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Surface stress-induced island shape transition in 8001) homoepitaxy
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Alow-energy electron microscopy study of two-dimension&081) island shapes near thermal equilibrium
on 10x15 um? large single-domain terraces reveals a continuous increase of island aspect ratio and a shape
transition from elliptical to “American-football”-like with increasing island size. The size-dependent island
shapes are driven by elastic relaxation caused by the intrinsic surface stress anisotropy pres@ttlpn Si
Analysis of the measured elliptical island shapes based on an elastic-model calculation allows a quantitative
determination of step energies and of the surface stress anisotropy as a function of temperature.
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Surface stress is an intrinsic property of a solid surface. lintrinsic surface stress anisotropy is presentst be consid-
plays an important role not only in determining the staticered. We show that the intrinsic surface stress anisotropy of
structure and morphology of a surface, but also in controllingSi(001) is temperature dependent, decreasing with increasing
the evolution of surface structure and morphology duringtemperature from a value of 88 meV/A at 695°C to
epitaxial growth. Surface stress is inevitably connected witl68+4 meV/A at 855°C.
surface reconstruction, because tilting or stretching of atomic Using a LEEM equipped with a S#l; gas source for Si
bonds is necessary to reconstruct the surface. For examplgeposition, we investigate the shape of single 2D epitaxial
the formation of dimer rows on &I01) causes a large an- islands near thermal equilibrium on %A5 um? large
isotropy in the surface stress tensor, which in turn g_ive_s risg@jngle-domain $D0Y) terraces. We first pattern the(801)
to a ground-state stress domain structure consisting GQfafers via photolithography, creating mesa structures
equally populated X 2 and 2<1 domains:? Such an inter- 5 um wide and 10 nm high on the surface. After remov-
play between surface stress and structure can lead to a Wi% the native oxiden situ, we deposit Si at step flow con-

range of interesting surfa_\ce ph_eno_mér&a(OO],) SEIves also itions (temperature 870 °C) to produce large step-free ter-
as the model system for investigations of stress-induced self-

organization for fabricating SiGe nanostructures. Conse; 20es N top of the mesdSLEEM easily shows when a

quently, the effects of surface stress it0Bil) have attracted j[errace has no steps. After a step-free terrace forms,.we ad-
much recent interest just the temperature and,$ig pressure so that only a single

Men et al. first demonstrated that applying a uniaxial island nucleates preferentially near the middle of the terrace.

stress to the $001) surface may drive step movement, fa- This island'then grows slowly in the LEEM field of view,'
voring one domain over the othkMavy steps and hilly Corre_spondlng tq a growth_ rate of less than 1 monolayer in
structures observed on a micrometer scale on highly oriented0 minutes. During deposition, the base pressure was kept
S|(001) wafers by |0W_energy electron microscopéEEM) below 3% 1078 Pa and the disilane pressure below 5
have been interpreted as stress-domain strucfusesvever, <107 ° Pa, to prevent possible sample contamination.
surface stress has generally been neglected in interpretirggmples were heated by electron bombardment from the rear
thermodynamic properties in two-dimensioriaD, i.e., sub- and the temperature was measured using an optical pyro-
monolayey island growth. meter, calibrated via the Si melting point. Data are collected
The equi"brium Shapes of 2D islands have genera”y beeﬁt several different Sample temperatures for a fixed very low
related to step free energies; Consequenﬂy, they are tempe,@eposition rate, ensuring that the conditions are as close to
ture dependent busize independerit® Here, we provide equilibrium as possible.
direct evidence that the equilibrium shape of 2D Si islands Using a large terrace with a single island nucleating in the
on S(001) is size dependenThe island originally adopts an Middle of the terrace far from the terrace edges not only
elliptical equilibrium shape, whose aspect ratio increasedllows us to observe islands that grow up to several mi-
continuously with increasing island size, and then transform§rometers in diameter, but also allows us to exclude possible
into an “American-football’-like shape beyond a critical Stress-induced island—island and island—steprace edge
size. Both the size-dependent aspect ratio and the ellipticalnteractions that can influence island shapes. Previous studies
to-football shape transition are driven by surface stress relax@f Si island growth on $001) have either employed low-
ation. The changing equilibrium aspect ratio of an ellipticaltemperature molecular beam epitaxy in which island shapes
island with increasing size but formed at a fixed temperaturevere affected by slow kinetié§ or limited the islands to less
can be fitted nicely by a recent theoretical mofa)lowing  than 100 nm in diameter before they interacted with terrace
us to extract quantitative values of not only step free energiesdges or neighboring islands? Consequently, these early
but also surface stress anisotropy at different temperaturesxperiments are inappropriate for the analysis we perform
Our results demonstrate that caution should be used wherelow.
deriving step free energies from equilibrium 2D island Figure 1 displays different stages of a single island grow-
shapes: The possible influence of stré§smisfit stress or ing slowly on a rectangular 2015 xm? large mesa terrace

0163-1829/2001/620)/2013214)/$20.00 64 201320-1 ©2001 The American Physical Society



ZIELASEK, LIU, ZHAO, MAXSON, AND LAGALLY

1s s 19 s
‘ <

4s R 29 s

12s g 725

FIG. 1. Evolution of 2D Si island size and shape on an ex-
tremely large (1& 15 um?) single-domain $D01) terrace during
very slow, near-equilibrium, chemical beam epitaxy of Si at 855 °C.
The time after observing island nucleation is given in seconds. The
island shape evolves with increasing island size, from initially el-
liptical to “American-football’-like and eventually with 2D face-
ting (swallow tail att=72 s) for island diameters larger than
6 wum. The field of view is 9 um. The frame at=19 s shows
part of one long mesa edggray area at lower leftthe base terrace
extends beyond the field of view in all other frames. Inhomogene-
ities in the imagébright area at the corner of the terraeee due to
imperfect focus and inhomogeneities in the channel plate.
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FIG. 2. Island shape transition with island size depicted for three
stages:(a) elliptical shape,(b) intermediate shape(c) football
shape. Images are scaled to compensate for island size. The ellipti-

at 855°C in low resolutior(field of view is 9 xm). For cal outline enclosing the island {@) is constructed using the ellip-
each frame the timeafter island nucleation is given in sec- tical function. The football outlines, depicted as dashed lingg)in

onds. The island appears as black because the LEEM imag&
are taken in dark-field mode, using a diffraction spot of the

gd(b), are constructed as an intersection of two circles.

2x 1 superstructure of the base terraoehite ared The  orientations, ® namelyS, andSg steps* However, step en-
island shape evolves in several different stagestAl s ergies are island size independent, which would lead to a
only a black dot is visible at the lower corner of the image.size-independent island aspect ratio. Therefore, the size de-
The island shape appears as elliptical-a#4 s andt=12 s.  pendence of the island shape must originate from an addi-
Sharp tips develop at the far ends of the island=al9 s, tional free-energy contribution. The stress relaxation energy
leading to an “American-football’-like shape 429 s. At  provides the appropriate behavifr.

t=72 s, one sharp tip splits into two rounded corners.

To analyze island shape evolution quantitatively, we de-

To illustrate the island shape evolution, Fig. 2 shows im-termine the island shape aspect ratios and island areas using
ages scaled to compensate for island size. An island size #hage analysis software. Both low- and high-resolution im-
1.4 um[major axis, see panéh)] has an elliptical shape, as ages have been used to capture island sizes over a wide range
indicated by the perfect elliptical fit, the white contour en-from 0.1 to 3.0 um in diameter. Figure 3 shows the island
closing the island. When the island size becomes three timegspect ratio vs island area at two sample temperatures,
larger [panel (c)], it is better fit by the intersection of two 695 °C and 855 °C, respectively, with islands remaining in a
circles(football shape Panel(b) shows an intermediate state perfect elliptical shape up to 1.xm?. Both sets of experi-
between the elliptical-to-football shape transition. mental data have been fitted, using a theoretical ntBeit

In general, the shape of 2D islands reflects the deperincludes stress relaxation energy in addition to step free en-
dence of step free energy on step orientation, just as thergy in determining the equilibrium shape of islands as a

shape of isolated 3D crystallites reflects the dependence dfinction of island size.
As a 2D island forms on 801), the dimer rows in the

surface free energy on facet orientatidrzor Si islands on

Si(001), the anisotropic shape has conventionally been attribisland are rotated by 90° with respect to the substrate dimer
uted solely to the different step energies of two orthogonarows. Consequently, the anisotropic surface stress introduces
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Fig. 3 (i.e., the dependence of aspect ratio on island) s&e
o controlled by the ratio of step energy and strain energy, and
T=695°C hence by the stress anisotropy for the given step energies.
Hence, the stress anisotropies at different temperatures are
determined by fitting separately to the obviously different
curvatures of the two sets of data.
. Our calculations following this scheme yield step energies
157%° T=855'C Epr=25+3 meV, Eg=53+6 meV, andEc=56+8 meV
at zero temperature, and surface stress anisotropies,
0.0 04 08 12 16 =68+3 meV/A atT=855°C andAoc=80+4 meV/A at
Area (um”) T=695°C. The error bars are estimated by varying the trial

parameters to the largest extent possible for the calculated

: X . : . curves to remain within the upper and lower bounds of the
minor axi9 of a single island grown on an extremely large single-

domain terrace. Experimental data at temperatures of 855°C an%lXpe”mental data. The step energies agree very well with

695 °C are given as circles and squares, respectively. The solid lind¥®Vious experimental values determined from measure-
are fits to the data. ments of step meandering or fluctuatidris,in which the

effect of surface stress is expected to be less significant. The

stress discontinuities, i.e., force monopoles along the islangurface stress anisotropy increases with decreasing tempera-
step edges. The total free energy of an elliptical island can b&ire, possibly because of the different dynamic buckling
calculated as states of surface dimers at different temperatures. First-
principles calculations show that the surface stress anisot-
2w ropy depends strongly on dimer bucklifjThe quantitative
Fiota=Fstept Fstress fo Fs(O)r(6)de values of stress anisotropy we obtain also agree well with
previous experiments in a similar temperature ratge.
1 We have used growth conditions of very low supersatura-
t3 J’ j ulrs,F(rz)]-F(ry)drydrs, @ tion to ensure the island shapes are as close to equilibrium as
possible, as suggested by previous stulifeBy studying the
whereF¢(0) is the step free energy at the anglén refer-  Sj island growth shape on(®01) as a function of deposition
ence to theS, step orientationr(6) is the radius, and rate and temperature, Swiech and Biinave suggested that
ufry,F(rp)] is the displacement at poimt induced by the equilibrium island shapes can be obtained at a growth rate of
force F at pointr,. The step free energ§¢(¢) can be cal- 0.2 ML/min at 530°C. Our growth rate is twice slower
culated from the step energieE{ andEg) and corner en- (0.1 ML/min) and the temperature is several hundred de-
ergy (E.) at zero temperaturel-4(6)=Facos6+Fgsind  grees higher. Several observations also support the conclu-
+Fcsin20, with Fo g=Epg—TSyg andFc=Ec—kTIn2.  sjon that the islands in our experiments are close to equilib-
T is the temperature arklis the Boltzmann constang, g, rium:
the step entropy af, can be calculated frorg,, Eg, and (1) On Si001), anisotropic adatom sticking coefficients
Ec, using a solid-on-solid modéf. The stress relaxation en- to island edges can lead to anisotropic island growth shapes.
ergy, Fsiresss NOwever, has to be integrated numerically, be-Such kinetic effects elongate the islands along the dimer
cause it cannot be solved analytically for an elliptical shaperows?® Thermodynamically, the islands are also elongated
We use a trial-and-error fitting procedure. For each set o&long the dimer-row direction because of the lov@grstep
trial values ofE,, Eg, E., and surface stress anisotropy, energy thanSg.°> Therefore, a kinetics-influenced island
Ao, the optimal island aspect ratio for a given island size isshape in S001) always has a larger aspect ratio than the
determined by minimizing the island total energy, in whichequilibrium shape. In contrast, the measured island aspect
the step free energies are calculated analytically while theatio in Fig. 3 is smaller than the step free-energy ratio in a
stress energies are calculated numerically. The calculateskrtain range of island sizes, which is explained perfectly by
curve of aspect ratio vs island sit@red is in turn compared the equilibrium stress modé.
to the experimental data. The trial values®f, Eg, E., (2) We have done both growth and evaporaticet
and Ao are then adjusted until the theoretical curves con-=>900 °Q measurements on the same island, and the depen-
verge to the experimental data with the smallest deviationdence of island shape on island size in both cases is the
i.e., the sum of the differences between the two at each exsame.
perimental data point. Although there are four parameters, (3) The excellent and robust fibased on an equilibrium
the fitting is in fact quite robust and step energies and streshieory) to the experimental data and the very good agree-
anisotropies are fit independently to different physical charment between the fitting parameters and the previous results
acteristics of the data. The average vertical positions of thérom independent measurements further support quantita-
data(i.e., the aspect ratian Fig. 3 are controlled by the step tively the conclusion of equilibrium.
free-energy ratios. By fitting simultaneously to the two sets (4) The elliptical-to-football shape transition can be ex-
of data at different temperatures, the individual step energieglained by the equilibrium theorgWulff construction, as
(Ea andEg) can be determined. The curvature of the data indiscussed below.

Aspect Ratio

FIG. 3. Dependence of 2D island shape aspect ratajor to
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The aspect ratio of elliptical islands increases continution to entropy. In contrast, we propose a distinctively differ-
ously with increasing island size. The transition from ellipti- ent physical mechanism. We observe the elliptical-to-football
cal to football shape is then a natural extension of this sizéhape transition under the physical conditionscbénging
dependence. The equilibrium island shape can be constructégland size at a fixed temperatuiBecause step energies do
from the step free energies, using the Wulff constructith. not change at a fixed temperature, the driving force for our
If the island anisotropy gets so large that parts of the freeisland size-induced transition must come from a different
energy diagram no longer contribute to the equilibriumsource, namely the strain energy, which does change with
shape, then tip development, i.e., an elliptical-to-footballSIZ€- A stress-modified step energy has also been suggested

. . 18 .
shape transition, will occdr'® The tips, associated with the [© €xplain step morphologies on(801),™ supporting our

: ; . - anodel.
forbidden angles in the equilibrium shape, are energetically In conclusion, we have demonstrated the influence of sur-

ggé?:tgf Lenalr(f aﬂgh&gggﬁggﬁaﬂggg?gﬁzxg ;:tgis'ﬁdlﬁc_l?g face stress on island shape in Si homoepitaxy, an influence
the best ofg r knowledae. no kinetic effect has t?éen sho that has not been recognized earlier but seems obvious in
u wiedge, Inet Wpetrospect. In addition to the step free energies, the elastic

to mdyce such tip developmehtgonceptuzflly, one could relaxation energy induced by the intrinsic surface stress an-
combine the stress energy into “effective” step enerfes isotropy contributes significantly to defining the equilibrium
that would be island-size-dependent. Based on our resultyjang shape. Because the elastic relaxation energy is island
the ratio of “effective” step energies would then increasejze dependertas is physically quite reasonahl¢he island

with increasing island size, leading to increasing island asagpect ratio continuously increases with increasing island
pect rat_|o and feventually _to the elllptlcal-to—football trar_15|— size, leading eventually to an elliptical-to-football shape
tion. It is possible to derive the "effective” step energies ansition. By fitting the experimental data with theory, we
from the_me?asured island shapes, using the inverse Wulfferjye quantitative values dfemperature-independergtep
constructiorf:** However, the stress energy contained in theenergies and of the intrinsic surface stress anisotropy of
“effective” step energies can only be determined separatelysjoo1) as a function of temperature. We show that the in-
after knowing the island shape as a function of is_Iand size ainsic surface stress anisotropy of(@®1) decreases with
constant temperature, as we have done. There is no mechggreasing temperature. The analysis presented here should
nism to decompose stress energy into individual step enefe generally applicable to quantitative studies of island

gies of different orientati%ns. o shapes in those systems in which misfit strain or surface
Recently, Hannoret al” have observed an elliptical-to- gtegg anisotropy is present.

football shape transition of Si islands on highly boron-doped

Si(001) as the temperature decreases. They attributed the This work was supported by NSF, Grants No. DMR-
transition to the anomalous temperature dependence of st&§632527 and DMR-9304912, DOE, Grant No. DE-FGO02-
free energies caused by boron segregation to steps in addlOER45816, and the Alexander von Humboldt Foundation.
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