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Pyramidal Si nanocrystals with a quasiequilibrium shape selectively grown on $001) windows
in ultrathin SIO , films
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Pyramidal Si nanocrystals selectively grown of08il) windows in ultrathin 0.3-nm-thick Si©films were
studied usingn situ scanning tunneling microscopy. In the initial growth stade,1, 13 facets were formed
on the four equivalent sidewalls of the crystal due to the repulsion force between neighboring steps. The
crystals were stable with a quasiequilibrium shape when they were surrounded by thirSj@ut rapidly
decayed once the boundary to the $fillm was removed. This indicates that Si adatoms were confined within
the Si window area by the surrounding ultrathin $i®m and the Si adatom density became stationary. The
confinement was enabled by a difference in the adsorption energy of Si adatoms,@n8ithese on §01).

I. INTRODUCTION ference in Si adatom concentration between the steps on the
flat surface and the nanostructures. When selectively grown
Selective growth on a patterned silicon dioxide (§iO crystals surrounded by SjCilms are stable during anneal-
surface is an important technique for fabricating well-ing, the crystals are thought to be under a quasiequilibrium
ordered nanostructures in given areas. Si selective growtgondition. To maintain the quasiequilibrium condition, the
has genera”y been done using gaseous Soju_r’tbecause concentration of Si adatoms must be preserved and becomes
gaseous sources dissociate only on window areas where §g@tionary within window areas. In our recent studies, we

surfaces are exposed. Or(@1) surfaces, Si epitaxial crys- have found that selgctively grown crystals havi_ng gradual
tals showed a pyramidal shape with four equivalent facetsi@Cets are stable during annealing. Hence, the, Sl has
[1,1,3,%211,1,3,%and{1,1,9 planes Facet formation is a to prevent a decrease in the Si adatoms concen.tratlon within
a window area. That is why the role of the Si@Im in
elective growth and annealing of the Si crystals is important
o understand. The stability of the crystals is essential when
orming heteronanostructures since various materials, such

as layers of Ge or other metals, will be overgrown at elevated

promising approach for simultaneously fabricating fluctua-
tionless and similar structures. We recently grew a differen
type of pyramidal crystals, whose sidewalls have a more
gradual slope, on nanometer-scal€08i) surface windows
in ultrathin 0.3-nm-thick Si@ films (the top Si layer was temperatures.

oxidized.*® (001) terraces were clearly observed on the | inis paper, we report on oim situ scanning tunneling

sidewgalls of these crystals. In a previous study by Hirfiyam?’nicroscopy(STM) study of the mechanism of facet forma-
etal,” they proposed 41,1,1 and{1,1,3 facet formation  {jon in the very early stage, the quasiequilibrium shape of the

mechanism, and indicated that reducing the number of dans;j crystals at elevated temperatures, and the effect of the
gling bonds and the strain is important to form these facetsgjo, film on the Si crystals.

where growth in the lateral directions is restricted by SiO
films. On the other hand, the gradual facets of pyramidal
crystals are regarded as an assembly of well-ordéped) Il. EXPERIMENT
terraces since the terrace widths are large compared with ] ) )
those of{1,1, and{1,1,3 surfaces. Hence, we consider the Well-oriented n-type S{001) wafers were used in this
step-step interaction between the neighboring steps to be eudy. Detalls' of the experimental sequences and the appara-
sential to form the facets. tus are described elsewhdre!! After the sample was flash
From the shape of micrometer-scale Si droplets, Bermond€ated several times at 1200°C, a 0.3-nm-thick,Sitn
et al® determined the equilibrium shape of a Si crystal, andvas formed inan atmosphere of molecular oxygen at a pres-
obtained a Si surface-energy curve as a function of crystajure of 2<10"°Torr at 630 °C for 10 min. Si windows in the
misorientation. The equilibrium condition was establishedSiO: film were fabricated by two methods. The first method
only around the Si droplets. In their study, the surface energysed thermal decomposition of the $i@m." During an-
increased fronf001) to {1,1,1 via the{1,1,3 plane, and had Nnealing at 700-730°C, the Sj@ilm started to decompose,
local minimums at thg{1,1,1 and{1,1,3 planes. A selec- and rectangular 801 windows (elongated in thg 110]
tively grown crystal with{1,1,3 facets also seemed to have and [110] directiong appeared and then expanded in the
an equilibrium shape. However, on large clean Si surfacesoids of the SiQ film. When the sizes of the voids were
during annealing, artificial Si nanostructufe® have always 10-40 nm, the annealing was stopped and the sample tem-
decayed independently of the nanostructure shapes with diperature was decreased to the growth temperature. The win-
ferent facets. These decay processes were caused by the dibws were randomly distributed over the surface. The sec-
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shown as insets. The S$ls dose rate was 3:310 7 Torr.
Figure Xa) shows an oxidized 8)01) surface after windows
were fabricated by thermal decomposition of the Sfin.
The dark and bright contrast areas correspond t003)
windows and the Si@film, and almost all the windows are

rectangular with their sides parallel to th#10] and[110]
directions? The windows are hollow because the decompo-
sition of the SiQ film requires additional Si atoms from the
%‘mﬂs?_o, substratd SiO, + Si— 2SiO (volatile)]. Since Si monoatomic

e steps move more quickly than the STM tip scan frequency,
the steps in the windows area look like zigzag lines. The step
structures on $001) surfaces are classified into four types
(Sa,Sg,Da, andDg): S(D) indicates the singletdouble)
step height andA(B) indicates the step direction parallel
(perpendicular to the dimer row direction on the upper
terrace'®

Figure Xb) shows an STM image taken after 12 min of
growth at 600 °C. Si crystals are epitaxially grown on all the
windows. While the small crystaldess than 10 nm in size
are irregular, the larger crystals have a pyramidal shape. The
height of the crystal in the center of the image is 12 mono-
layers (ML) from the bottom of Fig. (a@. On the four
equivalent sidewalls, there af@g steps with intervals of
about 6.3, whereay is the lattice constant of thé01)
surface(0.38 nm). The slope angle and the terrace width of
the{11n} facet are expressed, respectively, by t§n/2/n]
and (hay/2). The sidewalls therefore consist of{A,1,13
plane. Our STM images of thel,1,13 facets at room tem-
perature agree well with those of vicinal(®1) surfaces
obtained by Basket al* The configuration of theS,,Sg,

FIG. 1. Typical STM images of selective growth on d08i)  andDg steps on a pyramidal crystal is schematically shown
window at 600 °C:(a) before growth, andb) 12 min after Si in Fig. 1(c). Cuboids represent the dimer rows. Ridges of the
growth started. The insets show schematic height differences a|0r\§yramidal crystal between neighboririg,1,13 planes are
lines A-B. The configuration of th&,,Sg, andDg steps on a | ;nclear in the high-temperature STM image. BecaDse

ramidal crystal is schematically shown (ic). Cuboids represent . . - .

tpﬁ/e dil’lner ro\)llvs. ! ically shown ). Cuboi P steps on different sidewall@long t_he[llO] and[110] di-
rectiong are not at the same height, stable structures are

ond method used electron-beam-induced thermaprobably not formed along the ridges. In thet%j dose rate

decompositior’:*? During annealing at 550—630 °C, the oxi- range from 3.% 1077 to 2.6x10 ¢ Torr, further growth

dized Si surfaces were irradiated with field-emissiéf)  transformed1,1,13 into {11n}(n=11,9,7,5,3) facets while

electron beams from an STM tip with an energy of 70-150the {1,1,1 facet could not be seen. In a previous studyof

eV and a current of 10-50 nA. In the irradiated area, they 3} facet formation at 550 °C by Hirayane al.? the maxi-

composition of SiQ was changed to SiO due to electron- jmym dose rate was about 65% higher than our maximum

stimulated  desorption(oxygen desorbed from the SiO qose rate, and their and our experimental conditions are

films). The SiO in the film was easily volatilized, and then within the SpH, flow-rate-limiting regime. Hence, the for-

thethwicri]dowbareas ditn ;hs 'Siﬁ)fi:rr]n W%T(]a'eqused. This  hation of the[1,1n} facets depends on the growth time, not
method can be used to fabricate the Silbn in a given area, the growth rate. In our experimenil, 1,1} facet formation

and allows atomic-scale imaging immediately after the fab- : . '

rication. After the window fabrication, selective growth was requires a much longer growth time, since {tiel, 1 facets .
erformed using disilane ($) at 550—630 °C. The SH were pnly observed after overgrowth of the sgr_roundlng

P 6 5 sio, films;}? the grown crystals touched the SiGilms.

dose rate was from 3:310 / to 2.6x 10" ® Torr. In order to Dur. il husi . face danaling bond
obtain stable oxide surface imagksll the STM images DU"Ng epitaxial growth using S, surface dangling bonds

were taken at a tunneling current of 60 pA and a sample bia@'€ erminated by hydrogen, and the growth rate is domi-

voltage of+4.0 V. nated by the thermal desorption rate of hydrogen near the
hydrogen-desorption temperature. Temperature-
IIl. RESULTS AND DISCUSSION programmed-desorption mass spectrometry revealed that the

hydrogen-desorption yield peaked at 540®CTherefore,

hydrogen does not affect the surface structures under our
Figure 1 shows typical STM images of the Si selectiveexperimental conditions. Hencél,1,13 facet formation is

growth at 600 °C. The height differences are schematicallyan essential process in the early stage of Si selective growth.

A. Pyramidal crystals
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and the step-step repulsion force is ignored. Each island step
edge has a Gibbs-Thomson chemical potentiaf

(=a3B/R;), wherep is the step-edge stiffness. The growth
rate of the ith islands area is given bydA /dt=
—27R T Aw;/(a3kT), wherel is the step mobility® A u;
is the difference of the chemical potential{— x2%), where
,ui""d is the chemical potential of Si adatoms on filile ter-
race. During growth, since the Si adatom concentration in-
creases,uiad becomes larger thap;, so the signs ofA u;
and dA, /dt, respectively, become negative and positive.
Where the crystal is surrounded by a $ifdm, growth of a
base island is restricted by the Si@im. Hence, during se-
lective growth, eachR; becomes larger and the sidewall
slope steepens; thus the terrace widths become smaller. The
driving force of the faceting is the increased chemical poten-
tial of the Si adatom.

Based on the shape of nanometer-scale voids in Si bulk
‘crystal and micrometer-scale Si droplets, Eagleskeaal *°
and Bermonckt al® have reported that the Si surface energy

. . . . o function of cr | misorientation; th rf ner
Figure 2 shows sequential STM images of Si selectlves a function of crystal misorientation; the surface energy

growth at 600 °C. The round windogbout 35 nm in diam- Increases from001) 1o {1,1,} via the {1,1,3 plane. The

eten was fabricated with an FE electron beam from the STMsurface energy of Bermoret al. had Io_cal minimums at the
. ) ) . — . {1,1,7 and{1,1,3 planes. When the miscut angle frqg02)
tip. The height differences in thel10] direction are sche-

icallv sh i The .Bi. d 33 is small, Poonet al?° has attributed the increased surface
Qit(')gg )'ll'osrroévigu?s :{IQ)SELSc;ws :'iwg dicrfeensr%tﬁ aﬁl\;vt?)sis "~ energy to step-step repulsion between neighbdbggsteps.
R ) ) ) Using the Stillinger-Weber empirical potential, they calcu-
land 2 ML in height grown on the center of the windog J g P D y

L lated the surface energy on vicinal(@1) surfaces as a
steps_along_ thgl10] dlrect_lon are a_Iready formed on the left function of terrace width:\(1)=X\p_+\g(ag/)2, where
and right sides of the window. Sinc®; steps grow much . B .
faster tharS, steps, thess (highed step overtakes, and com- D @Nd Aa are, respectively, the step-formation energy
bines with theS, step(lowen), thus formingDg steps'® The (=42 meViag) and  the  step-step  repulsion
Dy step is an energically favorable structure where the mis{1271 meVay). Since this surface energy is defined as the
cut angle is more than 2°—3the terrace width is 7.5-5.2 difference from the energy of the cascade of a single-stepped
nm).” At the top and bottom sides of the window, two pairs surface Without domain-stress and step-step interactiqns, the
of Sg andS, steps run along thgl10] direction. The lower step-f_ormatlclm enlergy car;)no_t bg dlkr)ectlyl/zcowpﬁred V:"ltg] the
and higher steps, respectively, &gandS, steps. Since the experimental  values obtaine y Eagleshaat al.

; : (46 meVh,) and Zandvlietet al?* (50 meV/a,) because
Dy step is an energically unfavgable §truc?th?®A step the reference systems are different from each other. How-
edges are not formed along tfié10] directions; theSg

ever, the theoretical result obtained by Paral. explains
(lower) andS, (highep steps are not combined. FigurgbR y P

> ' 4 well the critical miscut angle£1.5°) between single- and
2(c), and 2d) show 2D islands, which are, respectively, 4, 6, 4o hle-steppedy) surfaces: the latter is energically favor-

and 8 ML,'” he!ght, which grow in the window area. On the g6 \yhen the miscut angle is larger than the critical value.
left and right sides of the 2D islands, all tiil; steps are  once the theoretical result is applied to evaluate the surface
bunched. In Fig. @), the {1,1,13 facet is completely gnergy on vicinal surfaces. The surface enekdy) rises
formed. AlthoughDg steps along th¢110] direction are rapidly as the miscut angle increases up td&rresponding
unclear in this image, since the STM tip scan direction isto the{1,1,15 faced. This indicates that the decrease in the
parallel to the step direction, thfl,1,13 facets are also terrace widths is limited by the increasing surface energy due
formed on the sidewall as shown in Figll As shown in  to the step-step repulsion, even though the decreasing width
Fig. 1(c), the accumulation order of the monoatomic stepsis caused by the increasing chemical potential of the Si ada-
along the[ 110] directions isSg,SA,Sg,Sa, - - . (from bot-  tom. On the{1,1,(2n+1)}(n=3) plane, well-orderedg
tom to top. The S, and S steps, except for the loweSg steps have been clearly obserté@nd we did not observe
step, combine with each other, forming tbg steps along the{1,1,2n} facets during growth. These observations sug-
the[110] directions. gest that an activation-energy barrigg., exists between
the {1,1,(2n—1)} and {1,1,(2n+1)} facets. Thus, local
minimums of the surface energy probably exist on the
{1,1,(2n+1)} plane, although they were not clearly ob-
Although the crystals in our experiment had a pyramidalserved by Bermonet al® Referring to the difference in the
shape, we use the simplest possible model in order to explaistep energy =A(l1,1) —X(l13)], the activation energy barrier
the growth mechanism of the crystal. In this model, the crysper lattice constant is at least 12 me ay7 this value must
tal consists of a stack of round 2D islands with radRjs be the minimum. Hence, we consider thaf,13 facets are

FIG. 2. Sequential STM images of selective growth at 600 °C
The crystal height iga) 2 ML, (b) 4 ML, (c) 6 ML, and(d) 8 ML.

B. Formation mechanism of pyramidal crystals
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STM observation, we observed pyramidal crystals with
{1,1,13 facets afte 2 h ofannealing at 600 °C. We therefore
conclude that the Si crystals have a quasiequilibrium shape,
and that Si adatoms are confined within the Si window area.
Since the SiQ film is 0.3 nm thick, the confinement was
caused not by the geometrical barrier, but by the potential
barrier between SiQand S{001) surfaces. We consider that
the energy barrier originates from the difference in the ad-
sorption energy of adatoms on Si@nd those on Si surfaces.
Such a potential barrier has been reported in a study of alu-
minum adatom preferential migration toward bare Si areas
on H-terminated $111) surfaces?

In Figs. 1b) and 3a), the difference in volume of the
pyramidal crystals is quite smal(1—-10 %) after 34 minj
annealing at 600 °C. The number of Si adatoms overcoming
the potential energy barrielE@,ioz) along the boundary be-

tween the Si crystal and the SiCfilm is given by n
=notv ex] —Ego,/kT] when hopping frequency~10'¥s
(ng initial number of Si adatoms When n<ng/
100(n0/10),ESio2 is estimated to be at least 3.24 (3.07) eV.

Using a first-principles calculation, Yamasaki and &dab-
FIG. 3. Typical STM images of a pyramidal crystal during an- tained 5.12 eV for the adsorption energy of Si adatoms on
nealing at 600°C:(a) 34 min and(b) 10 min after Si growth  Sj(001) surfaces. Although the adsorption energy on SiO
stopped. Window areas ife) and (b) are fabricated by thermal fjim js not known for certain, it is thought to be very small
decomposition and an FE electron beam from the STM tip, respegyecause a Sigfilm surface is chemically inert. Hence, for Si
tively. adatoms, the energy barrier is 3.24 (3.07) <€,

5.12 eV. This energy barrier reflects the adatoms detached
rom the step edge of the crystals, and confines the adatoms
within the window area.

Tanakaet al,'° Bartelt et al!8, and Natoriet al?* found
that hillocks and holes decay on a clean Si surface during

Figure 3a) shows an STM image of the sample shown inannealing. These decay processes are caused by a difference
Fig. 1(b) after 34 min annealing at 600 °C. During annealing,in Si adatom concentration at the step edges on the flat sur-
the pyramidal Si crystal shape is preserved. It seems that tiface and those on the hillocks and holes. In order to under-
pyramidal crystals have a quasiequilibrium shape, and thagtand the decay mechanism of the crystal, we again use the
the SiQ film can restrict the outflow of Si adatoms from the simplest model: a stack of round 2D islands. When the crys-
window area. However, we have to pay careful attention taal decays spontaneously, the chemical potential of Si ada-
two kinds of Si adatom attachment and detachment protoms on theith terrace u?® is small compared with the
cesses. One process is related to the interchange of adato@gbs-Thomson chemical potentiaf, so Au; has a posi-
between the neighboring crystals since the distances betwegQe sign. with a decreasing radii®, the difference in the
the neighboring crystals are small0—30 nm. The other  chemical potentialAy; increases. This difference in u;
process is related to the effect of the STM tip since the tip isauses a difference between the Si adatom concentrations at
only about 1 nm apart from the surface and is usually covihe top and bottom of the crystal, so the direction of the
ered with surface materigSi). To investigate the former agatom diffusion is from top to bottom. The island at the top
process, we fabricated an isolated window by using an Flgf the pyramidal crystal decays easily. The decay rate of the
electron beam from the STM tip, and observed the effect ofy island area is  given by dA,/dt=
anngalmg on th_e shape of the crystal. Where the mterchanggZWerAMl/(ang)_ When the island area is small
of Si ada_toms is allowed, the adatoms that detach from thgnough,ui>,ui‘d, the decay rate is estimated to be about
crystal will spread over the surface. The crystal must then B o~ 25
decay during annealing. FiguréB shows an STM image of 630 nnt/s, where T=600°Cj5~0.15 eV/nm° and I
a pyramidal crystal after 10 min annealing at 600 °C. In this~50 nn?/s!® The g andT for the S, step are used since
image, the sidewalls consist {if,1,13 facets. Therefore, the the top island steps partly consist of t8g step, as shown in
interchange of Si adatoms is prohibited, and the crystal shapgeig- 1(c). The decay rate is similar to that of Si islands on
is unaffected by the neighboring crystals. Concerning theSi(001), estimated from lower-temperature results reported
latter process, Ichimiyat al® reported that the decay rates by Ichimiyaet al® The step-step repulsion force produces an
of artificial Si structures on a flat clean Si surface are af-additional chemical potentigh{ at the step edges, which
fected by STM observation. They found that the interchangéncreases the decay rate of the cry$taf Si crystals thus
between Si adatoms on the STM tip and those on the Siecay rapidly on a clean surface, while pyramidal crystals
structures increases the decay rates, but hardly affects tlseirrounded by Si©film in our experiment do not. This in-
equilibrium condition. Moreover, with and withoun situ  dicates that the adatom chemical potenl;ufld is nearly

formed on the sidewalls when the adatom chemical potenti
is insufficient to overcome the activation-energy barrier.

C. Stability of pyramidal crystals
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FIG. 5. Enlarged STM images of crystal A in Fig.(@ 2.5 min
and(b) 38 min after fabrication.

FIG. 4. STM images before and after selective removal of the

SiO, film surrounding the pyramidal crystals at 430 °@) before

fabrication, (b) 2.5 min, (c) 8.5 min, and(d) 38 min after fabrica-  g(p), the thin line indicates the height profile 2.5 min after
tion. the selective removal of the Sj@ilm. In Fig. 5(a), the right
side of the crystal faces the Si exposed area while the left

equal to the sum of the Gibbs-Thomson chemical potentiagide does not. In Fig.(6), the right half of the crystal de-
u; and the step-step repulsion chemical potential Since  cayed while the left half did not. The height profiles of the
Si adatoms are confined within the Si window area by thecrystals in Fig. 6 also indicate that only the right half of the
potential barrier, the adatoms are reflected at the barrier, arefystal decayed. Moreover, the crystal decays from the top
the Si adatom density became stationary within the Si winand the base of the crystal is almost unchanged. This decay
dow area. process is described by the simple-island model; the island at
the top of the crystal decays easily due to the difference in
the Gibbs-Thomson chemical potentjat depending on the
radiusR;. On the right side of the crystal, the Si adatoms of

Figure 4a) shows an STM image taken at 430 °C afterthe crystal diffuse from the top of the crystal due to the
selective growth at 550 °C. Figures$b, 4(c), and 4d) are  difference between the Si-adatom concentration at the step
images taken 2.5, 8.5, and 38 min after selective removal dgedges on the flat surface and that of the crystal. However, on
the SiQ, film with an FE electron beam from the STM tip at the left side of the crystz_;ll, Si adatoms are reflected at the
430°C. The electron-beam irradiation might have affecteoundary between the Si crystal and the Sfllm, and do
the Si crystals, as well as the Sidilm. For example, the not spread over the surface. These results indicate that_the
substrate temperature could have risen due to the electroﬁlfys'[if_l)lst wer_eijlst?jble ther.1 t?ﬁy were surrounded bly 3 SIO
beam irradiation. Therefore, we focus on the difference bef'argés gn(rzzptlheyboeucr?g:ry Itrc]) thi: Z‘g‘; w:gr::n%r\]/ec de?/r\}esur—
Meen Figs. &), 4@' ar_1d 4d). The S|Q-f||m—re_mov_e(_j aréa i erefore consider that the pyramidal crystals are preserved
is about 100 nm in diameter. The surface is divided into; . 5 quasiequilibrium shape during annealing
three regions according to the border between the, 8i@ '
and the area where the Si@lm was removedthe S{001) IV. SUMMARY
surfacé: inside, along, and outside the border. The Si pyra-
midal crystals indicated by arrows A and B are inside and Ve studied the selective growth and annealing of a pyra-
along the border. Inside the border in Fighy a S(001) midal crystal on Si surface windows in an ultrathin $iO
surface with small holes and hillocks can be seen. These
small holes are formed when the electron dose is
insufficient®> and the hillocks correspond to the pyramidal
crystal shown in Fig. @). In Figs. 4c) and 4d), the hillocks
can still be seen, but their heights become lower. Moreover,
the small holes disappear and the step edges of large 2D
islands become smoother. These features indicate that Si-
adatom migration occurs due to the difference between the
Si-adatom concentration at the step edges on the flat surface
and that at the hillock and hole edges. In Figd)44(d), the (b) 38 min
crystal denoted by A decays from the top of the crystal while
the area of the base is almost unchanged. This decay process
agrees well with a previous study by Tanadtall® which
showed that Si layers disappear from the top of the crystal. FIG. 6. Height profiles along thE010] direction in Fig. 5, as
Enlarged images and height profiles in {l8&0] direction of  indicated by arrows(a) 2.5 min and(b) 38 min after fabrication.
crystal B are shown in Figs. 5 and 6, respectively. In Fig.The thin line in(b) indicates the height profile at 2.5 min.

D. Decay of pyramidal crystals

(a) 2.5 min

Tam

Height (arb. unit)

0 20 40 60 80
Distance (hm)
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film. The crystal had a quasiequilibrium shape, and its side- ACKNOWLEDGMENTS
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