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he silicon/metal interactions and

the growth of various silicides are

important for both fundamental sci-
ences and modern silicon-based IC
technologies.' > In the conventional top-
down lithography-based semiconductor
processing, metal silicide thin films such as
titanium silicide, nickel silicide, and cobalt
silicide serve as indispensable components
in microelectronic devices such as ohmic
contacts, Schottky barrier contacts, gate
electrodes, local interconnects, and so
on."5~8 As the device scaling proceeds with
a relentless speed into the nanometer re-
gime, deeper understandings of the silicon/
metal interactions and the resulting sili-
cides on the nanoscale are indispensable.™®
On another fast developing research front,
bottom-up synthesized Si nanowires have
been intensively exploited for their promis-
ing applications in electronics, optoelec-
tronics, and biosensors.'®~'2 From this per-
spective, well-defined nanoscale building
blocks such as ohmic contacts and gates on
individual Si nanowires must be developed
and assembled into functional devices,
which also requires systematic investiga-
tions on the interactions between Si and
metals on the nanoscale.”>'

Propelled by the motivations delineated
in the previous paragraph, there has been
intensive interest in understanding the re-
actions between silicon and metals, espe-
cially the formation of silicides.’~'® Among
metal silicides, cobalt silicides possess very
interesting and important properties, which
has invited many research efforts, both fun-
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ABSTRACT We report the fabrication of micro/nanoscale pits with facile shape, orientation, and size controls

on an Si surface via an Au-nanoparticles-assisted vapor transport method. The pit dimensions can be continuously

tuned from 70 nm to several pum, and the shapes of triangles, squares, and wire/hexagons are prepared on Si

(111), (100), and (110) substrates, respectively. This reliable shape control hinges on the anisotropic diffusivity of

Co in Si and the sublimation of cobalt silicide nanoislands. The experimental conditions, in particular the substrate

orientation and the growth temperature, dictate the pit morphology. On the basis of this understanding of the

mechanism and the morphological evolution of the pits, we manage to estimate the diffusion coefficients of Co

in bulk Si along the (100) and (111) directions, that is Doy and D;1;. These diffusion coefficients show strong

temperature dependence, for example, Dyq is ca. 3 times larger than Dy, at 860 °C, while they approach almost

the same value at 1000 °C. This simple bottom-up route may help to develop new technologies for Si-based

nanofabrication and to find potential applications in constructing nanodevices.

KEYWORDS: pits - morphology control - anisotropic diffusion -

damental and application-oriented. Cobalt
disilicide (CoSi,) is widely used as a primary
contact material in the metallization of Si-
based integrated circuits, owing to its low
resistivity (15—20 pohm - cm), low process-
ing temperature, and good thermal
stability."?° There has been lots of research
on the Si—Co systems, in particular on the
issues of silicide formation, stability, and
electrical transport.?’ ~3 For example, van
Gurp and Langereis synthesized cobalt sili-
cide layers by depositing Co onto Si wafers
with subsequent thermal treatment and
studied the Co diffusion in the silicide
growth process.?” Alberti et al. investigated
the thermal stability of CoSi, and measured
the relevant resistance.3® However, so far
there have been few studies focusing on
the nanoscale Si—Co interaction.83°~4

silicide
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Figure 1. (a—c) SEM images of shape-controlled pits grown at 865 °C for 30 min using 30—40 nm Au NPs as catalyst. Square,
triangle, and wire-shaped pits are fabricated on substrates of Si (100), Si (111), and Si (110), respectively. (d—f) Magnified
SEM images of individual pits. The inset in panel A shows Au NPs on substrate before pits growth, and the scale bar corre-

sponds to 200 nm.

Recently, Chen et al. investigated the growth kinetics
of nanoscale Co silicide via point-contact reactions be-
tween Co nanodots and Si nanowires. They proposed
that in such point-contact reactions the silicide forma-
tion is limited by the supply of Co atoms or the dissolu-
tion of Co into Si across the nanoscale contact.*?

In this work, we report a quite unusual phenom-
enon related to the metal—silicon interaction. We used
Au nanoparticles (NPs) as reacting centers to facilitate
the nanoscale reaction between Si and Co. Interestingly,
the anisotropic diffusion of Co in Si and the formation/
subsequent sublimation of CoSi, nanoislands render
morphology-controlled nanopits on Si substrates. Tri-
angle, square, and wire/hexagon shaped nanopits were
obtained on Si (111), (100), and (110) substrates, respec-
tively. Furthermore, by systematically investigating the
effects of substrate orientation and synthesis tempera-
ture on the morphology of the nanopits, the diffusion
coefficients of Co in bulk Si along the (100) and (111) di-
rections were simultaneously determined and com-
pared. This synthesis of inverted nanostructures in Si
with facile morphology control complements the exist-
ing literature on free-standing silicide nanowires grown
on top of Si substrates. Our study adds to the rich phe-
nomena in the Si-metal systems and may help to facili-
tate the construction of functional Si-based
nanodevices.

RESULTS AND DISCUSSION

Morphology-Controlled Pits on Silicon Surface. Figure 1a—c
shows representative SEM images of samples grown at
865 °C for 30 min. We should note here that in general
the synthesis temperature was intentionally set much
higher than what is usually used for silicides
growth.343537 |t was found that the substrate orienta-
tion and symmetry reproducibly dictate the shape of
the inverted nanostructures. Nanopits in shapes of tri-
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angles, squares, and wire were observed on Si (111),
(100), and (110) substrates, respectively, and all the nan-
opits have the same orientation in a given sample. The
equilateral square and triangle pits exhibit lateral di-
mensions from 80 to 230 nm and from 75 to 210 nm, re-
spectively. The wire-shaped pits have widths between
95 and 220 nm, and lengths between 400 and 1300 nm.
In general, by carefully adjusting the reaction tempera-
ture and duration, we can reproducibly control the di-
mension of the pits from under 70 nm to several pm.
Typical high-magnification SEM images of these pits
(Figure 1d—f) reveal that their corners are quite sharp,
while small islands were often observed at the centers.
Further observations on the cross sections of pits grown
at 940 °C for 10 min indicate that the exposed inner
walls are not smooth, but covered with many nanois-
lands (Figure 2a—c).

By examining their angles relative to the substrate
coordinates (Supporting Information, Table S1), the ex-
posed surfaces for pits can be identified (Supporting In-
formation, Figures S2, $3).#*% In particular, as shown in
Figure 2d, the four sidewalls of square pits formed on Si
(100) substrate are (111), (111), (111), and (111), respec-
tively, with the edges along Si (011), (011), (011), and
(011). In the cross-sectional TEM image of the square
pits (Supporting Information, Figure S2), the sidewall
planes form an angle of 54.7° with the bottom, which
matches well with the angle between Si (111)/(111) and
Si (100) planes. For triangle pits, the three exposed
planes are (111), (111), and (111) with the edges along
Si(110), (011), and (101) (Figure 2e). For wire-shaped
pits, the exposed planes at two ends are (100) and (010),
and the two sidewalls are (111) and (111), with the
edges along Si (110) and (110) (Figure 2f, also see Sup-
porting Information, Figure S3 for more details). The in-
set images in Figure 2d—f show the cross-sectional
schematics of the square, triangle, and wire-shaped

www.acsnano.org



Figure 2. (a—c) Cross-sectional SEM images of square, triangle, and wire-shaped pits grown on Si substrates at 910 °C for
10 min. (d—f) Schematic diagrams showing orientations of the exposed walls of square, triangle, and wire-shaped pits. The

insets are the corresponding 3D cross-sectional schematics.

pits. Notably, Si {111} is the most frequent exposed
plane in nanopits: for square and triangle nanopits, all
the exposed side planes belong to {111}; for wire-
shaped nanopits, the broad sidewalls also belong to
{111}. This observation is not surprising from the view-
point of thermodynamics: {111} planes have the mini-
mum surface energy among all the crystalline planes in
Si.*~6 Therefore, these planes are more stable than
the others and often exposed after wafer processing
such as dry or chemical etching.

Morphology Formation and Evolution Mechanism. Forma-
tion and evolution of the nanopits were systematically

investigated by comparing the products obtained at
various synthesis stages. At the beginning, Au NPs melt
on Si (Figure 3a,e,i), and then nanopits with rounded
corners gradually appear (Figure 3b,f,j). With increas-
ing reaction time, the nanopits expand continuously,
and their depth also increases. In addition to the dimen-
sion change, the morphology of the nanopits simulta-
neously evolves; that is, they gradually become more
well-defined with sharper corners in the later growth
stages (Figure 3¢,g,k). Interestingly, the wire-shaped
nanopits appear almost isotropic at the initial stage
(Figure 3j), similar to the triangle and square pits, but

Figure 3. Morphology evolution of nanopits at various synthesis stages. SEM images illustrating the nanopits formation
process on Si (100) (a—d), Si (111) (e—h) and Si (110) (i—1) obtained at a synthesis temperature of 865 °C. In panels a—d,
the time durations held at the synthesis temperature are 2, 5, 10, and 20 min, respectively. In panels e—h, they are 3, 7, 12,
and 20 min, respectively. In panels i—I, they are 1, 5, 12, and 30 min, respectively. In all images, the scale bars correspond to

30nm.
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Figure 4. Cross-sectional TEM and EDS data for square nanopits on Si (100). The synthesis took place at 910 °C and was ter-
minated at an intermediate stage after 8 min, before the complete nanopits formation. (a) Cross-sectional TEM image. Pan-
els b, ¢, and d show EDS mappings of elements Si, Co, and Au, respectively. (e) The corresponding EDS line mappings. (f) En-
larged TEM image from the selected area in panel a. (g) HRTEM image of the highlighted area in panel f. HRTEM image and
fast Fourier transform pattern in panel h show the interface of Si/CoSi,. (i) Schematic illustrating the nanopits formation
mechanism including (i) forming of Au—Si alloy; (ii) absorbing Co vapor to form Au—Si—Co alloy; (iii) diffusion of Co in Si,
leading to the precipitation of CoSi,, and the subsequent sublimation of CoSi, at high temperatures; (iv) finally formed

nanopits.

they extend rapidly in the length directions during the
later stages (Figure 3k), eventually gaining the wire-like
morphology with high anisotropy (Figure 3l). It should
be noted that there are usually islands at the nanopits
centers, which are presumably the same positions as
the initial Au NPs. These islands shrink with increasing
synthesis time, and they eventually become almost in-
visible after growing for 20—30 min (Figure 3d,h,i).

To reveal the formation mechanism, detailed cross-
sectional TEM and EDS analyses were carried out. A
sample on Si (100) with pits formed at an intermediate
stage (910 °C for 8 min) was thinned with conventional
TEM sample preparation techniques. Figure 4a is a low
magnification TEM image, showing several incomplete
pits formed on the Si substrate surface. As shown in the
highlighted area, there is obvious contrast between
the center area (the triangle island) and the back-
ground. Figure 4f is an enlarged TEM image of this
area. The triangle island at the center appears much
darker than the surrounding area, indicating different
compositions. Indeed, the EDS element mappings con-
firm that the darker triangle island is rich in Co and Si,
presumably CoSiy, while the surrounding area is almost
pure Si (Figure 4b—e).

A high-resolution transmission electron microscope
(HRTEM) image along the CoSi,/Si interface (Figure 4h)
indicates two interplane distances of 0.31/0.31 nm,
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which agrees well with lattice constants of the face-
centered cubic CoSi, (JCPDS: 38-1449). The fast Fourier
transform (FFT) pattern in the inset of Figure 4h also
suggests that the black triangle island in the center is in-
deed composed of CoSi,. The CoSi, island appears to
grow epitaxially into the Si (100) substrate. Further char-
acterizations indicate that the CoSi, island has a particu-
lar orientation with respect to the substrate, sharing a
(111) interface with the Si surface.3* It is not surprising
that CoSi, with a CaF, structure shares an epitaxial rela-
tionship with Si since the lattice mismatch between
them is only 1.2% at room temperature.*’ Similar to pre-
vious reports,*’#® no obvious defects were found at
the CoSi,/Si interface. Supporting Information, Figure
S8 provides more TEM images taken at the interface re-
gions which confirm that both types of interfaces are
along {111} with the same orientation and small lattice
mismatch. It is well-known that epitaxial growth of Co-
Si, on Si (111) and (100) can be achieved by simply heat-
ing Co thin films deposited on Si at low temperatures,
and CoSi; islands with {111} planes are preferably
formed, where Co diffusion in Si plays a crucial role.*®4°
Importantly, pinholes were often found on the sur-
faces of CoSi, islands, which has not been thoroughly
investigated.*”#%°° We believe that these pinholes are
highly related to the nanopits formation in our experi-
ments, as we will discuss later. Figure 4g is another
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HRTEM image, highlighting the coarse-grained thin
film covering the sidewalls with a thickness of 2 = 0.5
nm. Although EDS cannot determine the thin film com-
position due to the resolution limit, it is presumably
Corrich since it appears darker than the adjacent Si area.

On the basis of the above microscopic results, we
propose the following mechanism for the nanopits for-
mation, which is illustrated in Figure 4i. According to
the Au—Si binary phase diagram, at temperatures as
low as 300—400 °C, Au NPs already start forming Au—Si
alloys with the Si substrate, (Figure 4i, part i).>! With
the synthesis temperature rising beyond ~800 °C, co-
balt oxide in the source powder is reduced by graphite
to generate Co vapor, which is then absorbed by the
Au—Si alloy to form Au—Si—Co alloy nanoparticles (Fig-
ure 4i, part ii). As the substrate temperature rises be-
yond 850 °C, CoSi, gradually precipitates from the
Au—Si—Co alloy due to its higher stability. The main
driving force for the Co diffusion and the CoSi, forma-
tion is the concentration gradient of Co in Si, which is
quite high since the Co-containing layer is only ~2 nm
as indicated in the TEM image in Figure 4g. In other
words, the CoSi, precipitation and formation hinge on
the continuous supply of the Co vapor as well as the dif-
fusion of Co through the exposed Si planes. At temper-
atures above 860 °C and ambient pressure of 1—20
mbar, the sublimation of the CoSi, phase effectively
erodes the periphery area of the central island and the
exposed nanopits walls (Figure 4i, part iii). Our results
suggest that the melting point of the nanoscale CoSi,
is much lower than the bulk value of 1326 °C owing to
the remarkable size effect in nanostructures.> In addi-
tion, CoSi, is prone to decompose at temperatures
higher than its thermal stability temperature of 900 °C.>
In the synthesis, Si is continuously consumed by react-
ing with Co to form CoSi, and the sublimation of CoSi,
eventually leads to the formation of well-defined nano-
pits (Figure 4i, part iv). The observations of tiny CoSi, is-
lands in the nanopits (Figure 4f) and the coarse grained
thin films covering the exposed planes (Figure 2a—c)
strongly support this proposed formation mechanism.

It is true that the diffusion of Co in Si also contrib-
utes to the pits formation. However, we did not find
much Co or cobalt silicide inside the pits walls except
a ~2 nm Co-rich layer. Therefore, the formation and
sublimation of CoSi, appear to be the dominant factor
for the pits formation, and we can exclude the diffusion
of Co into Si as the main driving force. Nevertheless,
Co diffusion driven by the concentration gradient is the
prerequisite for the silicide formation, therefore play-
ing an important role.

Regarding the growth anisotropy, there have been
reports on silicides nanowires formed when heating
metals deposited on Si substrates, and the different
growth rates of length and width were often attrib-
uted to the anisotropic lattice mismatch between sili-
cides and Si.”>**>> However, the CoSi; /Si mismatch in

www.acsnano.org

our case is quite small (only 1.2%, and CoSi, and Si
have the same cubic crystal structure, JCPDS: 38-1449
and 27-1402, respectively).*” Furthermore, the two
types of interfaces (Figure 4 and Supporting Informa-
tion, Figure S8) exhibit the same lattice mismatch and
the epitaxial relationship is CoSi, (111)/Si (111) and Co-
Si, (111)/Si (111), suggesting that the interfaces in our
system are symmetrical instead of the previously re-
ported asymmetric interfaces.' This symmetry of inter-
faces directly affects the anisotropy growth due to the
strain effect.’>*® Thus we believe that there must be
other factors dictating the morphology of micro/nano-
structures formed on an Si substrate besides the aniso-
tropic lattice mismatch between silicide and Si. In a re-
cent study, He et al. presented a physical mechanism for
the formation of self-assembled dysprosium silicide
nanowires, which involves a low-energy coherent inter-
face instead of an anisotropic lattice mismatch.*” In sys-
tems with a small isotropic lattice mismatch such as
DySi,/Si and CoSi,/Si, coherent interfaces may form on
both sides of silicide islands, which adds coherent strain
to the islands and possibly leads to the anisotropic
growth.”” These results suggest that large lattice mis-
match is not always required for the formation of aniso-
tropic silicide nanostructures.

As to the shape dependence on the substrate orien-
tation, existing literatures have documented silicide is-
lands or clusters with various shapes formed when de-
positing metals on Si substrates followed by annealing.
Examples are triangular silicide nanoislands formed on
Si (111)," manganese silicide nanowires and islands on
Si (111),°® square-shaped NiSi, islands on Si (100),9%°
and CoSi, quantum dots formed on Si (111).8" Zhang
et al. concluded that triangle, square, and wire-like CusSi
nanostructures can grow depending on the orienta-
tion of silicon substrates.> Moreover, Qiao et al. found
that the shape of etched nanostructures can be con-
trolled by the Si substrates orientation,** which is in line
with studies on anisotropic etching of silicon.®2~%*
Therefore, it is quite universal that the orientation of Si
substrates has great influence on the morphology of
micro/nanostructures formed on the Si surface.

We should note here that pits (pinholes) formation
is a phenomenon often found in metal silicides such as
Ni—Si, Y—Si, Co—Si, and Dy—Si, which is usually attrib-
uted to the localized depletion of Si atoms.*657¢7 |n
contrast, the sublimation of CoSi, plays the critical role
in the formation mechanism proposed here. More im-
portantly, our results provide a facile Au-nanoparticles-
assisted vapor-based route to produce nanopits on sili-
con surfaces. It is well-known that the fabrication of
sub-100 nm features on silicon surfaces is a critical
challenge for a wide range of future silicon-based
technologies.”® Although the top-down photolithogra-
phy techniques have seen decades of remarkable im-
provements, alternative strategies to produce nano-
scale silicon architectures are currently under intense

\NIC
VOL. 4 = NO.5 = 2901-2909 = 2010 ”@@%{¥)

2905



ARTICLE

2906

“ Wire length ]
* Wire width
Square side length

(a) 7o

~

———

6000 1 2 Triangle side length T2
& Wire length-to-vidth ratio Ve g
-- {5
g 3 g °g
=2 * T z
. 4. g
§ 4000+ i @ 1e
A £
3000 4 e
2
2000 - i A '2§

1000 4 / o ok

T
o

840 860 880 900 920 940 960 980 1000 1020
Temperature. 'C
(b) 165 - 5
%D, by Si(110) & D,,, by Si(111) § B

100 1

1704 5 D, , by Si(100) ® D, by Si(110)

11 m

Lser ’
=0 III @——@

-17.54
L4
= -
€ 18.04 o
33 T ®
Q 1854 [a)
2
o
S 901 -
3 . 12
-19.54
=20.0 T d@/ T T T T T 1

78 8.0 82 84 86 838 9.0
10000/, 1/K

{c)  $65°C|(d) 1000°C |1000°C

’\ Si (110)

(e) sss=c () fomo°c

|

J—
1000°C

Figure 5. (a) Variations of pits sizes after growth at 860—1000 °C for
30 min. Also shown is the data of length-to-width ratio of wire-like
pits. (b) Measured diffusion coefficients of Co in bulk Si along (100)
and (111) at 860—1000 °C and ratio of Do to D;15, revealing aniso-
tropic Co diffusion in Si and its dependence on temperature. (c—i)
Typical SEM images of pits formed on Si (100), (111), and (110) at 865
and 1000 °C. (j) Schematic diagram of Co diffusion in Si along (100)
with the formation of CoSi,. The scale bars in panels ¢, e, that in panel
g, and those in panels d,f, h correspond to 100, 150, and 2 pm,
respectively.

pursuits.**®® In the method delineated here, the shape
of pits can be readily controlled by the Si substrate ori-
entation. Furthermore, as we will discuss below, the pits
dimension can be well adjusted by the synthesis tem-
perature and time. Potentially, this bottom-up facile ap-
proach may also give control on the positions of indi-
vidual nanopits by manipulating the Au nanoparticles.
Other advantages of this method include simple pro-
cessing and less contamination compared to the con-
ventional plasma-assisted dry etch technique.®®

We also should take note of the critical role of the
Au NPs in the pits formation. In our experiments, Au
NPs were used as the catalyst to initiate the reaction be-
tween Co and Si at the nanoscale, therefore serving as
reacting centers. They were found to be crucial for the
formation of pits; controlled experiments without Au
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NPs did not give any regular pits (Supporting Informa-
tion, Figure S5). However, EDS data in Figure 4c,e show
no Au-rich area, which may be attributed to the fast mi-
gration and evaporation of Au at high temperatures.”%”!

Determination of the Diffusion Coefficients of Co in Si. In the
proposed mechanism, the diffusion of Co in bulk Si is
an essential ingredient.”? By examining the growth rates
of triangle, square, and wire-shaped pits, the anisotro-
pic diffusivities of Co in bulk Si can be quantitatively in-
vestigated. To carry out the calculations, four character-
istic dimensions are defined in Figure 5c,e,g, namely,
the length and the width of the wire-shaped pits, and
the side lengths of the square and the triangle pits. At
a synthesis temperature of 880 °C these dimensions in-
crease almost linearly with the synthesis time which
was varied from 5 to 30 min (Supporting Information,
Figure S7). Interestingly, the side length of the square
and the triangle pits and the width of the wire-shaped
pits grow with similar rates; however, the length of the
wire-shaped pits increases 4—5 times faster. This con-
trast can be attributed to the fact that the growth fronts
of the square and the triangle pits and the side walls
of the wire-shaped pits propagate along Si (111), while
the ends of the wire-shaped pits form along Si (100)
(Figure 2 and Supporting Information, Figure S2). There-
fore, the growth rates of pits along the four defined di-
mensions (Vlength-wire/ Vwidth-wirer Vsquares and Vtriangle) can be
determined. Combined with the angular relationship
between the Si lattice and the diffusion planes (6100
10}, Ba1nyar0r Oainysaooy and Bariyain), Co diffusion rates
(Vaiooy V1)) along Si (100) and (111) on (110), (100), and
(111) substrates were calculated. The corresponding dif-
fusion coefficients (Diq0, D111) Were estimated based on
the Fick’s first law:

J= —D%r (1)
ox

where the diffusion flux J is the number of atoms cross-
ing a unit area per second and dC/dx is the gradient of
the concentration C (number of atoms per unit
volume).”>7* Co diffusion can be considered as steady
state owing to the stable, continuous, and rich supply
of Co vapor; that is, 9C/dx remains a constant. Therefore,
the number of Co atoms (n) crossing unit area (S) dur-

ing time t can be described as*®7>~77
n = JSt= —Dg—CSt (2)

from which the diffusion coefficients can be estimated
(see the Supporting Information for calculation
details).

Figure 5a shows the change of the size of the pits
as well as the length-to-width ratio of the wire-shaped
pits after being grown for 30 min at several tempera-
tures between 860 and 1000 °C. Figure 5b shows the
temperature dependence of Dyoo and D7 as well as the
ratio of Dyg to D(m). It is important to note that there
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is only one way to calculate Dyqo based on the
temperature-dependent length variation of the wire-
shaped pits, while there are three ways to calculate Dyq;
by examining the temperature dependence of the
width variation of the wire-shaped pits and the side
length variations of the square and the triangle pits.
The three groups of D17 have a similar order of magni-
tude due to the identical diffusion process along Si
(111), and their average values give Dy 1.

Notably, D;qo is much larger than D;q; at 860—940 °C,
and their difference shrinks as the temperature increases
and almost disappears at 1000 °C. Dy40/Di11 is as high as
3—4 at 860—910 °C, and then decreases to 1.1—1.4 at
980—1000 °C. These data clearly disclose the strong
temperature dependence of the Co diffusion in Si,
which is linked with the anisotropy of the Si crystal
structure. The anisotropy of diffusion becomes weaker
at high temperatures owing to the accelerated isotropic
lattice vibration. The anisotropic diffusion of Co in the
bulk Si directly determines the shape of the pits. In par-
ticular, because the three exposed planes of (111)/
(111)/(111) in the triangle pits belong to the same {111}
group, Co diffuses through these planes with the same
rate, leading to the formation of the triangle-shaped
pits on Si (111). Similarly, the equivalence of the (111)/
(111)/(111)/(111) planes results in the formation of
square pits on Si (100). The situation is more complex
on Si (110): two kinds of planes, that is, {100} and {1113},
are exposed in the wire-shaped pits. At relatively lower
temperature, for example, 860 °C, the larger diffusion
coefficient of Co along Si (100) causes faster formation
and sublimation of CoSi, than that along (111). Thus
pits on Si (110) extend longer along (100) than (111),
leading to the wire-like shape (Figure 5g). At higher
temperatures, for example, 1000 °C, D;oo and Dy4; are al-
most equal, leading to the formation of hexagonal pits
(Figure 5h,i).

Although many efforts have been devoted to inves-
tigate the metal diffusivities in Si, to our best knowl-

METHODS

Synthesis of Pits in Shape of Triangles, Squares, Wires, and Hexagons.
Our experiments were carried out in a home-built vapor
transport growth system comprising a quartz tube heated
by a horizontal tube furnace (Lindberg/Blue Mini-Mite) (Sup-
porting Information, Figure S1). Si wafers with (111), (100),
and (110) orientations were cut into small pieces with a typi-
cal size of 6 X 6 mm and cleaned by ultrasonication in etha-
nol. To obtain uniform distribution of Au NPs, the substrates
were pretreated with oxygen plasma to render superhydro-
philic surfaces. During the substrate preparation, no HF etch-
ing was used. Au NPs with the size of 30—40 nm were dis-
persed on the substrate surfaces and dried in air.> A mixed
powder of cobalt oxide (Aldrich 99.99%) and graphite
(Riedel-de Haén) with a total weight of 0.03 g and a weight
ratio of 1:1 was used as the Co source. In the furnace tube,
the silicon substrates were placed 3—10 cm downstream
from the source powder. Ar was introduced as the carrying
gas with a constant flow rate of 100 sccm and the pressure in-
side the quartz tube was maintained at 1—20 mbar. To
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edge, it is the first time that the temperature-
dependent diffusion coefficients of Co along Si(111)
and (100) are simultaneously estimated.?32>3677-81 Ap-
pelbaum et al. studied subsurface Co diffusion in Si
(100) using radioactive tracer and SIMS analytical tech-
niques and concluded that the relevant diffusion coeffi-
cients were in the range of 1072° to 107" m?%s at
860—1000 °C.22 Our results are higher than theirs (Do
equalsto 3.50 X 107 "? and 5.10 X 10~ m?%/s at 860 and
1000 °C, respectively), but fall in a similar order of mag-
nitude (See Table S2 in the Supporting Information).
This discrepancy may be due to the different experi-
mental methods, and further comparative studies are
needed.

CONCLUSIONS

Micro/nanoscale pits on Si substrates with long-
range ordering and reliable shape control have been
fabricated via a facile vapor transport method assisted
by Au NPs. Pits in shapes of triangles, squares, and wire/
hexagon were obtained on Si (111), (100), and (110)
substrates, respectively, which were mainly determined
by the substrate orientation and temperature. In our
proposed growth mechanism, anisotropic Co diffusion
in Si and sublimation of cobalt silicide nanoislands play
deterministic roles in the formation of the pits. The tem-
perature dependent diffusion coefficients of Co in Si
along (111) and (100) was estimated and compared.
At a relatively lower temperature of 860 °C, Dygo is ~3
times larger than D;y;, while they have almost the same
value at higher temperatures. This facile approach to
fabricate nanopits on Si substrate with controlled shape
and size may find potential applications in construct-
ing nanodevices due to its good nanoscale morphol-
ogy controls and simple processing. We also expect this
simple method to be generalized to carry out the nano-
scale machining/engineering of other semiconductor
surfaces.

achieve reproducible synthesis, the source and the sub-
strate temperatures in the range of 800—1000 °C were care-
fully calibrated. The synthesis temperature was intentionally
set much higher than what is usually used for silicides
growth.3*3537 The furnace tube was heated for a predeter-
mined period of time and then quickly cooled down to room
temperature.

Characterizations. A JEOL JSM-6700F field emission scanning
electron microscope (SEM) and a JEOL 2100 high resolution
transmission electron microscope (HRTEM) were used to study
the sample morphology and structure. The composition was
determined by energy dispersive X-ray spectrometers (EDS) at-
tached to the TEM. Atomic force microscopy (AFM) study was
carried out on a D3100 V system from Veeco.
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