent information requires assumptions on the strain distribu- Substrates used in these experimentsratgpe S{001)
tion in the islands. While numerical calculations of strainwafers with a miscut of 0.2° towardl10]. Following sub-
distributions in equilibrium island shapes have been carriegtrate cleaning® degassing at 600 °C in UHV for 4 h, and
out?>™ there have been no direct measurements. flash heating to 1100 °C, we grow a 50-nm-Si buffer layer at

In this letter, we report the results of experiments using800 °C using SiHg. This provides a clean atomically flat
medium-energy ion scattering spectroscqEIS) to di-  Si(001) starting surface exhibiting sharp<2l RHEED pat-
rectly measure strain depth profiles in Ge wetting layers andéerns with no contamination detectable by AES.(@X)

wetting layers and ultrathin films whose surfaces consist of
d|nstitute of Materials Research and EngineerifRE), 3 Research Link, pyramidal nanOStru,Ctu,res were grown at a temperalyref
S(117603, Singapore. 500°C with an incident Ggig flux ‘JGezHe of 2.8
P Author to whom correspondence should be addressed; electronic mailk 10 cm™2s™1 while layers consisting of dome-shaped

tspila@uiuc.edu _ ° . _
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San 56-1, Shilim-dong, Kwanak-ku, Seoul 151-744, Korea. x10® cm ?s 1. The Ge deposition rates were 32.4 and
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FIG. 1. AFM images of(a) pyramidal-shaped Ge nanostructures in a 5.5- 5 140_‘“"'% - i
ML-thick layer grown at 500 °C on 8)01) and (b) domed-shaped nano- ~ WW .
structures in an 8.9-ML-thick Ge layer grown at 600 °C. Typical line pro- = 120 WW a-Si cap Iayer
files are shown in the insets. 2 "‘"’"\IWMMN\/W
"OEJ 100 \“‘\WM
T s} 27 interface Ge
47.1 ML min !, respectively. Ge coverag#s,, were deter- 80 W‘\w\/m
mined by Rutherford backscattering spectrometRBS) 60 MW
while tapping-mode atomic force microscofpFM) was 40 m Ge layer
used to image surface morphologies. Samples for which WA\,/A""V‘
strain profiles were determined by MEIS were capjvesitu 20 W""\m surface Ge
with a 3-nm-thick amorphous Si layer, deposited by electron- 0 ' - ' i
beam evaporation, prior to air exposure. M5 120 125 130
MEIS strain depth profile measurements were carried Angle (degrees)

out USII?lg a_ 109 keV incident Hbeam allgr_wed 4° from the FIG. 2. MEIS[111] blocking dips as a function of depth through the Ge
[001] direction in the(011) plane of the SD01) substrate. jayer with dome-shaped islands corresponding to Fiy) above.
We measure the angular distribution of protons scattered
+10° around th¢111] direction in the(011) plane. Shifts in
[111] Ge blocking dips are obtained as a function of dept
with the bulk Si substratg111] blocking dip serving as the
reference position.

Typical AFM images, with line profiles in the insets, are

hsubstrate blocking dip is also shown for reference. Note that
the positions of the blocking dips obtained from Ge near the
Ge/S(00)) interface are shifted to higher scattering angles
with respect to that of the bulk ®01) substrate clearly dem-
shown in Fig. 1 for each of the two types of Ge nanostructuré’nsnaﬁng, that the l_)ottom of the dome-shaped Ge islands are
samples. AFM images from Ge wetting layersia( compressively _strglned. However, the strain relaxes _toward
<3 ML) grown under the same deposition conditions asthe surface as |nd|catgq by the fact that.the Ge bIocklng'dlp
used to obtain Ge pyramids, exhibit no morphological connoves toward the position of the bulk Si substrate blocking

trast indicating that the layers are very flat, with rms rough—g'pt;Nwe i\rl]so note dtha}t Si near the If |Im{sgbsga}te interface ¢
nesses<0.22 nm, as expected. Figurélcorresponds to a etween the mounds 1S compressively strained in agreemen

fe=5.5ML sample consisting of only square-basedWith theoretical predictions in Ref. 19 and may also indicate
=5.

pyramid-shaped islands, with sides alotif0 directions, g;(c)ecl)soicizrgtermixing as expected for Gef®1) growth at

which cover approximately 42% of the surface area. The Sh'ﬁ in Ge blocking dip mini Il as local

average pyramid sizé€ is 17.7-3.5 nm with a heighth LS 1N &€ blocking dip minima, as Wetl as foca tetrag-
onal distortions, obtained from Fig. 2 are plotted as a func-

=1.5+0.3 nm and a sidewall angle=11.3° corresponding f deoth in Fia. 3. Based imilar MEIS
to {105 facets. Figure (b) is an AFM image of a Ge layer tion of depth in Fig. 3. Based upon similar measure-

with 6ge=8.9 ML grown at 600°C. The surface is com-

posed of uniformly-sized domes with=48.7+2.9 nm and o 14 . . . . . . —5
h=10.1=0.8 nm. The domes, which cover 35% of the sur- g 12 % W Ge surface <3
face area, are highly faceted. When viewed alon{lE0) 2 10l8 “"\s\m A Al 14z
zone axis, as in the inset of Fig(kl, the dominant facet has ° B ;o o omﬁgA .g
a sidewall angle of-25° corresponding t¢113, in agree- S 08 a roes) 5 1’8
ment with previous AFM and low energy electron micros- o 06} Siinteface ~ Snm o @Y |, -“5’
copy observations of Ge/®01) domes'’*®Based upon the % 04l o) ®
total number of Ge atoms measured by RBS and the total 9 ., A 11 §)
mound volume determined from AFM, the thickness of the 'g m Wetting Layer ©
Ge wetting layer between the mounds<$.5 nm. = °Oor 4 Pyramids 1° E

Figure 2 is a typical series ¢f.11] MEIS blocking dips S0 . 0 Domes 1,
plotted as a function of sample depth, in this case for the 8 8 84 8 8 90 92 9«
sample with dome-shaped islands shown in Figp).1Each Energy (keV)

successive blocking dip represents an additional 300 eV en-

; : ; IG. 3. Shifts in MEIS blocking dips and strain depth profiles through
ergy loss CorreSpondmg tolnmin Iayer thickness. Nearly al e/S(001)) layers whose surfaces consist of Ge wetting layers, Ge pyramids,

of the Ge signal derives from the mound structures since thg,y e domes. Typical Ge and Si blocking dips for pyramid structures and

wetting layer between the mounds<€0.5 nm. The SD01)  the bulk Si substrate are shown in the inset.
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