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Abstract

Unlike typical Au used as a catalyst for the synthesis of silicon nanowires via
the vapour—liquid—solid mechanism, Cu has been found to induce a synthesis
process governed by the vapour—solid—solid mechanism. Moreover, the

temperature window for obtaining high-quality wires with Cu has been found

to be relatively smaller than that shown by the Au: from 600 to 650 °C.
However, high-resolution transmission electron microscopy analysis reveals
significant new properties of the nanowires obtained. They have the
peculiarity of successively switching the silicon structure from diamond to
the wurtzite phase along the growth direction. This change of the crystalline
structure implies that it has an important impact on the transport properties
and characteristics of electronic devices. The results will be important for the
future integration and application of silicon, where electrical and thermal

transport properties play a significant role.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Silicon nanowires have attracted significant attention in the
last few years in both fundamental and applied studies.
On a fundamental side, the nanoscale dimensions lead to
inherently quantum mechanical effects such as quantum
confinement [1, 2], while on the applied side silicon
nanowires hold promise for the realization of high-device-
density integrated circuits and interconnects compatible with
CMOS technology [3, 4].

One of the most common methods for the synthesis of
nanowires is the vapour-liquid—solid method (VLS), in which
a metal seed catalyst is required [5, 6]. In many studies,
gold (Au) is used as a catalyst, though gold is known to be

0957-4484/07/305606+08$30.00

a deep-level impurity in silicon [7]. The optical and electronic
properties of the nanowires could be improved much further
and novel high-level applications realized if alternative metal
catalysts or, even better, if no catalyst were used. Additionally,
due to cross-contamination issues, the utilization of gold is
nowadays incompatible with CMOS technology. The search
for new catalysts is therefore crucial for letting the nanowires
enter the field of low-dimensional semiconductor structures,
future CMOS technology, and nano-optoelectronic devices.
It is therefore very important to understand the synthesis of
silicon nanowires in systems alternative to the Au—Si system.
Aluminium would also constitute an optional material to
Au. Indeed, it has already been shown that high-quality
silicon nanowires can be synthesized with this metal [8].
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Figure 1. Temperature—composition binary phase diagram of the
Cu-Si system.

However, Al oxidizes very rapidly with the presence of
traces of oxygen in the environment, meaning that successful
implementation requires ultra-high-vacuum conditions, which
are usually very costly. On the other side, Cu is currently
being used for the interconnects in ICs, and Cu diffusion
barriers are standard in technology nowadays. The synthesis
of silicon nanowires with Cu as a catalyst could open the
way towards the simultaneous fabrication of interconnects
and nanowire transistors. Moreover, an understanding of the
growth mechanisms of nanowires with other metal catalysts
will contribute to a more general understanding of the process,
which will guide future synthesis of nanowires with alternative
catalysts.

In this paper, we highlight the properties and characteris-
tics of the morphology and structure of silicon nanowires ob-
tained with Cu as a catalyst. The paper is structured as follows.
The experimental details are presented in section 2. The exper-
imental results and discussion are presented in section 3, which
is divided into five subsections. First, the Cu—Si phase diagram
is discussed in relation to the vapour—liquid—solid and vapour—
solid—solid mechanisms section 3.1. The temperature window
process for obtaining nanowires is then presented and inter-
preted in section 3.2. The temperature-dependent morphology
measured by scanning electron microscopy is shown in sec-
tion 3.3 and followed by the results concerning the structure of
the wires characterized by transmission electron microscopy
(section 3.4). Finally, a complementary analysis of the struc-
ture by electron energy loss spectroscopy is presented in sec-
tion 3.5. In section 4 the paper is summarized and concluded.

2. Experimental details

Silicon nanowires were synthesized by catalytic chemical
vapour deposition (CVD). Thermally oxidized silicon wafers
(with an oxide thickness of 1 um) covered with a 3 nm Cu
layer were used as substrates. The Cu layer was obtained by
the thermal evaporation of 0.1 mm wires. Once diced into ~2 x
2 cm? pieces, the sample pieces were heated under vacuum and
under a flow of 100 sccm of H, for 5 min prior to deposition
for the sake of getting a uniform temperature through the
substrate. For silicon nanowire synthesis, 2.5% of silane was

added to the hydrogen flow. Silane is decomposed only at
the surface of the metal, thanks to a Cu-mediated catalytic
decomposition reaction [9]. Systematic CVD runs were
realized with durations varying between 45 s and 15 min at
temperatures ranging between 450 and 750 °C. The deposition
time and gas mixture could be accurately controlled using flow
meters and a gas valve connected in series at the entrance of the
furnace. The ratio between the total silane partial pressure, Ps;,
and the gas temperature 7, was kept constant, according to the
ideal gas law (Ps;V = NRT,), resulting in a constant silane
density in the gas phase for the entire range of temperatures
used in the experiments.

The morphology and structure were characterized by
scanning and transmission electron microscopy (SEM, TEM),
as well as by high-resolution TEM. For TEM measurements,
the wires were mechanically removed from the substrate by
sweeping a clean razor blade through the surface of the
substrate. In this way, the nanowires (NWs) then remained
at the edge of the foil, and were further removed by dropping
a hexane droplet onto it and letting it gently precipitate onto
a holey carbon microscope grid for TEM observations. For
SEM characterization the samples were observed directly on
the substrates. Additionally, electron energy loss spectroscopy
measurements were also realized to determine the chemical
composition in different locations of the wires.

3. Results and discussion

3.1. Considerations of the Cu—Si thermodynamic diagram and
the synthesis of nanowires

A consideration of the Cu-Si phase diagram is helpful for an
understanding of the use of Cu as a catalyst for the synthesis
of silicon nanowires. The phase diagram concerns mainly the
Cu-Si droplet in both the nucleation and steady-state growth
stages. In the nucleation stage the silicon alloys with the Cu,
prior to precipitation in the form of nanowires, undergoing
several structural transformations. During steady-state growth,
the phase diagram informs us about the phase involved in the
continuous precipitation of silicon in the form of the nanowire.
The diagram is shown in figure 1, where it is clear that the
binary Cu-Si alloy is not a simple eutectic system, as it is
for the Au-Si [10]. As evidenced by the high number of
Si—Cu phases that exist, the Cu-Si system presents a high
level of complexity. The first point to notice is that the
temperature range for the coexistence between liquid Cu and
solid silicon lies between 802 and 1084 °C, meaning that this
would be the temperature range for the growth of nanowires
from Cu through the vapour-liquid—solid process. In principle,
however, nanowires should also grow through a vapour—solid—
solid process (VSS), as has been observed with Si using Al as a
catalyst, and with GaAs and InAs using Au as a seed [11, 12].
As indicated by the phase diagram, a VSS process could occur
at temperatures lower than 802°C. Following the arrow in
figure 1, silicon would first diffuse through the Cu, forming
a Cu-Si solid alloy (instead of a liquid, as happens in the VLS
process). If the alloy supersaturates, precipitation of silicon
would occur in the form of a nanowire. This VSS process is
possible, provided that catalytic decomposition of silane and
the diffusion of silicon through the solid catalyst droplet occur
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at a similar rate. In figure 1, an arrow has been drawn to follow
the composition of a Cu droplet exposed to silicon diffusion.
This arrow indicates the phase transformations of the Cu-Si
alloy as the silicon content increases, which would be the
process that the Cu droplet would follow during the nucleation
of nanowires. As silicon diffuses through the Cu droplet, first
CusSi (phases ¢ and y) is formed. Then, as more silicon
diffuses in and its content increases, Cu3Si starts to form. By
further increasing the silicon content of the seed, silicon finally
precipitates from CusSi. Depending on the temperature, the
final phase from which the nanowires would precipitate would
be one of the three different forms of CusSi: n”, n’ or n. A
detailed study on the phase transformations occurring in the
catalyst droplet prior to nanowire nucleation would give further
insight into the dynamic aspects of the phase transformations
presented. It is important to note that the three different CusSi
solid phases have a distinct crystalline structure, which might
have an influence on the final structure and morphology of the
precipitates. It should also be noted that the phase diagram
applies to bulk Cu-Si alloys in thermodynamic equilibrium,
and that certain deviations should be expected for reduced alloy
volumes and under dynamic conditions (growth).

3.2. Temperature process window for nanowire synthesis

For determining the temperature dependence, Cu nanodroplets
were exposed to silane at temperatures between 450 and
750 °C. Nanowires were obtained at temperatures between 500
and 650 °C. According to the phase diagram presented above,
the synthesis of nanowires from Cu in this temperature range
is consistent only through the VSS mechanism.

The low-temperature limit of 500 °C could be attributed
to the absence of silane decomposition. However, it has been
reported that silane decomposes catalytically at the surface of
copper through the VSS process at temperatures as low as
230°C, invalidating this first hypothesis [13]. We believe that
the low-temperature limit should rather be attributed to the
low value of the diffusion coefficient of silicon through Cu;Si,
in comparison to the decomposition rate of silane on the Cu
surface. Indeed, it has recently been shown that the incubation
time, defined as the time necessary for the catalyst to reach
super-saturation leading to the growth of nanowires, follows
the form [14]:

h2

T A 1
(Dso) exp (—E./KT)

where £ is the height of the catalyst nanoparticle, Dgg is related
to the pre-factor of the diffusion coefficient of silicon through
Cu;Si, and E, corresponds to its activation energy. The
activation energy for the Cu—Si system is 0.98 eV, which means
that, for 10 nm catalyst droplets, the incubation times would
increase, for example, from 100 to 400 s when decreasing the
synthesis temperature from 500 to 450 °C. We propose that the
following happens at lower temperatures. As a consequence of
the low values of the coefficient of diffusion of silicon through
Cu, there is early silicon super-saturation at the surface of the
Cu seed prior to reaching the equilibrium in the whole catalyst.
A silicon shell is formed, stopping the further decomposition
of silane at the surface of the nanoparticle and therefore the
nanowire nucleation.

On the other hand, the growth of silicon nanowires at
temperatures higher than 650°C is limited by a different
reason. Our SEM measurements indicate that the surface
of the substrate is flat after the CVD run and no droplets
are formed. We believe that this is due to the diffusion of
copper through the SiO,. Indeed, diffusion of copper through
SiO, has an activation energy of 1.82 eV, which is much
higher than the activation energy for diffusion of Si through
Cu;Si (0.98 eV) [15]. This means that, in a certain range of
temperatures, the diffusion coefficient of silicon through Cu3Si
can be higher than the coefficient of diffusion of Cu through
Si0,, allowing the nucleation of silicon nanowires. However,
the large value of the activation energy also means that there
must be a temperature above which the diffusion of Cu through
SiO; occurs at a higher rate than the diffusion of Si through
Cu;Si. This temperature is situated slightly above 650°C,
and this is the reason for the lack of nanowire synthesis. For
the synthesis of nanowires in higher-temperature regimes, Cu
diffusion barriers should be used.

3.3. Temperature dependence of the morphology

CVD runs were realized from 450 to 750°C on Cu-coated
silicon oxidized substrates. After the CVD runs, the
samples were first observed using SEM. Representative SEM
micrographs of the synthesis realized between 500 and 650 °C
are presented in figure 2. Figures 2(a)—(d) correspond to a
15 min synthesis (steady-state growth). Figure 2(e) shows
the morphology of the substrate at the initial stage of Cu
droplet formation and nanowire nucleation, corresponding to
a 45 s process at 650°C. As it appears in the micrographs,
the morphology is dramatically dependent on the temperature
of synthesis. In general, two features co-exist: worm-
like nanostructures and straight nanowires. The worm-like
structures are nanowires with a diameter of about 100 nm
that seem to have been growing with a continuous kinking.
The other nanowires show a completely different morphology.
They are thinner and grow straight with very little kinking.
Two-dimensional film growth on the substrate has not been
observed at any of the temperatures. At 500 °C, the worm-
like structures are predominant and very few straight nanowires
exist. As the synthesis temperature is increased, the ratio
of worm-like nanostructures to nanowires decreases to the
extent that at 600°C they have nearly disappeared. At
650°C, no worm-like wires were observed. The diameter
of the straight nanowires also changes with temperature. At
500 °C and 650 °C, the diameters are respectively about 10 nm
and 100 nm. At 650°C, nanowires exhibit another specific
characteristic, which is that they appear significantly tapered.
As the decomposition of silane at 650 °C occurs only at the
surface of the metal catalyst, the tapering indicates that the
copper is being ‘consumed’ during growth, by dissolving into
the wires. Tapering could imply dissolution of the Cu into
the wires during growth and therefore we have detrimental
consequences on the properties of the wires, but, as has already
been shown for Au, this could also imply migration of the Cu
to neighbouring wire tips [16].

The origin of the worm-like nanowires can be understood
in terms of the spatial-velocity hodograph concept, which
was first observed in carbon nanotubes. The origin of this
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Figure 2. Scanning electron micrographs of 15 min CVD runs realized at temperatures of (a) 500 °C, (b) 550°C, (c) 600 °C and (d) 650°C.
Two kinds of silicon nanostructures are observed: worm-like (mainly at low temperatures) and straight nanowires (mainly at high
temperatures). (e) Scanning electron micrograph of the surface of the substrate after a 45 s CVD run at 650 °C. The initial formation of Cu
droplets and some nanowires is observed. Some of the droplets are indicated with an arrow.

phenomenon is the mismatch between the extrusion velocities
of silicon within the catalyst because of the different silicon
deposition rate along the interface. It has been seen that,
under these conditions, this leads to a ‘spontaneous’ plastic
deformation of the wire [17]. This effect is especially
important at the lowest temperatures, because then the
diffusion of silicon through the particle is slower and more
inhomogeneous from the border of the nanoparticle to the
centre. This effect is also more prominent in the larger
wires, as the diffusion of silicon through the whole metal
catalyst also takes a longer time and has more chances to be
unequal. Following this model, the plastic deformation of
the wire should decrease when synthesis is realized at higher
temperatures, in agreement with our results.

3.4. TEM and HRTEM measurements

TEM measurements were realized to analyse in detail the
structure of the nanowires. Representative TEM micrographs
are shown in figure 3. As observed with the SEM, the
diameter of the straight nanowires increases with the growth
temperature, and consequently it is the largest for synthesis
realized at 650 °C. Interestingly enough, the straight nanowires
synthesized between 500 and 550°C seem to be single
crystalline and have very few structural defects. No changes
in contrast along NWs are observed and no kinking is present
on the borders. In contrast, we observe a change in the

growth regime for temperatures equal to or higher than 600 °C,
in which the straight nanowires start to grow with defects.
Specifically, nanowires synthesized at 600 °C present some
regions of contrast modulation along the growth direction, as
pointed out by some black arrows in figure 3(c), denoting the
presence of structural defects.

At 650°C, all NWs present a modulated contrast.
Measurements with a higher resolution allow us to investigate
the nature of this effect closely. HRTEM measurements of
wires grown at higher temperature are presented in figure 3(d).
There, it is clear that changes in contrast are due a disc-section
polycrystalline nature of the nanowires along the growth
direction. In order to investigate the nature and origin of this
phenomenon further, a more detailed HRTEM study has been
undertaken.

The HRTEM micrograph shown in figure 4(a) is
representative of the nanowires grown at the highest
temperatures—between 600 and 650 °C. In this measurement,
the orientation of the wire with respect to the electron beam
is such that several families of planes can be observed. The
particular orientation of the wire on a highly symmetric
zone axis allows the indexing of the lattice planes and
correspondence to the crystalline structure [18-20]. In the
figure, two grain boundaries determined by stacking faults
(SF) are present and are indicated by dashed lines. Both
stacking faults are delimiting a twin segment, which in this
case is composed of 38 monolayers [21]. A magnification
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Figure 3. TEM micrographs showing the characteristic morphology of the synthesized Si nanowires at different temperatures. (a) and

(b) Micrographs corresponding to the lowest growth temperatures (500 and 550 °C) where silicon nanowires do not present structural defects.
(c) TEM micrograph corresponding to the NWs grown at 600 °C. At this temperature some of the wires start showing structural defects (NWs
pointed with black arrows). (d) Typical structural morphology of a NW grown at 650 °C. Grain boundaries are present all along the NW.

of the interface is shown in figure 4(b). The crystallographic
analysis shows that the regions separated by the stacking
faults have a different crystallographic structure. Figure 4(c)
corresponds to the power spectrum (fast Fourier transform) of
the squared region in figure 4(b). After indexing the power
spectra for both regions, we realize that above the boundary
the wire crystallizes in the Si IV wurtzite structure, while
the structure found below the boundary is the diamond Si 1.
Si IV and Si I structures have indeed already been observed
previously in silicon nanowires synthesized by CVD using
gold as a catalyst, but the coexistence of phases within a
Si wire is a new phenomenon intrinsic to the use of Cu as
a catalyst [22]. The alternation of wurtzite and diamond
(zinc-blende in the case of binary compounds) is a novel
observation in the case of Si nanowires, but it has been
reported recently in the case of GaAs nanowires [20, 23].
As a conclusion, the dark and bright contrast regions in
low-resolution TEM can be attributed to different diffraction
contrast. The structure of the wires appears stressed, showing
cell parameters that differ slightly from the Si IV theoretical
structure, as indicated in table 1 [24]. The indexing
parameters for the diamond structure corresponding to the
power spectrum in figure 4(d) are shown in table 2. We
have consistently observed that the cross-sections of Si I
and Si IV nanowires alternate along the growth direction
with the following epitaxial relationship: ATD[110]s; 1 I
(0002)[1210]51 hWa where (111)3” and (0002)3, v are the
growth planes for every phase, both with an inter-planar

distance of 0.313 nm. Interesting enough is that the epitaxial
relationship that is found coincided with the one found on
the GaAs wurtzite/zinc-blende alternating heterostructures in
GaAs NWs [20]. The epitaxial relationship between Si I and
Si IV occurs by a double twinning mechanism, which was
also reported by Pirouz et al on bulk silicon samples which
were submitted to high pressures [25-27]. The origin of the
switching of structure is not yet understood, and should be
investigated further in the future. One hypothesis would be the
mismatch between the wire and the catalyst, which consists
by a solid alloy of Si and Cu. This mismatch would be more
important for the case of thick wires, as the stress energy is
larger and thus more difficult to accommodate [28].

3.5. EELS profiles in scanning TEM (STEM) mode

In order to confirm further that the contrast in the TEM
measurements is not due to changes in the chemical
composition, electron energy loss spectroscopy (EELS) was
realized at different points along the growth direction of the
wires. In figure 5(a), a bright-field scanning TEM (BF STEM)
micrograph of a wire presenting several of these strong contrast
modulations is presented. The regions indicated by letters on
the wire correspond to different regions analysed using EELS
with nanometre resolution. The corresponding energy loss
near edge spectra (ELNES) obtained at the L-edge of silicon
(99 eV) are shown in figure 5(b). The spectra obtained in the
different regions are similar with no changes, indicating that
there is no appreciable change in silicon atomic bonds at the
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[1-210] Si IV

[101]Si1 *#

Figure 4. (a) High-resolution transmission electron micrograph of a straight nanowire synthesized at 600 °C. The dashed lines indicate the
stacking fault (SF) position delimiting the silicon wurtzite/diamond heterostructure. (b) A close-up of the squared region in (a). (c) Indexed
power spectrum of the same region showed in (b). Notice that the spectrum has been taken on the phase boundary. (d) Mask applied to the
spots corresponding to the upper region (A), which corresponds to wurtzite silicon (Si IV). (e) Mask applied to the spots corresponding to the

bottom region (B), which corresponds to diamond silicon (Si I).

Table 1. Indexing results obtained from the power spectra presented in figure 4(d).

Figure 4(d) d (nm) (°) versus spot Z Indexation d (nm) (°) versus spot Z
spot # experimental experimental proposed  theoretical theoretical

Z 0.313 — (0002) 0.313 —

X 0.294 65 (1011) 0.291 62

X5 0.327 86 (1010) 0.329 90

X3 0.242 48 (1012) 0.227 44

Zone axis: [1210] Silv

Table 2. Indexing results obtained from the power spectra presented in figure 4(e).

Figure 4(e) d (nm) (°) versus spot Z Indexation d (nm) (°) versus spot Z
spot # experimental experimental proposed theoretical theoretical

Z 0.313 — 111 0.313 —

Y, 0.320 71 (111) 0.313 71

Y, 0.191 35 (220 0.192 35

Y; 0.274 56 (002) 0.271 55

Zone axis: [110] Si I

different wire positions. These results are in good agreement
with those shown by Pirouz et al, as no noticeable difference
between Si I and Si IV spectra is found since, in both cases,
the silicon atoms are bound in a tetrahedral configuration.
Indeed, the only difference between the structures lies in the
order of the tetrahedra, and this leads to equivalent EELS and
ELNES responses. Additionally, we would like to point out

that no signal of Cu was found in EELS spectra measured
at the same points. We therefore conclude that the contrast
modulation along the wires in the TEM measurements is due
to a change in the silicon crystal structure during growth,
as HRTEM micrographs certify. The structural modulation
along the growth direction will have a strong impact on the
electronic transport properties of the wires. The mechanisms
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Figure 5. (a) Bright-field scanning TEM micrograph of a nanowire presenting numerous contrast zones. (b) Electron energy loss spectra of
zones of the wire with different contrast. The spectra have been shifted vertically for better clarity. (c) Z contrast scanning transmission
electron micrograph of the tip of a nanowire. The tip of the nanowire is indicated by a cross for chemical analysis. (d) Electron energy loss

spectra of the region at the tip of the nanowire, indicated in (c).

involved in such structural modulation need to be investigated
further in the future. In figure 5(c), a TEM measurement of
the tip of a silicon nanowire synthesized at 650 °C is shown.
The Cu nanoparticle appears smaller than the diameter, in
agreement with the tapering observed in the SEM micrographs.
The composition of the nanoparticle has been analysed. The
corresponding EELS spectrum is shown in figure 5(d). The L2
and L3 edges of the Cu have been measured at 936 and 958 eV,
respectively, indicating the presence of Cu, as expected.

4. Summary and conclusions

Summarizing, we have shown that the synthesis of silicon
nanowires with Cu as a catalyst occurs via the vapour—solid—
solid process. The morphology of the wires depends strongly
on temperature, with the window between 600 and 650°C
being optimal with regard to the structural properties of the
wires. Additionally, we have shown that the structure of the
wires changes continuously along the growth direction from
diamond to wurtzite (both being semiconductor Si phases),
which should have an important impact on the electrical
and thermal transport properties of the wires and therefore
affect their future implementation in electronic applications.
These results will be important for the integration of silicon
nanowires and Cu interconnects.

Acknowledgment

The authors kindly thank the financial support of the Marie
Curie Excellence Grant (project MEXT-CT-2006-042721,
‘SENFED”).

References
(1]
(2]
(3]
[4]
[5]

(6]
(7]

Zhong Z, Fang Y, Lu W and Lieber C M 2005 Nano Lett.
51143-6

Sanders G D, Stanton C J and Chang Y C 1993 Phys. Rev. B
48 11067-76

Graham A P, Duesberg G S, Seidel R V, Liebau M, Unger E,
Pamler W, Kreupl F and Hoenlein W 2005 Small 1 382-90

Gudiksen M S, Lauhon L J, Wang J, Smith D C and Lieber C M
2002 Nature 415 617-20

Givargizov E 11973 J. Cryst. Growth 20 217-26

Wagner R S and Ellis W C 1964 Appl. Phys. Lett. 4 89-91

Morante J R, Carceller J E, Herms A, Cartujo P and
Barbolla J 1982 Appl. Phys. Lett. 41 656-8

Wang Y W, Schmidt V, Senz S and Gosele U 2006 Nat.
Nanotechnol. 1 186-9

Hymes S, Murarka S P, Shepard C and Lanford W A 1992
J. Appl. Phys. 71 4623-5

Massalki T B 1990 Binary Alloy Phase Diagrams 2nd edn
(Materials Park, OH: ASM International) pp 1477-8

Wang Y W, Schmidt V, Senz S and Gosele U 2006 Nat.
Nanotechnol. 1 186-9

(8]
(9]
[10]

[11]


http://dx.doi.org/10.1021/nl050783s
http://dx.doi.org/10.1103/PhysRevB.48.11067
http://dx.doi.org/10.1002/smll.200500009
http://dx.doi.org/10.1038/415617a
http://dx.doi.org/10.1016/0022-0248(73)90008-0
http://dx.doi.org/10.1063/1.1753975
http://dx.doi.org/10.1063/1.93603
http://dx.doi.org/10.1038/nnano.2006.133
http://dx.doi.org/10.1063/1.350765
http://dx.doi.org/10.1038/nnano.2006.133

Nanotechnology 18 (2007) 305606

I Arbiol et al

[12]

[13]

[14]

[15]
[16]
[17]
(18]

[19]

Dick K A, Deppert K, Karlsson L S, Wallenberg L R,
Samuelson L and Seifert W 2005 Adv. Funct. Mater.
15 1603-10

Hymes S, Kumar K S, Muraka S P, Ding P J, Wang W and
Lanford W A 1998 J. Appl. Phys. 83 450712

Kalache B, Roca i Cabarrocas P and
Fontcuberta i Morral A 2006 Japan. J. Appl. Phys.
45 L.190-6

McBrayer J F, Swanson R M and Sigmon T W 1986
J. Electrochem. Soc. 133 1242-6

Hannon J B, Kodambaka S, Ross F M and Tramp R M 2006
Nature 440 69-71

Amelinckx S, Zhang X B, Bernaerts D, Zhang X F,
Ivanov V and Nagy J B 1994 Science 265 635-9

Arbiol J, Cirera A, Peiré F, Cornet A, Morante J R,
Delgado J J and Calvino J J 2002 Appl. Phys. Lett. 80 329

Herndndez-Ramirez F, Taranc6n A, Casals O, Arbiol J,
Romano-Rodriguez A and Morante J R 2007 Sensors
Actuators B 121 3—17

[20]

[21]

[22]
[23]
[24]
[25]
[26]
[27]

(28]

Thn S G, Song J I, KimT W, Leem D S, Lee T, Lee S G,
Koh E K and Song K 2007 Nano Lett. 7 39

Mikkelsen A, Skold N, Ouattara L, Borgstrom M,
Andersen J N, Samuelson L, Seifert W and
Lundgren E 2004 Nat. Mater. 3 519

Fontcuberta i Morral A, Arbiol J, Prades J D, Cirera A and
Morante J R 2007 Adv. Mater. 19 1347-51

Thn S G, Song J I, Kim Y H and Lee J Y 2006 Appl. Phys. Lett.
89 053106

Yeh C, LuZ W, Froyen S and Zunger A 1992 Phys. Rev. B
46 10086-97

Pirouz P, Chaim R, Dahmen U and Westmacott K H 1990 Acta
Metall. Mater. 38 313-22

Dahmen U, Westmacott K H, Pirouz P and Chaim R 1990 Acta
Metall. Mater. 38 323-8

Pirouz P, Dahmen U, Westmacott K H and Chaim R 1990 Acta
Metall. Mater. 38 329-36

Glas F 2006 Phys. Rev. B 74 121-302


http://dx.doi.org/10.1002/adfm.200500157
http://dx.doi.org/10.1063/1.367235
http://dx.doi.org/10.1143/JJAP.45.L190
http://dx.doi.org/10.1149/1.2108827
http://dx.doi.org/10.1038/nature04574
http://dx.doi.org/10.1126/science.265.5172.635
http://dx.doi.org/10.1063/1.1433903
http://dx.doi.org/10.1016/j.snb.2006.09.015
http://dx.doi.org/10.1021/nl0618795
http://dx.doi.org/10.1038/nmat1164
http://dx.doi.org/10.1002/adma.200602318
http://dx.doi.org/10.1063/1.2245348
http://dx.doi.org/10.1103/PhysRevB.46.10086
http://dx.doi.org/10.1016/0956-7151(90)90061-K
http://dx.doi.org/10.1016/0956-7151(90)90062-L
http://dx.doi.org/10.1016/0956-7151(90)90063-M
http://dx.doi.org/10.1103/PhysRevB.74.121302

	1. Introduction
	2. Experimental details
	3. Results and discussion
	3.1. Considerations of the Cu--Si thermodynamic diagram and the synthesis of nanowires
	3.2. Temperature process window for nanowire synthesis
	3.3. Temperature dependence of the morphology
	3.4. TEM and HRTEM measurements
	3.5. EELS profiles in scanning TEM \(STEM\) mode

	4. Summary and conclusions
	Acknowledgment
	References

