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Three-dimensional Si islands on §D01) surfaces
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Three-dimensional Si islands with a number density frort? 16 10'* ¢cm 2 and size of 3—10 nm were
grown on S{001) substrates covered with 0.3-nm-thick $ifayers. The islands were epitaxial to thé(®i1)
substrate at growth temperatures above 460 °C. They had a hemispherical shape at temperatures between 400
and 570°C and a pyramidal shape at temperatures from 570 to 640 °C. Theag# was completely
desorbed during the pyramidal island formation. Competition betweepn @&CGomposition through the reac-
tion of Si adatoms with Si©and attachment of Si adatoms to nucleating islands determines this growth
picture. The potential energy barriers for adatom diffusion between areas paBdbare Si and at step edges
on Si surfaces are also responsible for the hemispherical and pyramidal shapes of the islands, respectively.
Estimates showed that island nucleation occurred through the reaction between individual Si adatoms and
SiO,. A dot modification of5-doped Si layers in Si and also Si dots in a Si@atrix can be created by the
present method.
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[. INTRODUCTION supports the idea of fabricating a silicon la8dthe struc-
tures have been created by various methods such as Si-ion
Since the effect of quantum carrier confinement can esimplantation into SiQ@ (Refs. 6—8, plasma deposition from
sentially modify physical properties of materials, in the lastsilane'® and e-beam evaporation of Si combined with
decade considerable efforts have been concentrated on mefflasma activation of an argon-oxygen atmospH&fghe re-
ods of creating quantum dot structures with a dot size of theults of this work show that the Si 3D island structures can
order of 10 nm. Silicon growth on Si substrates normallybe grown by direct Si deposition on the Si@ayer. The
occurs through the layer-by-layer mode involving nucleationislands had a density of the order of'4610"* ¢cm™2 and a
of two-dimensional2D) islands}? Such a growth mode was size of 3—10 nm, which was determined by the amount of Si
used to createS-doped layers and wells in a Si matiixn  deposited. By alternating oxidation and Si deposition, the
order to create three-dimensional islands on the base of Sifructure of Si dots in a SiOmatrix can be created with
which can serve as a layer of quantum dots, modification o€ontrollable parameters such as the thickness of the SiO
the growth mode has mostly been performed by introducindayers and the size of Si dots.
a large amount of Ge in the Si deposition flux, thereby cre-
ating layers of SiGe dots in a Si matfiX. The 3D island
formation occurred in the growth of SiGe layers to reduce
the lattice strain caused by the lattice mismatch between The experiments were carried out in an ultrahigh-vacuum
SiGe and Si. However, promising approaches to the formadUHV) chamber with a base pressure of about 10 1°
tion of nanometer-sized 3D Si islands without Ge have nofforr. The chamber was equipped with a STM and a UHV
been invented. field-emission scanning-electron-microsco{@EM) gun, a
In this work, we used an ultrathin SjQayer as an inter- microprobe reflection high-energy electron diffraction
mediate coverage on (801 substrates prior to Si deposi- (u-RHEED) detector, and a secondary-electron detector. The
tion. Because of inhomogeneous decomposition of the SiOscanning reflection electron microscog$REM) images
layer through SiO desorption under the flux of Si atoms, thevere formed using a glancing angle of the electron beam on
conditions for epitaxial island nucleation and their 3D the sample surface of about 2° at the 30-kV accelerating
growth appeared on the areas of bare Si substrate. At lowoltage. This glancing angle was also used to obtain RHEED
temperatures, when the rate of Si adatom attachment to thmatterns from the sample surface. The STM apparatus was
growing island was higher than the rate of Si@ecomposi- specially developed to be combined with the SEM gun. The
tion, the SiQ decomposition was suppressed by the islandcondition of the W tip and manipulations with the tip on the
growth as soon as islands were nucleated. As a result, the reSt surface were monitored with the SREM. The STM images
of the SiQ layer remained on the surface even at the later Sivere usually obtained with a tip bias voltage of either
deposition stages, acting on the shape of growing 3D Si is—3.0 or —4.0 V and a constant current between 0.15 and
lands making it hemispherical. At higher temperatures, th®.3 nA. Details of the apparatus have been described
SiO, could completely desorb and the epitaxial Si islandselsewheré?
took a pyramidal shape on the(@01) substrate. A 12X 1.5X0.4-mm sample was cut from an-type
There is another aspect of the study concerning the forSi(001) wafer with a miscut angle ok1’ and a resistivity of
mation of Si dots embedded in a Si@atrix. For such struc- 5-10€) cm. Clean Si surfaces were prepared by flash direct-
tures, stimulated light emission has been detected, whichurrent heating at 1200 °C. To oxidize the surface, we raised
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the sample temperature from room temperature to 640 °C for
10 min after oxygen had been introduced into the chamber at
a pressure of 10 8 Torr. The thickness and chemical
composition of the oxide layers were characterized by pro-
ducing oxide layers under the same conditions in a separate
x-ray photoelectron spectroscopy systEhThe layer thick-
ness was estimated to be 0.3 nm and the oxide layers were
mainly composed of silicon dioxide (S A high-
temperature Knudsen cell with a graphite crucible was used
to deposit Si at a deposition rate of 0.5 ML/n{ib mono-
layer (ML)=6.78< 10" atoms/cr], which was calibrated

by measuring the period of specular spot RHEED intensity
oscillations during layer-by-layer growth on ($11)
substrate$? The growth temperature was set 0.5 min before 0 10 20 30 20
starting the Si deposition and was maintained for 0.3 min Distance along surface (nm)
after finishing the deposition.

Height (nm)
O = N W

IIl. RESULTS AND DISCUSSION

Silicon homoepitaxy usually occurs through nucleation of
2D islands on the terraces between the steps and layer-by-
layer growth? By introducing the ultrathin oxide layer on
the Si surface, the Si growth mode was dramatically modi-
fied: the deposited Si appeared as 3D islands whose shape
was dependent on the growth temperature. At temperatures
between 400 and 570°C, the islands had a semispherical
shape, as shown in Figs(al and X1b). At high temperatures
from 570 to 640°C, the islands were four-sided pyramids
[Figs. 1c) and Xd)]. The structure of the islands was also
dependent on the growth temperature, as can be discerned
from the RHEED patterns shown in Fig. 2. The RHEED
patterns obtained after Si deposition at temperatures above fiG. 1. STM data for Si islands appearing after 5.8-ML Si depo-
460 °C contained bright spots indicating electron diffractionsition on S{001) surfaces covered with 0.3-nm-thick SiGayers.
from 3D islands epitaxially growth on the(®D1) substrate. The growth temperature was 420 °C (@ and 590 °C in(c). (b)
These diffraction spots gradually became weaker and theaind (d) Height profiles between arrows marked (& and (c), re-
disappeared in the RHEED patterns as the growth temperapectively. The orientations of facets on the sidewall¢cinwere
ture decreased to 400 °C. This indicates that the number ofostly {113 and{115.
epitaxially grown islands decreased with decreasing tempera- . . . . . .
tupre, andyzgt 400 °C, the islands were mostly grow?w nonpepiReaCt'onil) and(?) describe S'.O d'esor.p_t|0n on 3i@nd Si .
taxially. surfaces,_respectlvely. '_I'_he e_plt_aX|aI Si island growth_ which

The bare Si areas required for epitaxial island formationfono"_"S S.'OZ decomposition |nd|cate.s that the formation of
can appear due to a reaction between the deposited Si and th&atile SiO moleculesothroug_h reactiéh) can occur at tem-
SiO, layer. The RHEED data showed that nonepitaxial jg-Pperatures of 429_460 C, .Wh'Ch are even lower than the tem-
lands grown at 400 °C did not transform into epitaxial is- peratures fqr Sio _desorptlon thro_u_gh reacF{ﬁh .
lands after annealing at 500 °C for 10 min. This postdeposi- The hemispherical shape of Si islands IS natura}l on, SO
tion annealing experiment implies that the reaction betweer'?urfaces when the bonds between atoms in the islands are
Si and SiQ for epitaxial island formation did not occur at 400°C |(b)
the island-SiQ interfaces, but occurred between Si adatoms :
and SiQ at the initial stage of Si deposition, that is, before
the adatoms were incorporated into islands. The areas of bare
Si can thus appear at elevated temperatures through the re-
action

== S R

Height (nm)

40
Distance along surface (nm)

SiO,(s) + Si(ad)—2SiQ(Q). (1)

In the case of @adsorption on clean Si surfaces, the desorp-
tion of SIO molecules was observed at temperatures as low

as 500 °C through the reactibrt® FIG. 2. RHEED patterns of Si islands grown by 5.8-ML Si
deposition on §D01) surfaces covered with 0.3-nm-thick SiGy-
2Si(s)+0O,(ad)—2Siq(g). (2 ers. The growth temperatures are shown in the patterns.
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T T
Structure of the Si islands (a)
Hemispherical shape | Pyramidal shape

Nonepitaxial Epitaxial to the Si substrate
10f > 1< ;

Island density (10" cm?)

400 500 600
Growth temperature ("C)

FIG. 3. Temperature dependence of the island density for islands ; : . . .
grown by 5.8-ML Si deposition on &01) surfaces covered with 0 20 40 60 80
0.3-nm-thick SiQ layers. To count the islands, they were taken as Distance along surface (nm)
separated from each other if the valleys between them in the STM © N
images were deeper than half their height. [112]/\[110]

Height (nm)

significantly stronger than those between atoms of the is-
lands and atoms of the substrate. However, such a shape
observed at growth temperatures between 460 and 570°C is
not typical for epitaxial islands. Formation of the hemi-
spherical epitaxial islands reflects competition between reac-
tion (1) and the reaction of Si adatom attachment to the
growing islands: After the appearance of island nucleation g 4 STM data of pyramidal Si islands with th&15 and
centers due to the reactidid), the reaction of Si adatom (117 facets on the sidewalls. The islands were grown by 5.8-ML Si
attachment to the growing islands dominates readlprAs  deposition on SD01) surfaces covered with 0.3-nm-thick SiGy-

a result, the islands grow in the radial direction over the resgrs. The growth temperature was 640 ti.Height profile between
of the SiQ layer, burying it under the islands. This effect hasarrows marked irfa). (c) STM image of a relatively large Si island.
been observed with a transmission electron microscope for

hemispherical Ge island formation on oxidized(13i)

surfaces’ Therefore, the epitaxial growth of the hemispheri- POSition of the SiQ layer on 3D island formation. At the

cal Si islands is determined by the epitaxial nature of islands"’l‘m%t'me' with :h%gecre_astgng |s:andtﬁens(;t)r/], sdome”off the i'
nucleation at the initial stage of Si deposition. This impliesIS ands grew up to 5 nm in base length and had wetl-iorme

that the hemispherical epitaxial islands were bound to the S{ilﬂ} facets on the sidewalls, as shown in Fig. 4. The STM

only in the nucleation areas of the island-substrate interface 29> obtained after island formation at the high growth

Whereas, Si atoms at the edges of the islands were bou amperatures(Fig. 4 clearly showed(00)) terraces and
more we:alkly to the rest of the Sidiilm. These bonding atomic steps between the pyramidal Si islands without the

conditions were close to those of islands on SgDrfaces presence of the rest of the Si@yer. Schemes of the surface

and therefore determined the hemispherical shape of the §Frl_1r<;]turesd_for Vaf'ouj tg_m_p(lara;[jures are sh?lvvntrl]n F'g'"5'
islands. Interestingly, in spite of the differences in shape and ree-dimensional i islands areé usually thermally un-

structure, the islands had a density which was almost indes_table on Si surfaces. However, under the Si deposition flux,

pendent of temperature from 400 to 590 °C, as shown in Fi thermally generated adatoms and adatoms deposited by the

: . lux created nonequilibrium kinetic conditions at which the
3. Since islands touched each other and coalesced, \?\;érjovvth of pyramidal islands dominated their decay. At high

counted them based on a criterion: the islands were consi emperatures. the rest of Sidilms on th of between
ered to be separated if the depth of valleys between them w gmperatures, the rest o 3 S on the surface betwee

larger than 50% of their heights. We took into account that
the real depth of valleys between the islands was larger than Nonepitaxial islands sio Epitaxial islands

that observed in the STM images because of the effect of the m R

STM tip size on the image of the foot of islands, particularly )
T ~ 400 - 500°C

when the islands had a hemispherical shape.

At growth temperatures above 570 °C, the Si islands had T <400°C
{113}, {115, and{117} facets on the sidewalls, which formed — g—
four-sided pyramids. To produce conditions for the pyramid ZROAIR O, e B

formation, reactior(1) must occur quickly enough to create
areas of bare Si around the growing islands. However, the
increasing SiQ decomposition rate with temperature also
caused a decrease in island density, as shown in Fig. 3, indi- FIG. 5. Sketch of surface structures for various growth tempera-
cating a weakening of the effect of inhomogeneous decomtures.

T ~ 500 - 570°C T>570°C
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the pyramidal islands could continue the decomposition even
after the island nucleation, producing new surface areas of
bare Si. These areas attached Si adatoms resulting in the
formation of small terraces and irregular atomic steps con-
taining many step kinks, as one can see in Fig.4Such
surfaces can thermally generate Si adatoms with high density
around the pyramidal islands. This adatom density must be
much higher than that around a single Si island on atomically
flat Si surfaces® It is expected that this kinetic factor can
significantly reduce the rate of flattening of the surface mor-
phology after closing the deposition flux, when migration of
thermally generated Si adatoms only determines the forma-
tion of equilibrium surface morphology.

Formation of four-sided pyramids is usual on a surface
such as §001). For example, the so-called hut islands with
{0.15} facets on th sidewalls "’.‘ppear in the. epitaxy of Ge on FIG. 6. STM images of Si islands grown by deposition of vari-
SI.(OOJ') surfaces.’ The clean Si S.u_rfaces oriented under e 65us amount of Si on 801 surfaces covered with 0.3-nm-thick
tain angles to th¢001) plane exhibit a sequence of energeti- SiO, layers. The growth temperature was 400 °C. The Si coverages

cally stable surface orientationg1,1,21+1}, where N yere 0.7 MLin(a), 1.4 ML in (b), 4.6 ML in (0), and 5.8 ML in(d).
=1,2, etc?® Such orientations were also observed for facetsy, images show areas of the same size o@% nnf.

on the sidewalls of Si pyramids grown by low pressure
chemical vapor depositiéh and ultrahigh-vacuum thermal
decomposition of SHg (Ref. 22 in the restricted areas of

between 400 and 590 °(ig. 3), and the density was ap-
proximately the same for the hemispherical and pyramidal

._islands. The creation of both chemically active SPstates

walls increased, which corresponded to the transformatiog, qnenitaxial island formation by breaking Si-O bonds of
from {1,1,13 to {113 facets, when the pyramids grew to 50 SiO, and areas of bare Si for epitaxial island formation

nm in the Ia_teral d|men5|0?_?. In our case, the islands that through SiQg) desorption at high temperatures can occur
were small in the lateral dimension usually hedd 3 and cijue to the reaction

{115} facets on the sidewalls. The orientation of facets varie
through{113 to {117 as the islands became larger in base Si0,(s) + Si(ad)— SiO(s) + SiO(g). )
length. The shape of the islands was not in equilibrium as it
was in the cases of Refs. 21 and 22. Instead, simultaneoushe relation between the Si€§)( and SiOg) products is a
processes such as island growth under the Si flux, islantunction of temperature. The density of islands can be esti-
decay, and inhomogeneous decomposition of the rest of thmated on the assumption that the nucleation centers for is-
SiO, layer between the islands determined the dynamic conlands appear due to reactidB). The distanced between
ditions for the formation of island shape in our case. islands is given by the average diffusion lengtbf Si ada-

For the hemispherical islands, the number density of istoms on the Si@ surfaced=2x. The diffusion length i&
lands was dependent on the amount of deposited Si, as
shown indlgig. 6. ;I'he density reached a maximum of approxi- x=(D7)*?, (4)
mately 16° cm™ < at a Si coverage of about 0.7 MEig. 7), . e -
at which the islands created were about 3 nm in base lengt ‘_hereDz va’ exp(- E_d/kT) IS the_d|ffu5|on coefficient of
When the Si coverage increased, the density gradually de?' adatgmion the SiDsurface, v is the frequency factor
creased because of coalescence through overgrowth &F~ 10 s7%), ais the jump distancea~0.3 nm) of the
nearby islands. It is to be noted that after the creation of the
layer of 3D Si islands at 400 °C at which the Si@ecom-
position did not occur, the conditions for growing the second
layer of the islands were obtained by subsequent oxidation in
oxygen. Repeated application of this method allows the fab-
rication of a structure of Si islands in a Si®natrix. The
island size and the thickness of the Sifayer between is-
lands are controllable through the amount of Si deposited
and the oxidation conditions, respectively. The islands can be PR N
given a diameter of about 3 nm and a density of the order of . ! 10
10*® cm3, which can likely produce the stimulated light Si coverage (ML)

emission’ FIG. 7. Density of Si islands as a function of Si coverage. The

At small coveragegbefore coalescence of islandshe  growth conditions were the same as those in Fig. 6. The solid line
density of islands is determined by the mechanism of islandepresents the approximation of the density by the power function
nucleation. The obtained data show that the density was ah~t~2, where the coverage is proportional to the growth tiraea
most independent of the growth temperature in the rangeonstant Si deposition rate.

S
T

—
T

Island density (10" cm?)

o
=
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order of the surface repeat distangg, is the diffusion acti-  tion, that is,V=np, wheren is the island density analis the
vation energy, andr is the lifetime of Si adatoms on the jsjand volume, if all islands have an equal size. When the Si
surface, determined by the rate of reactié®), '  coverage is larger than the jamming limit, there is no free
=k(®exp(—E, /kT), wherek!® is the prefactor of the reac- space between the islands= 1/s, wheres is the area of an
tion rate constant anf, is the activation energy of the re- island on the surface. Sinee-p?3, p~n~%?2 hence we ob-

action(3). Since the density is n=d ™2, we obtain tain V=wt~n"*2 or n~t~2. The approximation of experi-
mental data by the power function for the island density at
n=[k{?/(4va?)]exd (Eq—E,)/KT]. (5)  coverages above the jamming limit is shown in Fig. 7.

o . . At growth temperatures above 570 °C, the islands were
That the density is almost modependent of temperature in thﬁyramidal and well separated from each other, as shown in
range3 fro['; 400 to 590°C SUQ%SSEd%EF '72At _ Figs. X(c) and 4a), and none of the rest of the SiCayer was
~10' cm <, Eq.(5) gives a value ok =3.6x10 “. This  ghqarved on the 8101) surface between the islands. The 3D
value is reasonable for reactions of individual adatoms withs; isjands were nucleated at the initial stage of Si deposition
atoms of the surface, wheks is usually smaller tham by gue to inhomogeneous decomposition of the Sidyer.
a factor of the order of 1C° (Ref. 24. The corresponding However, the islands did not decay during further Si deposi-
average diffusion length ix~1.6 nm. The nucleation at tion when the Si@layer had been completely desorbed. This
which an individual adatom becomes a stable nucleugehavior is different from that observed for Ge deposited on
through reaction with an atom on the surface corresponds tghe Sjg, layer on the Si substrafé At high temperature, the
a growth model with the critical island sizé=0. Itisto be  gj0, |ayer can also completely decompose under the flux of
noted that expressions for similar to Eq.(5) have been Ge atoms through volatile SiO and GeO formation. Under
derived in various studies of nucleation occurring at satusjmilar conditions, Ge had a tendency to form a wetting layer
rated adatom densities maintained by the balance betwegy, the Sj substrate. This difference between Si and Ge im-
deposition and fast adatom desorptidfi’ Schmidtet al.ob-  pjies that the effect of the decreasing surface free energy by
served a high number density such as®16m"? for clusters  fiattening the surface morphology acts stronger for 3D Ge
of some metals deposited on SiGubstrated” They sug- islands on Si surface@t Ge coverages smaller than the criti-
gested the existence of correlation in which the density i%a| coverage of the 2D-3D growth transiticthan for 3D Si
higher for metals whose heat of sublimation on Si®  jslands on Si surfaces. This allows the creation of, for ex-
greater. Our results show that the density of Si islands igmple, a layer of doped Si dots in an undoped Si matrix if a
about five times larger than that of Ge islands on_SiRef.  dopant is introduced at the stage of 3D Si island formation
28) and this large difference cannot be related to the differand the islands are then covered with an undoped Si layer.
ence in heats of sublimation for Si and Ge. Since the Si an@y alternating such Si growth with Si oxidation, a multi-
Ge islands on Sipwere grown at the conditions of complete player structure of doped Si dots in a Si matrix can be
condensation, the observed difference in densities is detefapricated.
mined by the difference in chemical reactivity of Si and Ge
adatoms on SiQ

For metals, the step edge barrighe Ehrlich-Schwoebel IV. CONCLUSIONS
barrief®29 for diffusion usually determines the evolution of
3D surface morphology in epitaxy. In our case, after Siisland Inhomogeneous decomposition of ultrathin Si@yers on
nucleation, another potential energy barrier appears. Thig Si(001) substrate under the flow of Si atoms created areas
barrier is between areas of Si@nd bare Si on the islands. of bare Si substrate, which served as centers for epitaxial
The barrier has a value of about 3 €Ref. 31) and also nucleation and growth of 3D Si islands. At high temperatures
causes the development of the surface morphology. This bafrom 590 to 640 °C, the SiQlayer could completely desorb
rier along with the difference in the bonding conditions be-through reaction with Si adatoms, and the epitaxial 3D Si
tween atoms in the islands and at the island,Siferfaces islands appeared, which had a pyramidal shape it}
is responsible for the hemispherical shape of islands. In th€l15, and{117 facets on the sidewalls on the(®1) sur-
presence of SiQ between the islands, the coalescence offace. At temperatures between about 460 and 570°C, the
islands occurs through the overgrowth mechanism when thepitaxial islands had a hemispherical shape, which indicated
nearby islands start to coalesce after the ,S&completely incomplete desorption of the SjCayer. At temperatures
covered with the growing islands. Therefore the Si@e-  about 400 °C, the hemispherical islands were nonepitaxial to
serves valleys between the islands for the later stage of islaritie S{001) substrate, so they were separated from the sub-
growth than that by the Schwoebel barrier. For such condistrate by the Si@ layer. The experimental results suggest
tions, the surface morphology can be characterized by ththat the island nuclei and the conditions for epitaxial growth
density of islands even at coverages much above the janappear through a reaction between individual Si adatoms and
ming limit, as used in Figs. 3 and 6. The island density as &i0,, and the mechanism of island nucleation corresponds to
function of the growth time can be derived in a simple modela growth model with the critical island siz&=0. The high
on the assumption that the islands are uniform at each coveactivity of Si adatoms on SiQprovides a high nucleation
erage. The amount of Si deposited i8/=wt, wherew and  density of the order of 8 cm™2 for 3D Si islands. Our
t are the deposition rate and time, respectively. On the othaesults show the possibilities of creatit layers of Si dots
hand, the deposited Si is mostly spent on the island formain a SiQO, matrix with a high dot density of the order of
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10*° cm 3, which is interesting for light emission studies  This work, partly supported by the New Energy and In-
and (2) layers of doped Si dots in a Si matrix by Si deposi-dustrial Technology Development OrganizatigNEDO),

tion at temperatures of complete Si@ecomposition; these was carried out at JRCAT under an agreement between the
layers can be treated as a dot modificationdedoped Si  National Institute for Advanced Industrial Science and Tech-
layers and wells in Si. nology (AIST) and ATP.
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