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Three-dimensional Si islands on Si„001… surfaces

Alexander A. Shklyaev* and Masakazu Ichikawa†
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Ibaraki 305-0046, Japan

~Received 11 June 2001; published 28 December 2001!

Three-dimensional Si islands with a number density from 1012 to 1013 cm22 and size of 3–10 nm were
grown on Si~001! substrates covered with 0.3-nm-thick SiO2 layers. The islands were epitaxial to the Si~001!
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. The SiO2 layer was completely
desorbed during the pyramidal island formation. Competition between SiO2 decomposition through the reac-
tion of Si adatoms with SiO2 and attachment of Si adatoms to nucleating islands determines this growth
picture. The potential energy barriers for adatom diffusion between areas of SiO2 and bare 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
SiO2. A dot modification ofd-doped Si layers in Si and also Si dots in a SiO2 matrix can be created by the
present method.

DOI: 10.1103/PhysRevB.65.045307 PACS number~s!: 81.07.2b, 68.37.Ef, 68.37.Lp
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I. INTRODUCTION

Since the effect of quantum carrier confinement can
sentially modify physical properties of materials, in the la
decade considerable efforts have been concentrated on m
ods of creating quantum dot structures with a dot size of
order of 10 nm. Silicon growth on Si substrates norma
occurs through the layer-by-layer mode involving nucleat
of two-dimensional~2D! islands.1,2 Such a growth mode wa
used to created-doped layers and wells in a Si matrix.3 In
order to create three-dimensional islands on the base o
which can serve as a layer of quantum dots, modification
the growth mode has mostly been performed by introduc
a large amount of Ge in the Si deposition flux, thereby c
ating layers of SiGe dots in a Si matrix.4,5 The 3D island
formation occurred in the growth of SiGe layers to redu
the lattice strain caused by the lattice mismatch betw
SiGe and Si. However, promising approaches to the for
tion of nanometer-sized 3D Si islands without Ge have
been invented.

In this work, we used an ultrathin SiO2 layer as an inter-
mediate coverage on Si~001! substrates prior to Si depos
tion. Because of inhomogeneous decomposition of the S2
layer through SiO desorption under the flux of Si atoms,
conditions for epitaxial island nucleation and their 3
growth appeared on the areas of bare Si substrate. At
temperatures, when the rate of Si adatom attachment to
growing island was higher than the rate of SiO2 decomposi-
tion, the SiO2 decomposition was suppressed by the isla
growth as soon as islands were nucleated. As a result, the
of the SiO2 layer remained on the surface even at the late
deposition stages, acting on the shape of growing 3D S
lands making it hemispherical. At higher temperatures,
SiO2 could completely desorb and the epitaxial Si islan
took a pyramidal shape on the Si~001! substrate.

There is another aspect of the study concerning the
mation of Si dots embedded in a SiO2 matrix. For such struc-
tures, stimulated light emission has been detected, w
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supports the idea of fabricating a silicon laser.6 The struc-
tures have been created by various methods such as S
implantation into SiO2 ~Refs. 6–8!, plasma deposition from
silane,9,10 and e-beam evaporation of Si combined wit
plasma activation of an argon-oxygen atmosphere.11 The re-
sults of this work show that the Si 3D island structures c
be grown by direct Si deposition on the SiO2 layer. The
islands had a density of the order of 1012–1013 cm22 and a
size of 3–10 nm, which was determined by the amount o
deposited. By alternating oxidation and Si deposition,
structure of Si dots in a SiO2 matrix can be created with
controllable parameters such as the thickness of the S2
layers and the size of Si dots.

II. EXPERIMENT

The experiments were carried out in an ultrahigh-vacu
~UHV! chamber with a base pressure of about 1310210

Torr. The chamber was equipped with a STM and a UH
field-emission scanning-electron-microscope~SEM! gun, a
microprobe reflection high-energy electron diffractio
(m-RHEED! detector, and a secondary-electron detector. T
scanning reflection electron microscopy~SREM! images
were formed using a glancing angle of the electron beam
the sample surface of about 2° at the 30-kV accelera
voltage. This glancing angle was also used to obtain RHE
patterns from the sample surface. The STM apparatus
specially developed to be combined with the SEM gun. T
condition of the W tip and manipulations with the tip on th
Si surface were monitored with the SREM. The STM imag
were usually obtained with a tip bias voltage of eith
23.0 or 24.0 V and a constant current between 0.15 a
0.3 nA. Details of the apparatus have been descri
elsewhere.12

A 1231.530.4-mm sample was cut from ann-type
Si~001! wafer with a miscut angle of,18 and a resistivity of
5–10V cm. Clean Si surfaces were prepared by flash dire
current heating at 1200 °C. To oxidize the surface, we rai
©2001 The American Physical Society07-1
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the sample temperature from room temperature to 640 °C
10 min after oxygen had been introduced into the chambe
a pressure of 231026 Torr. The thickness and chemica
composition of the oxide layers were characterized by p
ducing oxide layers under the same conditions in a sepa
x-ray photoelectron spectroscopy system.13 The layer thick-
ness was estimated to be 0.3 nm and the oxide layers w
mainly composed of silicon dioxide (SiO2). A high-
temperature Knudsen cell with a graphite crucible was u
to deposit Si at a deposition rate of 0.5 ML/min@1 mono-
layer (ML)56.7831014 atoms/cm2#, which was calibrated
by measuring the period of specular spot RHEED inten
oscillations during layer-by-layer growth on Si~111!
substrates.14 The growth temperature was set 0.5 min befo
starting the Si deposition and was maintained for 0.3 m
after finishing the deposition.

III. RESULTS AND DISCUSSION

Silicon homoepitaxy usually occurs through nucleation
2D islands on the terraces between the steps and laye
layer growth.1,2 By introducing the ultrathin oxide layer o
the Si surface, the Si growth mode was dramatically mo
fied: the deposited Si appeared as 3D islands whose s
was dependent on the growth temperature. At temperat
between 400 and 570 °C, the islands had a semisphe
shape, as shown in Figs. 1~a! and 1~b!. At high temperatures
from 570 to 640 °C, the islands were four-sided pyram
@Figs. 1~c! and 1~d!#. The structure of the islands was als
dependent on the growth temperature, as can be disce
from the RHEED patterns shown in Fig. 2. The RHEE
patterns obtained after Si deposition at temperatures ab
460 °C contained bright spots indicating electron diffracti
from 3D islands epitaxially growth on the Si~001! substrate.
These diffraction spots gradually became weaker and t
disappeared in the RHEED patterns as the growth temp
ture decreased to 400 °C. This indicates that the numbe
epitaxially grown islands decreased with decreasing temp
ture, and at 400 °C, the islands were mostly grown none
taxially.

The bare Si areas required for epitaxial island format
can appear due to a reaction between the deposited Si an
SiO2 layer. The RHEED data showed that nonepitaxial
lands grown at 400 °C did not transform into epitaxial
lands after annealing at 500 °C for 10 min. This postdepo
tion annealing experiment implies that the reaction betw
Si and SiO2 for epitaxial island formation did not occur a
the island-SiO2 interfaces, but occurred between Si adato
and SiO2 at the initial stage of Si deposition, that is, befo
the adatoms were incorporated into islands. The areas of
Si can thus appear at elevated temperatures through th
action

SiO2~s!1Si~ad!→2SiO~g!. ~1!

In the case of O2 adsorption on clean Si surfaces, the deso
tion of SiO molecules was observed at temperatures as
as 500 °C through the reaction15,16

2Si~s!1O2~ad!→2SiO~g!. ~2!
04530
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Reactions~1! and~2! describe SiO desorption on SiO2 and Si
surfaces, respectively. The epitaxial Si island growth wh
follows SiO2 decomposition indicates that the formation
volatile SiO molecules through reaction~1! can occur at tem-
peratures of 420–460 °C, which are even lower than the t
peratures for SiO desorption through reaction~2!.

The hemispherical shape of Si islands is natural on S2
surfaces when the bonds between atoms in the islands

FIG. 1. STM data for Si islands appearing after 5.8-ML Si dep
sition on Si~001! surfaces covered with 0.3-nm-thick SiO2 layers.
The growth temperature was 420 °C in~a! and 590 °C in~c!. ~b!
and ~d! Height profiles between arrows marked in~a! and ~c!, re-
spectively. The orientations of facets on the sidewalls in~c! were
mostly $113% and $115%.

FIG. 2. RHEED patterns of Si islands grown by 5.8-ML S
deposition on Si~001! surfaces covered with 0.3-nm-thick SiO2 lay-
ers. The growth temperatures are shown in the patterns.
7-2
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THREE-DIMENSIONAL Si ISLANDS ON Si~001! SURFACES PHYSICAL REVIEW B65 045307
significantly stronger than those between atoms of the
lands and atoms of the substrate. However, such a s
observed at growth temperatures between 460 and 570 °
not typical for epitaxial islands. Formation of the hem
spherical epitaxial islands reflects competition between re
tion ~1! and the reaction of Si adatom attachment to
growing islands: After the appearance of island nucleat
centers due to the reaction~1!, the reaction of Si adatom
attachment to the growing islands dominates reaction~1!. As
a result, the islands grow in the radial direction over the r
of the SiO2 layer, burying it under the islands. This effect h
been observed with a transmission electron microscope
hemispherical Ge island formation on oxidized Si~111!
surfaces.17 Therefore, the epitaxial growth of the hemisphe
cal Si islands is determined by the epitaxial nature of isla
nucleation at the initial stage of Si deposition. This impli
that the hemispherical epitaxial islands were bound to the
only in the nucleation areas of the island-substrate interfa
Whereas, Si atoms at the edges of the islands were bo
more weakly to the rest of the SiO2 film. These bonding
conditions were close to those of islands on SiO2 surfaces
and therefore determined the hemispherical shape of th
islands. Interestingly, in spite of the differences in shape
structure, the islands had a density which was almost in
pendent of temperature from 400 to 590 °C, as shown in
3. Since islands touched each other and coalesced,
counted them based on a criterion: the islands were con
ered to be separated if the depth of valleys between them
larger than 50% of their heights. We took into account t
the real depth of valleys between the islands was larger
that observed in the STM images because of the effect of
STM tip size on the image of the foot of islands, particula
when the islands had a hemispherical shape.

At growth temperatures above 570 °C, the Si islands
$113%, $115%, and$117% facets on the sidewalls, which forme
four-sided pyramids. To produce conditions for the pyram
formation, reaction~1! must occur quickly enough to crea
areas of bare Si around the growing islands. However,
increasing SiO2 decomposition rate with temperature al
caused a decrease in island density, as shown in Fig. 3,
cating a weakening of the effect of inhomogeneous dec

FIG. 3. Temperature dependence of the island density for isla
grown by 5.8-ML Si deposition on Si~001! surfaces covered with
0.3-nm-thick SiO2 layers. To count the islands, they were taken
separated from each other if the valleys between them in the S
images were deeper than half their height.
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position of the SiO2 layer on 3D island formation. At the
same time, with the decreasing island density, some of th
islands grew up to 30 nm in base length and had well-form
$117% facets on the sidewalls, as shown in Fig. 4. The ST
images obtained after island formation at the high grow
temperatures~Fig. 4! clearly showed~001! terraces and
atomic steps between the pyramidal Si islands without
presence of the rest of the SiO2 layer. Schemes of the surfac
structures for various temperatures are shown in Fig. 5.

Three-dimensional Si islands are usually thermally u
stable on Si surfaces. However, under the Si deposition fl
thermally generated adatoms and adatoms deposited by
flux created nonequilibrium kinetic conditions at which th
growth of pyramidal islands dominated their decay. At hi
temperatures, the rest of SiO2 films on the surface betwee

ds

s
M

FIG. 4. STM data of pyramidal Si islands with the$115% and
$117% facets on the sidewalls. The islands were grown by 5.8-ML
deposition on Si~001! surfaces covered with 0.3-nm-thick SiO2 lay-
ers. The growth temperature was 640 °C.~b! Height profile between
arrows marked in~a!. ~c! STM image of a relatively large Si island

FIG. 5. Sketch of surface structures for various growth tempe
tures.
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ALEXANDER A. SHKLYAEV AND MASAKAZU ICHIKAWA PHYSICAL REVIEW B 65 045307
the pyramidal islands could continue the decomposition e
after the island nucleation, producing new surface area
bare Si. These areas attached Si adatoms resulting in
formation of small terraces and irregular atomic steps c
taining many step kinks, as one can see in Fig. 4~a!. Such
surfaces can thermally generate Si adatoms with high den
around the pyramidal islands. This adatom density mus
much higher than that around a single Si island on atomic
flat Si surfaces.18 It is expected that this kinetic factor ca
significantly reduce the rate of flattening of the surface m
phology after closing the deposition flux, when migration
thermally generated Si adatoms only determines the for
tion of equilibrium surface morphology.

Formation of four-sided pyramids is usual on a surfa
such as Si~001!. For example, the so-called hut islands w
$015% facets on the sidewalls appear in the epitaxy of Ge
Si~001! surfaces.19 The clean Si surfaces oriented under c
tain angles to the~001! plane exhibit a sequence of energe
cally stable surface orientations,$1,1,2n11%, where n
51,2, etc.20 Such orientations were also observed for fac
on the sidewalls of Si pyramids grown by low pressu
chemical vapor deposition21 and ultrahigh-vacuum therma
decomposition of Si2H6 ~Ref. 22! in the restricted areas o
Si~001! windows in SiO2 films. The slope angle of the side
walls increased, which corresponded to the transforma
from $1,1,13% to $113% facets, when the pyramids grew to 5
nm in the lateral dimension.22 In our case, the islands tha
were small in the lateral dimension usually had$113% and
$115% facets on the sidewalls. The orientation of facets var
through$115% to $117% as the islands became larger in ba
length. The shape of the islands was not in equilibrium a
was in the cases of Refs. 21 and 22. Instead, simultane
processes such as island growth under the Si flux, isl
decay, and inhomogeneous decomposition of the rest of
SiO2 layer between the islands determined the dynamic c
ditions for the formation of island shape in our case.

For the hemispherical islands, the number density of
lands was dependent on the amount of deposited Si
shown in Fig. 6. The density reached a maximum of appro
mately 1013 cm22 at a Si coverage of about 0.7 ML~Fig. 7!,
at which the islands created were about 3 nm in base len
When the Si coverage increased, the density gradually
creased because of coalescence through overgrowth
nearby islands. It is to be noted that after the creation of
layer of 3D Si islands at 400 °C at which the SiO2 decom-
position did not occur, the conditions for growing the seco
layer of the islands were obtained by subsequent oxidatio
oxygen. Repeated application of this method allows the f
rication of a structure of Si islands in a SiO2 matrix. The
island size and the thickness of the SiO2 layer between is-
lands are controllable through the amount of Si depos
and the oxidation conditions, respectively. The islands can
given a diameter of about 3 nm and a density of the orde
1019 cm23, which can likely produce the stimulated ligh
emission.6

At small coverages~before coalescence of islands!, the
density of islands is determined by the mechanism of isl
nucleation. The obtained data show that the density was
most independent of the growth temperature in the ra
04530
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between 400 and 590 °C~Fig. 3!, and the density was ap
proximately the same for the hemispherical and pyrami
islands. The creation of both chemically active SiO(s) states
for nonepitaxial island formation by breaking Si-O bonds
SiO2 and areas of bare Si for epitaxial island formati
through SiO~g! desorption at high temperatures can occ
due to the reaction

SiO2~s!1Si~ad!→SiO~s!1SiO~g!. ~3!

The relation between the SiO(s) and SiO(g) products is a
function of temperature. The density of islands can be e
mated on the assumption that the nucleation centers fo
lands appear due to reaction~3!. The distanced between
islands is given by the average diffusion lengthx of Si ada-
toms on the SiO2 surfaced52x. The diffusion length is23

x5~Dt r !
1/2, ~4!

whereD5na2 exp(2Ed /kT) is the diffusion coefficient of
Si adatoms on the SiO2 surface,n is the frequency factor
(n'1013 s21), a is the jump distance (a'0.3 nm) of the

FIG. 6. STM images of Si islands grown by deposition of va
ous amount of Si on Si~001! surfaces covered with 0.3-nm-thic
SiO2 layers. The growth temperature was 400 °C. The Si covera
were 0.7 ML in~a!, 1.4 ML in ~b!, 4.6 ML in ~c!, and 5.8 ML in~d!.
All images show areas of the same size of 66366 nm2.

FIG. 7. Density of Si islands as a function of Si coverage. T
growth conditions were the same as those in Fig. 6. The solid
represents the approximation of the density by the power func
n;t22, where the coverage is proportional to the growth timet at a
constant Si deposition rate.
7-4
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THREE-DIMENSIONAL Si ISLANDS ON Si~001! SURFACES PHYSICAL REVIEW B65 045307
order of the surface repeat distance,Ed is the diffusion acti-
vation energy, andt r is the lifetime of Si adatoms on th
surface, determined by the rate of reaction~3!, t r

21

5kr
(o)exp(2Er /kT), wherekr

(o) is the prefactor of the reac
tion rate constant andEr is the activation energy of the re
action ~3!. Since the densityn is n5d22, we obtain

n5@kr
(o)/~4na2!#exp@~Ed2Er !/kT#. ~5!

That the density is almost independent of temperature in
range from 400 to 590 °C suggestsEd'Er . At n
'1013 cm22, Eq. ~5! gives a value ofkr

(o)53.631022. This
value is reasonable for reactions of individual adatoms w
atoms of the surface, wherekr

(o) is usually smaller thann by
a factor of the order of 1022 ~Ref. 24!. The corresponding
average diffusion length isx'1.6 nm. The nucleation a
which an individual adatom becomes a stable nucl
through reaction with an atom on the surface correspond
a growth model with the critical island sizei * 50. It is to be
noted that expressions forn similar to Eq. ~5! have been
derived in various studies of nucleation occurring at sa
rated adatom densities maintained by the balance betw
deposition and fast adatom desorption.25,26Schmidtet al.ob-
served a high number density such as 1013 cm22 for clusters
of some metals deposited on SiO2 substrates.27 They sug-
gested the existence of correlation in which the density
higher for metals whose heat of sublimation on SiO2 is
greater. Our results show that the density of Si islands
about five times larger than that of Ge islands on SiO2 ~Ref.
28! and this large difference cannot be related to the diff
ence in heats of sublimation for Si and Ge. Since the Si
Ge islands on SiO2 were grown at the conditions of comple
condensation, the observed difference in densities is de
mined by the difference in chemical reactivity of Si and G
adatoms on SiO2.

For metals, the step edge barrier~the Ehrlich-Schwoebe
barrier29,30! for diffusion usually determines the evolution o
3D surface morphology in epitaxy. In our case, after Si isla
nucleation, another potential energy barrier appears. T
barrier is between areas of SiO2 and bare Si on the islands
The barrier has a value of about 3 eV~Ref. 31! and also
causes the development of the surface morphology. This
rier along with the difference in the bonding conditions b
tween atoms in the islands and at the island-SiO2 interfaces
is responsible for the hemispherical shape of islands. In
presence of SiO2 between the islands, the coalescence
islands occurs through the overgrowth mechanism when
nearby islands start to coalesce after the SiO2 is completely
covered with the growing islands. Therefore the SiO2 pre-
serves valleys between the islands for the later stage of is
growth than that by the Schwoebel barrier. For such con
tions, the surface morphology can be characterized by
density of islands even at coverages much above the
ming limit, as used in Figs. 3 and 6. The island density a
function of the growth time can be derived in a simple mo
on the assumption that the islands are uniform at each
erage. The amountV of Si deposited isV5wt, wherew and
t are the deposition rate and time, respectively. On the o
hand, the deposited Si is mostly spent on the island for
04530
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tion, that is,V5nr, wheren is the island density andr is the
island volume, if all islands have an equal size. When the
coverage is larger than the jamming limit, there is no fr
space between the islands,n51/s, wheres is the area of an
island on the surface. Sinces;r2/3, r;n23/2, hence we ob-
tain V5wt;n21/2 or n;t22. The approximation of experi-
mental data by the power function for the island density
coverages above the jamming limit is shown in Fig. 7.

At growth temperatures above 570 °C, the islands w
pyramidal and well separated from each other, as show
Figs. 1~c! and 4~a!, and none of the rest of the SiO2 layer was
observed on the Si~001! surface between the islands. The 3
Si islands were nucleated at the initial stage of Si deposi
due to inhomogeneous decomposition of the SiO2 layer.
However, the islands did not decay during further Si depo
tion when the SiO2 layer had been completely desorbed. Th
behavior is different from that observed for Ge deposited
the SiO2 layer on the Si substrate.28 At high temperature, the
SiO2 layer can also completely decompose under the flux
Ge atoms through volatile SiO and GeO formation. Und
similar conditions, Ge had a tendency to form a wetting la
on the Si substrate. This difference between Si and Ge
plies that the effect of the decreasing surface free energy
flattening the surface morphology acts stronger for 3D
islands on Si surfaces~at Ge coverages smaller than the cri
cal coverage of the 2D-3D growth transition! than for 3D Si
islands on Si surfaces. This allows the creation of, for
ample, a layer of doped Si dots in an undoped Si matrix
dopant is introduced at the stage of 3D Si island format
and the islands are then covered with an undoped Si la
By alternating such Si growth with Si oxidation, a mult
player structure of doped Si dots in a Si matrix can
fabricated.

IV. CONCLUSIONS

Inhomogeneous decomposition of ultrathin SiO2 layers on
a Si ~001! substrate under the flow of Si atoms created ar
of bare Si substrate, which served as centers for epita
nucleation and growth of 3D Si islands. At high temperatu
from 590 to 640 °C, the SiO2 layer could completely desorb
through reaction with Si adatoms, and the epitaxial 3D
islands appeared, which had a pyramidal shape with$113%,
$115%, and $117% facets on the sidewalls on the Si~001! sur-
face. At temperatures between about 460 and 570 °C,
epitaxial islands had a hemispherical shape, which indica
incomplete desorption of the SiO2 layer. At temperatures
about 400 °C, the hemispherical islands were nonepitaxia
the Si~001! substrate, so they were separated from the s
strate by the SiO2 layer. The experimental results sugge
that the island nuclei and the conditions for epitaxial grow
appear through a reaction between individual Si adatoms
SiO2, and the mechanism of island nucleation correspond
a growth model with the critical island sizei * 50. The high
reactivity of Si adatoms on SiO2 provides a high nucleation
density of the order of 1013 cm22 for 3D Si islands. Our
results show the possibilities of creating~1! layers of Si dots
in a SiO2 matrix with a high dot density of the order o
7-5
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1019 cm23, which is interesting for light emission studie
and ~2! layers of doped Si dots in a Si matrix by Si depo
tion at temperatures of complete SiO2 decomposition; these
layers can be treated as a dot modification ofd-doped Si
layers and wells in Si.
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