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Self-organization of Ge islands on high-index Si substrates
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Films of Ge were grown on §i13 and S{331) substrates by molecular-beam epita}§BE). We found
that the Ge films grow in the Stranski-Krastan@K) mode on both substrates. The SK islands are bounded
by facet planes, and have a wirelike shape ofi%3) and a dotlike shape on (881). The resulting island
shapes are stable equilibrium ones, and are strongly governed by the mechanism of anisotropic strain relief.
Moreover, multilayers of coherent Ge islands were stacked onld Bisubstrate with spacer layers of Si by
MBE. In the multilayers of Ge/Si, the wirelike Ge islands become more uniform as the number of layers is
increased at a growth temperature of 400 °C. When the temperature is 450 °C, the shape of the islands changes
from wirelike in the first Ge layer to dashlike in the sixth Ge layer. This temperature-dependent self-
organization is caused by inhomogeneous strain distributions induced by the buried Ge islands that are verti-
cally aligned in the Ge/Si multilayer§S0163-182899)09911-7

[. INTRODUCTION substrate. The interest in these high-index planes also stems
from the possibility that the growth of Ge islands on them

Low-dimensional nanostructures, such as quantum wiresould be tied in with that on the conventional low-index Si
and quantum dots, have become critical in the semiconduct@ubstrates in wafer-scale nanointegratibns.
science and technology field because they have great poten- On the other hand, it has been pointed out that self-
tial in optoelectronic and microelectronic device€onse- assembled coherent islands have two inherent problems. One
guently, various methods for creating them have been prois fluctuation in the size of the islands, and the other is their
posed. The most common one involves using lithographicandom distribution over the surface. For instance, large sur-
techniques for one- or two-dimensional nanostructure patface migration in the island growth leads to a very inhomo-
terning. However, these techniques have disadvantages sughneous distribution of island size and random arrangements.
as low throughput and essentially involve complex serialThese problems have to be solved for device applications.
processing. Fortunately, a stress-induced self-organization phenomenon

Due to its process- and damage-free features, structuréilas been found to occur during molecular-beam epitaxy
self-organization has received much attention as a way t0MBE) of strained Si/SiGe/Si multilayers on vicinal($00)
overcome these problerig® Of particular importance is the substrate$® By utilizing this phenomenon, regular and uni-
formation of coherent three-dimensional islands during epiform nanoscale SiGe dots can be obtained, and the process of
taxial growth in lattice-mismatched materials, including self-organization can be controlled by tuning layer thickness,
Ge/Si and 16Ga)As/GaAs, by molecular-beam epitaxy and alloy composition, and substrate miscut. A self-organization
metal-organic chemical-vapor epitak}® These islands have mechanism was proposed in Refs. 19-21 on the basis of an
usually been grown on low-index substrate surfaces, andlasticity theory. The structural details of the self-organized
their growth has been extensively studied fromGe dots in the Si/Ge/S§i00 multilayers have been studied
experimentdft and theoreticaf*® viewpoints. More re- by high-resolution x-ray diffractiof and cross-sectional
cently, the study of self-organization has been extended ttransmission-electron microscopXTEM).Z
the use of high-index surfaces, particularly in compound In this paper, we report on Ge-island growth orf13B)
semiconductor systems, and there has been some successaid (331) substrates. We extend the stress-induced self-
obtaining various types of nanostructures that have uniquerganization to the self-assembly of Ge islands grown on a
electrical and optical propertiéé!® However, regarding Si(113 substrate in order to obtain arrays of Ge islands with
Ge/Si systems, most previous work has focused on thaniform size and shape. We show that Stranski-Krastanow
growth of Ge on Sil00) and S{111) substrates, and little (SK) growth of Ge films on both substrates produces self-
attention has been paid to Ge growth on high-index Si subassembled coherent Ge islands, and the Ge islands have a
strates. wirelike shape on $113 and a dotlike shape on (SB1).

It is well known that facets with high-index mirror planes Moreover, we demonstrate that at appropriate substrate tem-
form on low-index Si substrates. Of these fac€14,3 and peratures the stress-induced  self-organization in
(331) are particularly interesting because of their thermal staSi/Ge/S{113) multilayers produce wire-shaped Ge islands
bility. The (113 facet is one of the most stable, and is usu-with a uniform size and dashlike Ge islands.
ally observed during high-temperature annealing of patterned
Si(111) and S{100 substrates. On the other hand, tB&1)
facet is stable on a vicinal Qi11) surface misoriented to-

ward the[llf] direction!® These facets are therefore good  Experiments were carried out in an MBE growth chamber
candidates for forming high-index surfaces on a low-index Sequipped for reflection high-energy electron diffraction

Il. EXPERIMENT
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(RHEED). Si and Ge were deposited by a 10-kV electron-
beam evaporator and a boron-nitride Knudsen cell, respec-
tively. Substrates were heated & W filament placed behind

the sample. Substrate temperature was measured by a pyrom-
eter within an uncertainty of 30 °C. The thicknesses of the Si
and Ge thin films were measured with quartz-crystal moni-
tors calibrated by using RHEED oscillations during ho- \/

moepitaxial growth on $111). The ultimate pressure of the |

chamber was 310 ! Torr, and the respective pressures

when evaporating Si and Ge were belowk 30 ° and 5 T T T Y T T B
X 10 ©Torr. 0 10 15

The substrates were ($i13 and S{331) wafers(P doped, Time [min]
p=1-100 cm) cut into 14< 16-mn? sections. The §113) FIG. 1. RHEED intensity oscillation during the growth of Ge on
substrate was miscut by 0.5°~1° almost along[tB&2] di-  Sj(113 substrates at 400 °C. The growth rate of Ge was estimated
rection, and the $831) substrate had unintentional misori- to be 0.34 ML/min from the oscillations. The incident electron
entation of about 0.2° almost along thel6] direction. The  beam was parallel to tHe332] direction.A, B, andC correspond to
substrates were initially cleaned by repeated oxidation irAFM images(a), (b), and(c) in Fig. 2.

H,S0O,:H,0,=1:4 solutions and oxide removal in HF solu-

tion, and protective oxides were formed using To obtain more information about the growth mode tran-
HCI:H,0,:H,0=1:1:5 solutions at the final stage. After out- sition, we observed AFM images as a function of Ge film
gassing at 620°C for 1-2 h, the samples were heated tthickness. Figure 2 shows the AFM images obtained at Ge
860 °C to remove the protective oxides. The samples wer@im thicknesses of 2, 5, 6.4, and 11 MI, B, G andE in

then cooled to the Si buffer-growth temperature of 620 °C. SFig. 1). In Fig. Xa), the bright and dark areas correspond to
buffer layers were deposited at 1.0 nm/min. After growinghigher and lower terraces, respectively. The height difference
20-200 nm of Si buffer layers, the samples were heated thetween these areas is about 0.2 nm, which is nearly equal to
the growth temperatures of single Ge layers or Ge/Si multi-
layers.

Single layers of Ge were grown on($13 and (331
substrates in the substrate temperature range of 200—700 °C.
Their thicknesses were varied within 10 nm. The film thick-
nesses are given in ML; 1 ML corresponds to a 0.164-nm
thickness on $113) or a 0.125-nm thickness on(38B1). Ge
deposition rates were 0.7 ML/min on($13 and 1.2 ML/
min on Si{331). Ge/Si multilayers were grown only on
Si(113 substrates at 400 and 450 °C. Respective deposition
rates were 0.6 ML/min for Ge and 5 ML/min for Si. The
thickness of individual Ge layers was maintained at 6.4 ML,
and that of the Si layers was varied from 30 to 60 ML. The
multilayers contain up to 20 periods.

Surface morphology was observed by tapping-mode
atomic force microscopyAFM) in air. RHEED specular
beam intensities were measured by a photodiode device
placed in front of a fluorescent screen. XTEM images were
obtained at an incident-beam energy of 300 kV.

RHEED intensity [arb. units]

lll. RESULTS

A. Growth of Ge on high-index Si substrates
1. Ge on Si(113)

Figure 1 shows a representative profile of RHEED specu-
lar beam intensity obtained during the growth of Ge on
Si(113 at a substrate temperature of 400 °C. The intensity
oscillates with a period corresponding to nearly 1-ML thick-
ness, but its amplitude decreases with increasing Ge film
thickness. The oscillation continues until the corresponding
monolayer thickness of 5 ML, and then the intensity of 0s- F|G. 2. AFM image evolution of Ge films grown on($13) at
cillation is damped. This profile is indicative of the transition 400 °C:(a) 2 ML, (b) 5 ML, (c), (d) 6.4 ML, and(e) 11 ML. The
from layer-by-layer growth to three-dimensional islandscan areais %1 um?in (a), (b), (c), and(e), and 2< 2 um?in (d).
growth (i.e., the SK modgat this temperature. The height range is 5 nm.

\ [332]
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Ge wetting layers Ge island

FIG. 4. Cross-sectional TEM image of the sample in Fig. 1
viewed in the[110] projection. The white line is simply a guide-
line.

to the surface normal direction indicates that facdeesnd B
in Fig. 3(c) are oriented in th¢159 direction.

(c) B
ﬁ A
Figure 4 is a cross-sectional TEM image of the sample in
—_—

333 Fig. 2(c). The lattice image taken along th&10] zone axis
shows that no dislocations exist at the Ge/Si interface or
FIG. 3. (8) RHEED patterns of the sample in Fig(t2 taken  inside the Ge wetting layers and islands. This clearly indi-
along (a) [332] and (b) [110]. (c) Model of a wire-shaped Ge cates that the wire-shaped Ge islands are coherent to the Si
island. substrate.

Next we explored the growth conditions under which the
the single step heigh{0.164 nm of the substrate. Therefore, wire-shaped islands formed on the surface. Figure 5 shows
this AFM image confirms the presence of Ge wetting layershe dependence of the Ge growth mode on the substrate tem-
on the substrate. Notice that the topmost terraces are eloperature and Ge film thickness. As is evident from this fig-
gated in thg 332] direction perpendicular to the step edgesure, when we used 5-8-ML coverage the wire-shaped is-
on the lower terraces, and most of them make contact wittands were obtained between 400 and 500 °C. Also apparent
the step edges. This anisotropy is possibly responsible for thig that the formation of the islands depends on both Ge cov-
formation of surface reconstruction of the Ge overlayers, irerage and growth temperature. This dependence indicates
which elastic strains are more easily relieved along théhat a kinetic process is involved in their formation.

[110] direction than in th¢ 332] direction, as mentioned in W characterized the size distribution of the Ge nano-
Ref. 24. When the Ge film exceeds a critical thickness of 8VIrés as a function of Ge coverage and growth temperature.
ML, as seen in Fig. @), Ge islands having a relatively 1he island width and length distributions, as obtained from
round shape start to grow randomly on the terrace of théhe€ AFM images, are shown in Fig(& for Ge thicknesses
wetting layers. Further depositions, however, result in a dras-

tic transition of island shape. In Fig(@, the nanoscale Ge 900 : _

islands elongate along tH[Q?E] direction and cover the en- | ° Wfre'Shaped fSIandS ) i

tire surface contiguously. Careful AFM observations reveal  8%°F 4 Wire-shaped islands + incoherent islands
that the island arrangement does not originate from steps or _ O Incoherent islands

the surface because most steps are normal to the direction c¢o 700F O Two-dimentional terraces

the elongation. Interestingly, most islands near the steps ap';‘ - x Small symmetric islands

pear as if they grew continuously across the steps, as indi-5 600}
cated by the arrows in Fig.(@. Some are extraordinarily L
long, having submicron length. This finding clearly indicates & s5qg
a positional correlation between the islands on the upper ter- £ I o
race and the islands on the lower terrace at the steps. The2 400 o
. .. . . . [ o o]
correlation probably originates in the Ge-island-induced += 5
strain fields in the substrate through the steps. This is, to our i
knowledge, the first observation of island self-ordering be-
yond the steps. Upon further depositions of Ge films, large
islands (about 200 nm in diameter and about 50 nm in 200
heigh) formed on the surfacfFig. 2(e)]. -
Now we turn to the details of the self-assembled wire- 100}

ratu

X

300

Substra

shaped Ge island features. Figurda)3and 3b) show the
RHEED patterns obtained from the surface shown in Fig. P . Sy S
0 2 4 6 8 10 12 14 16

2(c). The RHEED pattern for thg332] direction is shaped
like an arrowheadlFig. 3(@], while that for thd 110] direc-
tion has normal reflection spots on blurry stregikig. 3(b)]. FIG. 5. Morphology of Ge films grown on the (313 substrate
This indicates that the elongated ridges of the islands ares a function of Ge coverage and substrate temperature. The en-
bounded by facets. A model of the island is schematicallytlosed area represents the region in which wire-shaped Ge islands
shown in Fig. &). The arrowhead angle of 14° with respect are formed.

Ge coverage [ML]
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% ‘; FIG. 7. The RHEED intensity oscillations during the growth of
S 04 Ge on a Si33)) substrate at 400 °C. The growth rate of Ge was 1.2
° 1002000 300wy o %0 70 ML/min. The incident electron beam was parallel to fHd 6] di-

a rection. The letteré\ andB correspond to the AFM images in Figs.
(@) A
80 (a) and &b).
°\; 253 ' [] 400
P W sss5C 2. Ge on Si(331)
% 153 Figure 7 shows the RHEED intensity profile during the
g 10 growth of Ge on SB31) at a substrate temperature of
3 5 400 °C. The intensity oscillations continue up to about 4 ML
O 0] and then the intensity of oscillations is damped. This clearly
0 10 40 50

indicates that, like Ge growth on &iL3), Ge growth on
Si(331) proceeds in the SK growth mode. Figures)8and

8(b) show AFM images of the Ge islands obtained at Ge film
thicknesses of 6 and 8.4 MIA and B in Fig. 7). Bright
regions indicate Ge islands. As clearly seen in Fig),&he

Ge islands have a round shape and are distributed over the
surfaces. Typical Ge-island width and height distributions
are in the range of 15—-40 and 0.6—2.8 nm, and the averages

20 30
Width (nm)

Occurrence probability (%)

o 00 200 500 n oo 500 600 700 are 23.7 nm(width) and 1.6 nm(heighy, and the island
X spacing is eventually 20—30 nm. The island density is 2.0
(b) X 10" em™2. The islands remain round and their size and

. T , — density increase with Ge coverages ranging from 5 to 8 ML
FIG. 6. Typlgal distributions of the base width aloji10] and at 400°C. A magnified view of a typical island and the
length alond 332] of the Ge wire-shaped islands grown o133 model derived from the image are shown in Fig&)&nd
substrates{a) 6.4- and 6.9-ML Ge coverages, arid) 400 and g yegpectively. In the model, the Ge island is bounded by
485 °C substrate temperatures. Note that these dimensions were dféveral facet planes forming a peak. RHEED patterns ob-
termined .by AFM measurements. The Ge growth rate was fixed Hained from the surface shown in Figareveal that the Ge
0.7 ML/min. The size distributions have peaksarked by arrows islands have221} and {11,13,4 facet planes. The RHEED

of 6.4 and 6.9 ML at the fixed substrate temperature ofatterns also irﬁicate that the islands are symmetric with
400 °C. The average island length and width increase fronféspect to th¢116] direction and asymmetric with respect to
20 to 24 nm and from 137 to 159 nm, respectively, withthe[110] direction. It should be noted, however, that some
increasing Ge coverage from 6.4 to 6.9 ML at 400 °C. Theislands are aligned along steps on upper terraces, as indicated
coverage-dependent changes in the size of the islands webg the arrow in Fig. 8). This alignment is probably due to
also observed within the range of 5-8 ML. Shown in Fig.the presence of energy barriers at steps for blocking the sur-
6(b) are distributions of island sizes for growth temperaturedace diffusion of Ge atoms. When a diffusion barrier exists at
of 400 and 485°C with a fixed Ge coverage of 6.4 ML. the higher side of the steps, the density of the Ge atoms there
Increasing the substrate temperature from 400 to 480 °C alge larger than that at the lower side of the steps. Thus, the
resulted in the increase in width and length from 20 to 24 nrmucleation probability is increased at the upper sides of the
and from 137 to 148 nm, respectively, at a fixed Ge coveragsteps. Beyond 8 ML, we observed large, high islands in ad-
of 6.4 ML. However, when the growth temperature is abovedition to the round island$Fig. 8b)]. RHEED and AFM

500 °C, large incoherent islands grow on the suri&ég. 5). studies on Ge growth on @i31) substrates observed coher-
The above results suggest that the sizes of the wire-shapeht SK growth at substrate temperatures ranging from 400 to
islands can be changed by adjusting Ge coverage and grow#tb0 °C at coverages of 5-9 ML.

temperature. The width and length distributions, however, Figure 1@a) shows an XTEM image of the sample in Fig.
are quite large. The reducing fluctuation of the island size i8(b). The most important feature in this image is that the
described in a later section. round islandgA in Fig. 10 have no dislocations, while the
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FIG. 10. (a) Cross-sectional TEM image of the sample in Fig.
8(b) viewed along thd 110] direction. (b) Magnification of the
outlined area ina). The position of the dislocation is indicated by
the white arrow. Islands labeledlandB are coherent and incoher-
ent, respectively.

Facet planes Daruka and Baralsi’ recently presented equilibrium phase

diagrams for island formation that show lattice misfit and
coverage on the basis of thermodynamical theory. In the
phase diagram, they showed that SK growth can provide two
different types of islands on the wetting layers. One is a
stable island and the other is an unstable ripening island.
Therefore, it is important to address the stability of the co-
herent islands on thel13 and(331) surfaces. To reveal the
stability of the islands, we performed a series of annealing

FIG. 8. AFM images of Ge islands grown &) 6- and (b)

600X 600 nnt in (a), and 1X1um? in (b). The height range is 5
nm. (c) Magnified AFM image of a coherent Ge island ori33il).
(d) Model of the coherent Ge island on a&1) substrate.

experiments for coherent islands that were grown on the both
surfaces at 400 °C as a function of annealing time. The re-
sults show that the annealings at the temperatures of 400,

large island(B in Fig. 10 has a dislocation at the Ge/si 490, and 500°C ol h and 30 min did not significantly

interface. The dislocation is indicated by an arrow in the
magnified view of the outlined arg&ig. 10b)]. In addition,
the TEM image showed that the dislocated island {idg}

change the island shapes and their distributions. We also
could not find any evidence of island coalescence on the
surfaces. These results indicate that the coherent islands that

we obtained are stable equilibrium shapes—not ripening or

facet planes inclined by 22° with respect to tB&1) surface.
metastable ones.

3. Stability of the coherent Ge islands on Si(113)

and (331) surfaces B. Self-organization of Ge islands in Si/Ge/$113 multilayers

It has been reported that the stability of the islands that Figure 11 shows AFM images ¢&) a single layer of Ge
can grow depends sensitively on the stress and covétagle. and (b) the 11th Ge layer of a Ge/Si multilayer structure

grown on a Sil113 substrate at 400 °C. Bright regions indi-
'
¢

T TP T
[116]

FIG. 9. (a) RHEED patterns of the sample in Fig(aB taken
along(a) [116] and(b) [110].

il

[110]

FIG. 11. AFM images of Ge islands grown at 400 {&):grown
on Si113 substratestb) grown on 11 layers of Ge islands/Si mul-
tilayers. The image size isX1 um? Note that the Ge islands
become large and uniform with the formation of multilayers.
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FIG. 13. AFM images of Ge islands grown at 450 @) on Si
substrates(b) on six layers of Ge islands/Si multilayers. The image
size is 1X 1 um?. Short, high Ge islands are indicated by arrows.

grown at 450 °C. For the first Ge layer, increasing the sub-
strate temperature by 50 °C results in the emergence of rela-

) . i tively short Ge islands with increased width and height, as
cate Ge islands. Nanoscale wire-shaped islands along thggicated by the arrows in Fig. 8. But as the number of
[332] direction cover both entire surfacgBigs. 11a) and  Ge/Si bilayers increases, the island size and shape drastically
11(b)]. For the single Ge layefFigs. 11a) and 2c)], as  change: the resulting Ge islands on the first Ge layer are long
mentioned in Sec. Il A1, the islands have a prismlike shapend wirelike[Fig. 13a)], but short and wirelike or dashlike
with {159 facets, and their average width, length, and heighn the sixth Ge layefFig. 13b)]. The length-to-width ratio
are 20, 137, and 0.7 nm, respectively, at the 6.4-ML Geof the Ge islands approximately decreased from 6 for the first
thickness. As the number of Ge/Si bilayers was increasedze layer to 2 for the sixth Ge layer. On average, the sixth Ge
the island size became more uniform, as can be seen in Figayer islands were about 35 nm wide, 82 nm long, and 3 nm
11(b), with the wirelike shape retained. RHEED patterns ob-high.
tained from individual Ge layers indicate that t{ib9 fac- The above AFM results clearly indicate that the self-
ets were maintained throughout. On average, the islands @frganization of Ge nanowires depends on the growth tem-
the 11th Ge layer were 30 nm wide, 150 nm long, and 3 nnperature. To reveal the origin of this temperature depen-
high. This clearly indicates that the islands become largedence, we examined multilayer samples by XTEM. Figures
because of the multilayer stacks. The nanowire density wag4(a) and 14b) show XTEM images of a sample grown at
decreased from approximately 60 linesi for the first Ge 400 °C and Figs. 14) and 14d) show images of one grown
layer to about 30 linegim for the 11th Ge layer. at 450 °C. These images were taken along the island elonga-

We confirmed the size uniformity of Ge islands by mea-ion direction of[332] and the perpendicular direction of

suring power density spect®D9S from the resulting sur- - . . . i
faces. In general, PDS give us information about the periodLllO]' Dark and bright regions are Ge and Si layers, respec

icity of island arrangement. Figure 12 shows PDS obtaineélvely' As is apparent in these images, Ge islands are verti

) ] = cally aligned with no dislocation defects, such as “conical
from the surface along thl 10] direction. The[110] di-  ghaped defects,” in the Si/Ge(300 multilayer€® at both

rection is perpendicular to the direction of island elongationitemperatures. However, the detailed alignment features are
as indicated by the white lines in Figs.(&land 11b). Spec-  jifferent at 400 and 450 °C. At 400 °C, the Ge island gradu-

trum A is from the first Ge layer anB is from the 11th Ge g1y increases in size with increasing Ge/Si bilayer number,

layer. As clearly see, spectru (with a broad peak at 20 \hjle keeping its long wirelike shag€ig. 14b)]. Moreover,

nm) changes to spectrull (with a sharp peak at 30 NS ey island stackings emerged during the multilayer stacking,

a consequence of multilayer stackings. This indicates that thgg indicated by the arrows in Fig. (b}. At 450 °C, on the

Ge islands are remarkably ordered into a 30-nm periodiCitygther hand, relatively short Ge islands appear in the first

implying that stress-induced self-organization occurred iNgyer and their height and width progressively increase as the

this system. This result is in good agreement with the theop mper of Ge island stacks increagBs. 14c) and 14d)].
retical prediction that the Si spacer layer acts as a bandpass

filter in this self-organization’ For further confirmation of

about the self-organization, we measured the spectrum from IV. DISCUSSIONS

the 11t_h Ge layer at the Si layer thickness_of 60 ,ML_' _Spec— A. Shape of the SK Ge islands on high-index Si substrates

trum C is from the 11th Ge layer surface, with an individual

Si layer thickness of 60 ML. Comparing specBandC in For Ge islands on §113), as mentioned in Sec. IlIA1,

Fig. 12, we see that the increased Si thickness certainly leadge observed an anisotropic elongation in fB82] direction.

to a broad distribution in periodicity, indicating a much lessThe anisotropy can be explained as follows. Tersoff and

pronounced self-organization. Consequently, we can say tharomp’® calculated the energy of a coherently strained island

Ge nanowires with uniform width were obtained by the considering its growth kinetics, and found that the strained

stress-induced self-organization phenomenon at 400 °C. Thisland experiences a shape transition from dotlike to wirelike

claim is further supported by the XTEM observations, whichin order to compensate for elastic strain as it grows beyond a

are discussed below. critical size. We actually observed such shape transition in
Figure 13 shows AFM images @& a single layer of Ge Ge islands at coverages between 5 and 6.4 ML at 400°C

film and(b) the sixth Ge layer of a Ge/Si multilayer structure [compare Figs. @), 2(c), and 2d)]. Consequently, the
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(@) - (0)

Ge dash Ge dash

FIG. 14. (a) and(b) Cross-sectional TEM images of the Bet ML)/{Si(30 ML)-Ge(6.4 ML)} X 9/Si multilayer grown at 400 °Qc) and

(d) Ge(6.4 ML)/{Si(60 ML)-Ge(6.4 ML)} X 9/Si multilayer grown at 450 °C. The images are viewed alond 9] [(a) and(c)] and[332]
[(b) and (d)] directions. The samples were capped with amorphous Si after stacking the Ge/Si multilayers.

anisotropic shape can be explained by the strain-relieSi(113), the Ge islands on &31) have no particular orien-
mechanism proposed by Tersoff and Tromp. In the discustation in which their stress can be easily relieved. This is
sion of island shape, we should address the orientation dikely to lead to the formation of Ge islands with a relatively
elongated islands. Recently, Caro and Taf¥fealculated, on  round shape.

the basis of classical elasticity theory, the lattice deformation

of semiconductor epitaxial layers grown commensurately org_ pechanism of self-organization in Si/Ge/Si113 multilayers

an arbitrarily oriented surface without defects and disloca-

tions. They found that tetragonal and shear strains occur in Finally, we discuss the origin of the temperature-
coherent films on low-symmetry cubic substrate surface, andePendent self-organization of Ge islands{SiGe/Si(113)
multilayers. Figure 15 schematically shows how the self-

direction on a(113 surface. These findings are not deIoen_organlzatlons occurred at the two different substrate tem-

q e . s eratures. The shape difference in the self-organized Ge is-
ent on epitaxial layer-substrate material combinations. Elas- : .
ticity theory predicts noticeable lattice deformation in Ge ands can be explained as follows. For the first Ge layer
i ) — T } grown at 450 °C, there are many short, wide, and high wire-
wetting layers in th¢332] direction, implying that compres- |ike islands together with long wire-shaped islanid&g.
sive strain in Ge film caused by the(813) substrate can 13(4)]. The short wirelike islands were not observed in the
relax in the[ 332] direction. A similar situation is expected first Ge layer grown at 400 °CFig. 11(a)]. When the Si
in Ge islands. In fact, we have confirmed anisotropic relaxspacer layer caps the first Ge layers with the short, high Ge
ation in islands by elastic simulations based on empiricalslands, the strain field induced by the short islands on the
potentials®! (Details of the simulations will be described capping Si layer surface is considered to be locally larger
elsewherg. Consequently, it is energetically favorable for than that induced by the long wires, as illustrated by dashed
strained Ge islands beyond a critical size to elongate in théines in Fig. 15. Since most of the atoms are driven toward
[332] direction. In addition, Tersoff and Tromp also men-

that the value of the shear strain is highest anng[Bﬁ?]

tioned, in Ref. 29, that if the island is anisotropically strained Ge lsland Ge Islands

it should be normally oriented with respect to the direction of

maximum strain. Accordingly, the stresses imposed by the| S | | 8l |
substrate along thgl 10] direction can be considered to be 4 \4

larger than those along tH[QSE] direction in the Ge island. = e et S
Careful examination of the lattice image in Fig. 5 reveals that | |
the Ge island lattices seem to gradually distort along the|

[332] direction as the island height increases, as indicated by
the white line parallel to a crystallographic axis. This further 4 \
suggests that the Ge islands are anisotropically strained
Moreover, confirming the lattice deformation will require a |
more detailed study. |

On Si331), on the other hand, coherent Ge islands have a (@) (b)
relatively round shape. This finding supports our discussion
of anisotropic shape of Ge islands or(13i3). According to FIG. 15. Schematic illustration of the self-organization of Ge

the elastic theory in Ref. 30, the shear strain value in Geslands at(a) 400 °C and(b) 450 °C in Si/Ge/Sil13 multilayers.
wetting layers on th€331) surface is lower than that on the Dashed lines indicate the degree of surface potential induced by the
(113 surfaces. This implies that, unlike Ge islands onfirst layer of Ge islands. Ge islands were vertically aligned.
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the more energetically favorable region, the subsequent GEhe different shape of the islands is related to the degree of
islands preferentially grow in the more strained regions. Ac-anisotropic elastic relaxation of the strain that originates
tually, the XTEM image taken alorf®32] captured the ver- from the cubic anisotropy of the Si substrates. By stacking
tical stacking of short Ge island&ig. 14d)]. On the other the Ge islands in Si/Ge/@i13 multilayers, we are able to
hand, the first Ge |ayer grown at 400 °C does not contain th@bta|n Ge nanowires with uniform sizes at 400 °C. We also
short, high islands observed at 450 PEig. 14b)]. There- demonstrated that the shape of the self-organized Ge island
fore, long islands produce a linearly uniform strain field onchanges from long-wire-like to short-wire-like or dashlike at
the subsequent Si space layer, resulting in the formation o#50 °C.

uniformly sized nanowiregFig. 15a)].
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