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Seeded silicon nanowire growth catalyzed by commercially available bulk
metals: broad selection of metal catalysts, superior field emission
performance, and versatile nanowire/metal architectures†
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Over the past two decades, metal-seeded growth has been the most widely used method for Si nanowire

synthesis. However, preparation methods of metal catalysts mostly involve indirect, multi-step

procedures and suffer frommany processing limitations. In this study, we demonstrate that bulk metals

can be directly used as catalysts for seeded Si nanowire growth. Eight metals which cover all three types

of metals used for Si nanowire growth, such as Ag, Al, Au, Cu, Fe, Ni, Pb and Ti, were explored as

catalysts. Single crystalline Si nanowires were synthesized in the presence of bulk Ag, Al, Cu, Fe, Ni,

Pb, and Ti at temperatures ranging from 450 to 550 �C at 10.3 MPa, whereas no wires were produced in

the presence of bulk Au. The metals effective for seeded growth are cheap, easily obtained, and exhibit

excellent catalytic reusability. In addition, as-grown Si nanowires exhibit superior field emission

property due to their good electrical contact between the wire and metal interface. Various nanowire/

metal substrate architectures could be achieved through the use of metals with different morphologies.

Compared to the traditional seeded-growth protocol, bulk metal-catalyzed growth provides a more

facile and flexible synthetic scheme and a direct route to grow Si nanowires on metal substrates for

advanced nanowire applications.
Introduction

Nanoscale silicon (Si) has attracted intense fundamental and

technological interest due to its unique mechanical, electronic,

and optical properties.1–5 Si nanowires have represented an

exciting class of building blocks for a wide range of applications,

such as chemical and biological sensors, lithium-ion batteries,

field effect transistors, thermoelectric devices, and so on.5–7 The

metal-seeded vapor–liquid–solid (VLS) mechanism8 and its

variations including vapor–solid–solid (VSS),9 supercritical

fluid–liquid–solid (SFLS),10,11 supercritical fluid–solid–solid

(SFSS),12,13 and solution–liquid–solid (SLS)14–16 are the most

effective chemical methods for Si nanowire synthesis. In a typical

seeded growth, Si atoms feed into a metal catalyst to form

a supersaturated alloy, and then a nanowire crystallizes out from

the interface of metal/Si. One prerequisite reaction condition to

obtain ‘‘nanowires’’ is to use nanosized metals as catalysts for Si

crystallization and subsequent seeded growth.12,17 Convention-

ally, metal catalyst preparation methods mostly require indirect,
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multi-step procedures, thereby complicating the overall synthetic

scheme. For example, metal film deposition on a substrate fol-

lowed by high-temperature annealing is one common way to

prepare nano-sized clusters.18 However, this approach requires

expensive evaporation systems operated under high-vacuum

conditions to control over film thickness and to prevent metal

oxidation, making metal catalysts throughput low and time-

consuming. Moreover, films prefer to be deposited on a substrate

(e.g., SiO2/Si) inert to the seed metals so as to avoid metal/

substrate reactions in annealing or nanowire growth stages.19 For

instance, gold could readily form gold/copper alloy on a Cu

substrate at low temperatures, and varied seed composition

might influence the growth kinetic of nanowire growth.20 On the

other hand, utilization of metal nanocrystals synthesized from

chemical reactions as seeds is another frequently used method.

Negatively charged Au nanocrystals are immobilized on a posi-

tively charged poly-L-lysine- or alkylsilane-modified silicon

substrate due to strong electrostatic interaction and therefore

could effectively control the nanowire diameter.21–24 In solution-

phase reactions, surfactant-coated metal nanocrystals dispersed

in reactant solution were used to seed nanowires.25,26 Nonethe-

less, the use of colloid nanocrystals as seeds causes several

disadvantageous concerns regarding its preparation and process

limitation. In order to prevent seed agglomeration and nanowire

surface contamination, only a limited amount of nanocrystals

are allowed to be supported on the substrate or fed into the
J. Mater. Chem., 2011, 21, 13793–13800 | 13793
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Fig. 1 Pseudo-classified periodic table based on metal/Si phase

diagrams. The magnified, bold and italic symbols are metals examined for

Si nanowire reactions. Digital photographs: all the bulk metals used in

this study.
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reaction solution. In addition, strategies for metal nanocrystals

synthesis are often associated with complex chemical reactions,

laborious purification, and size-selection steps. In fact, only a few

high-quality metal nanocrystals suitable for seeded growth are

commercially available to date.

In this article, we demonstrate that commercially available

bulk metals can be directly used as catalysts for metal-catalyzed

Si nanowire synthesis in an organic solvent. Single crystalline Si

nanowires were directly grown on bulk metal substrates by

thermal decomposition of monophenylsilane (MPS) at temper-

atures ranging from 420 to 550 �C at 10.3 MPa in benzene,

conditions in supercritical fluid. Nano-sized metal seeds formed

in situ on the metal surface and then promoted nanowire growth

via liquid- or solid-phase seeding, depending on metal/Si eutectic

temperatures. The bulk metals show excellent catalytic reus-

ability for Si nanowire synthesis. The as-grown Si nanowire/

metal structures could be directly used as a field-emitter electrode

due to good electrical contact between their interfaces.

Furthermore, various nanowire/metal architectures could be

achieved through the use of bulk metals with different shapes.
Table 1 Summary of bulk metal properties, reaction conditions, nanowire g

Growth conditions

Metal (type) Growth temp./�Ca Eutectic temp./�C Grow

Pb(I) 450 327.5 to 6 � 10�9b Liqu
Ag(II) 490 835 Solid
Al(II) 480 577 Solid
Au(II) 450 363 N/A
Cu(III) 550 802 Solid
Fe(III) 510 1208 Solid
Ni(III) 420 964 Solid
Ti(III) 530 1330 Solid

a The growth temperatures of synthesis results mentioned in figures. b The Pb
not produce Si nanowires.

13794 | J. Mater. Chem., 2011, 21, 13793–13800
Results and discussion

Eight metals, such as Ag, Al, Au, Cu, Fe, Ni, Pb and Ti, were

explored as catalysts for nanowire synthesis (Fig. 1). X-Ray

photoelectron spectroscopy (XPS) of metals was conducted to

exclude the presence of other metal impurities in them (Table S1

and Fig. S1†). The eight metals are categorized into three types

based on the classification proposed by Bootsma and Gassen

(Fig. 1 and S2† for their metal/Si phase diagrams).27 Type I

metals have a simple metal/Si phase diagram with a single

eutectic point located at a very low Si concentration (<1 atom%).

Type II metals have a simple metal/Si phase diagram with

a eutectic point located at a Si concentration >10 atom%. Type

III metals have a high eutectic temperature and complex phase

diagram containing many solid silicide phases. The reaction

temperatures (>400 �C) are high enough for MPS decomposition

to generate sufficient Si atoms for nanowire growth (see detailed

reaction conditions in Table 1).28

Pb is a Type I metal with a Pb/Si eutectic composition at a Si

concentration of 4 � 10�4 atom%. Fig. 2 shows the synthesis

result using a Pb substrate for nanowire growth. The high-

resolution scanning electron microscopy (HRSEM) image

(Fig. 2a) of the yellow product obtained (Fig. 2c) shows highly

dense nanowires. At transmission electron microscopy (TEM)

imaging (Fig. 2d), a metal nanocrystal was attached at the end of

a wire and its Pb composition was confirmed by EDS (Fig. 2e).

To our knowledge, this is the first example of Pb-catalyzed

crystalline Si nanowires. The melting point of Pb (327.5 �C) is
more than 100 degrees lower than the reaction temperatures,

suggesting that Si nanowires grew from liquid seeds. There have

been studies that show other Type I metals such as Zn, Cd, In,

Sn, and Ga are also good candidates for Si nanowire growth.29–32

In reactions, Pb forms a supersaturated eutectic liquid droplet

with Si and promotes nanowire growth.

Au, Al and Ag are Type II metals with a eutectic composition

at a Si concentration of �20 atom%, �13 atom%, and �11 atom

%, respectively. Fig. 3a–c show the HRSEM images of silicon

nanowires obtained on Al, Ag, and Au substrates, respectively.

The Al substrate gave the best product with straight and long Si

nanowires produced (see Fig. S3† for the HRSEM image

covering a larger area of nanowires). The Ag substrate produced

long Si nanowires, but products were composed of some amor-

phous particles. The eutectic temperatures of Al/Si and Ag/Si are
rowth type, and product description in this study

th type Nanowires description

id phase Wires but with some amorphous particles, average yield
phase Wires with some amorphous particles, low yield
phase Long straight wires, high yield

c Amorphous particles
phase Long straight wires, high yield
phase Wires with thick amorphous layer, low yield
phase Wires but low yield
phase Long straight wires, high yield

-rich eutectic point is below the melting point of Pb. c Au substrate could

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Si nanowires produced by thermal decomposition of MPS in the

presence of a Pb substrate in supercritical benzene (450 �C, 10.3MPa). (a)

HRSEM image of Si nanowires. (b and c) Digital photographs of the Pb

substrate before and after nanowire reaction. (d) TEM image of a Pb–Si

alloy seed particle at the end of a Si nanowire. (e) Nanometer-scale energy

dispersive X-ray spectra (EDS) of the particle reveal Pb and Si. The C, O

and Si signals come from the Si nanowire and the Cu signal comes from

the Cu TEM grid.
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respectively located at 577 �C and 835 �C which are higher than

reaction temperatures, indicating that Si nanowires grew from

solid-phase seeds. Al- and Ag-solid-phase seeded Si nanowire

reactions have been also demonstrated recently in vapor-phase

synthesis.33,34 In a Type II metal-seeded growth, metal/Si alloys

serve as nucleation sites for nanowire crystallization and growth

via continuous Si solid-phase diffusion. Surprisingly, the gold

substrate could not initiate Si nanowire reaction. Gold is the

most widely used catalyst for metal-seeded wire growth;

however, only amorphous particles were found in the product.

This result shows that bulk gold is inert for nanowire reaction.

Recently, Kim et al. conducted in situ TEM study of the period

that a solid Au transforms to a eutectic Au:Si liquid in the early
Fig. 3 HRSEM images of Si nanowires produced in supercritical

benzene on (a) Al, (b) Au, and (c) Ag bulk substrates, respectively. Insets:

photographs of the substrates after reactions. (d) EDS of a Ag particle

located at the tip of a Si nanowire (inset).

This journal is ª The Royal Society of Chemistry 2011
stage of VLS growth.35 They found that liquid Au:Si initially

forms as the shell of a gold nanoparticle, whereas Au core

continues to shrink and finally transforms to a complete Au:Si

liquid eutectic droplet. Perhaps the gold surface was not liquefied

upon exposure to Si atoms making bulk gold ineffective for

nanowire growth.

Fe, Ni, Ti and Cu are Type III metals with a eutectic

temperature higher than 800 �C (Table 1), significantly higher

than nanowire growth temperatures, suggesting that their Si

nanowire reactions occur via the SFSS mechanism. The HRSEM

images in Fig. 4 show the silicon nanowire products on Fe, Ni, Ti

and Cu substrates, respectively. All metals could yield nanowires

but with varying success. Among the four Type III metals, Cu

substrate gave the highest yield of straight crystalline Si nano-

wires (see Fig. S4† for the HRSEM image covering a larger area

of nanowires). The synthesis result from a 1 � 6 cm Cu substrate

shows high-density nanowires covered across the whole surface

in the form of a yellow thin film. The Ti substrate gave high

quality nanowires with good yield (see Fig. S5† for the HRSEM

image covering a larger area of nanowires). Ni and Fe substrates

could give nanowires but the wire yield was much lower

compared to Cu and Ti. TEM images of Ni and Cu particles at

the end of Si nanowires (Fig. 4d and f) confirm the metal-seeded

growth. Si can form silicides with a Type IV metal at tempera-

tures less than 500 �C due to high solid solubility of metal/Si.36 In

a Type III metal-seeded growth, nanosized metal silicides serve

as seeds for nucleation and growth of Si nanowires through solid-

phase bulk or surface diffusion.37–40
Fig. 4 HRSEM images of a Si nanowire produced in supercritical

benzene on (a) Fe, (b) Ti, (c) Cu, and (e) Ni bulk substrates, respectively.

Insets: photographs of the substrates after reactions. (d and f) EDS of Cu

and Ni particles located at the tip of a Si nanowire (inset), respectively.

J. Mater. Chem., 2011, 21, 13793–13800 | 13795
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Fig. 5 HRTEM images of single-crystalline Si nanowires grown from (a) Pb

Al, (c) Ag, (d) Cu, (e) Ni, (f) Ti and (g) Fe substrates, respectively.

Table 2 Metal transaction pricea

Metal (type) Finalizes Price Unit

Pb(I) Londonc 2582.0 USD/tonne
Ag(II) New Yorkd 54.36 USD/oz
Al(II) Londonc 2720.0 USD/tonne
Au(II) New Yorkd 1613.25 USD/oz
Cu(III) New Yorkc 9455.0 USD/tonne
Fe(III)b New Yorke 164.0 USD/dry tonne
Ni(III) Londonc 26230.0 USD/tonne
Ti(III) London 9.3 USD/kg

a 1 tonne ¼ 1000 kg, 1 kg ¼ 35.27 oz. b Iron ore. c London Metal
Exchange (LME), 27/04/2011. d Engelhard, 27/04/2011. e New York
Mercantile Exchange (NYMEX), 27/04/2011.

13796 | J. Mater. Chem., 2011, 21, 13793–13800
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Our synthesis results show that bulk Ag, Al, Cu, Fe, Ni, Pb

and Ti are effective catalysts for wire growth. It is also worth

mentioning that the market prices of most effective metals

(except Ag) are cheap and significantly lower than that of gold

(see Table 2 for metal price comparison). Another advantage is

that most metal substrates can be easily purchased from many

stores. Moreover, the seven effective metals, compared to Au,

form minor deeps trap inside Si.5

In combination with SEM and TEM analysis of nanowire

product produced from each bulk metal, nanowires have average

diameters less than 40 nm. HRTEM images of obtained wires

show their single crystalline structure (Fig. 5 and S6–S8†).

Nanowires were coated with a thin (<2 nm) rough amorphous

layer which is mostly likely attributed to oxidation of nanowire

while they are exposed to air. In situ formation of seed particles
(the inset shows the corresponding indexed fast Fourier transforms), (b)

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Field-emission characteristics of the silicon nanowire/metal

electrodes. (a) Current–voltage curves from the Si nanowires grown on

Al, Ti, and Cu substrates. (b) Fowler–Nordheim plot.
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on the metal surface is critical to drive Si crystallization and leads

to size-controlled growth. Si nanowires crystallize out from

liquid- or solid-phase seeds depending on the eutectic tempera-

tures of metal/Si. Metals yielding nanowires via solid-phase

seeding could maintain their original morphology, whereas the

shape of low melting-point metals such as Pb was dramatically

changed from planar shape to stone-like shape after reactions

(Fig. 2b and c). Solid-phase seeding also offers advantages to

allow reactions to be carried out at temperatures much lower

than eutectic temperatures and to alleviate agglomeration of seed

nanocrystals.

Field emission performance of as-grown Si nanowires was

measured and the current density as a function of the macro-

scopic electric field is shown in Fig. 6a. The turn-on electric field

(defined as the electric field to a current density of 0.01 mA cm�2)

is estimated to be 1.7, 2.6, and 4.1 V mm�1 for Al, Ti, and Cu

substrates, respectively, and an emission current density of 1 mA

cm�2 was obtained at 2.5, 3.5, and 5.3 V mm�1. Fig. 6b shows the

Fowler–Nordheim (FN) plot [log (J/F2) versus (1/F)] of field

emission. The FN plot shows the measured data fit well to the

linear relationship given by the following equation:

log (J/F2) ¼ log (Ab2/F) � BF3/2/bF,

with two distinct regions, where A ¼ 1.54 � 10�6 A eV V�2,

B ¼ 6.83 � 103 eV�3/2 V mm�1, J is the current density, b is the

field enhancement factor, and F is the work function of emitter

materials. Assuming F equals 3.6 eV for Si, the b can be calcu-

lated from the slope of the FN plot and is calculated to be 5250,

3435, and 1965 from the Al, Ti, and Cu, respectively.

As-grown Si nanowires exhibit superior field emission

performance with low turn-on electric field and high b value.41–43

Electron injection, electron transmission, and emission in

vacuum are three major steps in a field emission process. Strong

mechanical adhesion and good electrical contact between nano-

wires and metal substrates allow efficient electron injection and

transmission through Si nanowires, thus enhancing current

density. The small resistivities of Al, Ti, and Cu substrates

provide good electrical conductivity and markedly lower the

turn-on electric field.44 Nanowires grown from Cu and Ti

substrates had higher turn-on voltage compared to Al-grown

nanowires. This result is probably due to the formation of metal

silicides on the metal surface.45 The resistivities of copper silicide

(�60 mU cm) and titanium silicide (�20 mU cm) are higher than

Al (�2.8 mU cm), which results in the need of higher voltage to

drive the field emission of Si nanowires.46,47

After removal of Si nanowires from metal substrates, the same

substrates can be reused for further batches of reactions. Fig. 7

shows SEM images of Si nanowires synthesized on Cu, Al and Ti

substrates on the second, fifth, eighth and tenth reuses for

nanowire growth, respectively. Nanowires had similar quality in

each batch as confirmed by SEM and TEM characterization.

This result shows that bulk metals have reliable catalytic reus-

ability. In addition, the growth of Si nanowires can be extended

to bulk metals with a wide range of morphologies. As shown in

Fig. 8, Si nanowires could be directly grown on a Cu, Ag, Fe bulk

wire, Al foil, Cu cylindrical block and Cu grid (supported

materials for SEM and TEM imaging). Utilizing shape-tunable

metals implements Si nanowires into versatile architectures for
This journal is ª The Royal Society of Chemistry 2011
many applications. For instance, the self-supported silicon

nanowires grown on conducting wire or foil represent a novel

architecture for lithium-ion battery electrodes, field emission

electrode, and optoelectronic devices. Nanowire growth on the

metal materials, which are usually used for microscopy imaging,

might be useful to in situ study of reactions between the Si

nanowire and metals.
Conclusion

Cost-effective, easily obtained bulk metals, including Ag, Al, Cu,

Fe, Ni, Pb and Ti, have been demonstrated as effective and

reusable catalysts for the growth of single-crystalline Si nano-

wires in supercritical benzene. It should be noted that metals not

examined in this study are also potential catalyst candidates for

Si nanowire growth. This approach can produce narrow size-

distributed Si nanowires seeded by metal nanocrystals in situ

formed on the metal substrates. Seeded growth using bulk metals

as catalysts no longer needs to deal with complicated and

expensive metal catalyst preparations which are usually met in

traditional metal-seeded nanowire synthesis. Moreover, direct

growth of Si nanowires on morphology-tunable conducting

substrates can be achieved for advanced nanowire-based appli-

cations. This method represents an alternative synthetic protocol
J. Mater. Chem., 2011, 21, 13793–13800 | 13797
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Fig. 7 SEM images of Si nanowires synthesized from the same metal substrate: on second, fifth, eighth and tenth reused reactions in supercritical

benzene from (a–d) Cu (550 �C, 10.3 MPa), (e–h) Al (480 �C, 10.3 MPa), and (i–l) Ti (530 �C, 10.3 MPa) substrates, respectively.
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to metal-seeded nanowire synthesis and is believed to be

important for both fundamental study and technological

applications.
Experimental

Materials

Anhydrous benzene was purchased from Sigma-Aldrich;

monophenylsilane (MPS, 97%) was purchased from Gelest. All

chemicals were stored under argon-filled box and used as

received. Planar bulk metal substrates of Ag, Al, Cu, Ni, Pb, and

Ti, and Ag wires were purchased from the Taiwan Non-Ferrous-

Metal Company. Au foils (0.025 mm, 99.99%) were purchased

from Sigma-Aldrich. Cu wires, Fe substrates, Fe wires, and Al

foils (DIAMOND Aluminium Foil) were purchased from

hardware stores in Taiwan. Copper grids were purchased from

Electron Microscope Sciences. Cu blocks were purchased from

JEOL. All metals were stored in a dry box.
13798 | J. Mater. Chem., 2011, 21, 13793–13800
Experimental details

Silicon nanowire reactions were carried out through a semi-batch

reaction in a 10 ml titanium grade-2 reactor. Metals were sanded

to remove the oxide layer with a sandpaper, followed by washing

with acetone and toluene. A piece of metal, such as Ag, Al, Au,

Cu, Fe, Ni, or Ti, was directly placed into the reactor. For Pb,

a piece of Pb substrate was put on the Si wafer and placed inside

the reactor together. The reactor containing metal substrates

inside was first placed into an argon-filled glove box to make it

free of oxygen, and then was removed from the glove box. The

reactor cell was covered with heating tape and insulation and the

temperature is maintained to within �1 �C by a temperature

controller. The inlet of the Ti reactor cell was connected to

a high-pressure (1/160 0 i.d.) tubing via a LM-6 HIP (High Pres-

sure Equipment Co.) reducer. The inlet 1/160 0 stainless steel

tubing was collected to a six-way valve (Valco) equipped with

a 0.5 ml injection loop. A high pressure liquid chromatography

(HPLC) pump (Lab Alliance, series 1500) connected to the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 HRSEM images of Si nanowires produced in supercritical

benzene on a (a) Cu wire, (b) Cu block, (c) Cu grid, (d) Al foil, (d) Ag

wire, and (f) Fe wire, respectively. Insets: photographs of the substrates

after reactions.
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six-way valve was used to deliver the reactant solution into the

reactor as well as to pressurize the reactor. The reactor pressure is

monitored with a digital pressure gauge (Yan-Chang Tech-

nology). The reactant solution was prepared in the glove box.

Pure MPS was added to anhydrous benzene prepared at 500 mM

to 1 M concentration. In a typical semi-batch nanowire reaction,

initially the reactor was heated to reaction temperatures and

pressurized to 5.5 MPa. Then a 1 mL reactant solution was

brought out from the glove box and injected into the injection

loop. The reactant mixture was added to the reactor by the pump

at a flow rate of 0.5 mL min�1. The HPLC pump was turned off

while the system reached a final pressure of 10.3 MPa. After 5

min, the reactor was submerged in a water bath until it reached

room temperature. The reactor was carefully opened due to the

remaining high pressure inside the reactor. The reacted metals

with Si nanowires covered were removed from the reactor for

further characterization.

Bulk metals and Si nanowires characterization

The chemical bonds of bulk metals were analyzed by a high

resolution X-ray Photoelectron Spectrometer (XPS, PHI Quan-

tera SXM/Auger: AES 650). Before XPS analysis, a piece of

metal (0.25 cm2) was cleaned by acetone and toluene. Si nano-

wires were characterized using scanning electron microscopy

(SEM) and transmission electron microscopy (TEM). For

HRSEM imaging, images were obtained using a HITACHI-

S4700 field-emission SEM and a JSM-7000F (JEOL) thermal-

type field-emission SEM, operated at 5–15 kV accelerating

voltage with working distances ranging between 10 and 20 mm.
This journal is ª The Royal Society of Chemistry 2011
For HRTEM imaging, the TEM samples were prepared by either

drop-casting nanowires from toluene dispersions onto 200 mesh

lacey carbon-coated copper (gold) grids (Electron Microscope

Sciences) or dry transferred by scratching the grids on the surface

of the nanowire-deposited metals. Images were acquired using

200 kV accelerating voltage on a Philips Tecnai G2, JEOL JEM-

2100F, and JEOL JEM-3000F, all equipped with an Oxford

INCA EDS spectrometer.

Field emission

The field-emission (FE) characteristics were determined by

a Keithley 237 current–voltage analyzer at a vacuum level of 10�6

Torr at room temperature. A copper tip was employed to act as

an anode with the tip area of 0.00709 cm2, and as-grown Si

nanowire on the metal substrate with an area of �1 cm2 was

made as cathode. The distance between the copper anode and the

top of nanowires was in the 100–250 mm range. The dependence

of the field emission current on the anode–cathode voltage was

recorded automatically with a Keithley 237 current–voltage

analyzer measurement system.
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