
Dynamic Article LinksC<Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2012, 22, 2215

www.rsc.org/materials PAPER

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l T
si

ng
 H

ua
 U

ni
ve

rs
ity

 o
n 

11
/1

1/
20

15
 1

2:
37

:2
9.

 
View Article Online / Journal Homepage / Table of Contents for this issue
High-yield, high-throughput synthesis of germanium nanowires by
metal–organic chemical vapor deposition and their functionalization and
applications†

Hong-Jie Yang and Hsing-Yu Tuan*

Received 29th September 2011, Accepted 3rd November 2011

DOI: 10.1039/c1jm14875c
In this study, a direct liquid-injection metal–organic chemical vapor deposition (LIMOCVD) is

developed as a novel synthetic method for high-yield, large-scale synthesis of Ge nanowires via vapor–

liquid–solid (VLS) growth at temperatures ranging from 390 to 480 �C at atmospheric pressure. Among

the precursors tested, including diphenylgermane (DPG), n-butylgermane (NBG), and

tetraethylgermane (TEG), DPG exhibited the most suitable reactivity for LIMOCVD nanowire

reactions. While using DPG as a precursor, the yields of Ge nanowires by VLS growth can reach up to

�30%. As a proof-of-concept for scale-up synthesis, sub-gram quantities of Ge nanowires were

produced by consecutive injections of precursor solution. The Ge wires were passivated by an

alkanethiol monolayer which gives rise to stability, oxidation resistance and significantly improved

dispersibility in organic solvents. Nanowire solutions could be used as inks for applications in many

fields. For example, bendable, thickness-tunable Ge nanowire fabrics were fabricated from the inks.

The LIMOCVD-VLS growth could potentially serve as a facile and reliable method for industrial-scale

production of Ge nanowires due to its superior synthetic capacity and low manufacturing cost.
Introduction

Semiconductor nanowires have been demonstrated as building

blocks for various new potential applications such as polymer–

inorganic composites, lithium batteries, conducting fabrics,

printed electronics, nanogenerators, and low-cost photovoltaics.1

Germanium (Ge) nanowires represent a particularly attractive

class of materials due to their higher carrier mobilities compared

with silicon (Si), high theoretical lithium capacity (�1600 mAh

g�1), large exciton radius (�24.3 nm), and size-dependent optical

and mechanical properties.2 To meet potential market demands

for those applications, there exists an imperative need to develop

a robust synthetic scheme to produce Ge nanowires on a massive

scale.

The metal-seeded vapor–liquid–solid (VLS), supercritical-

fluid–liquid–solid (SFLS), and solution–liquid–solid (SLS)

mechanisms are the common routes to produce high-quality

semiconductor nanowires.3 Table 1 summarizes the representa-

tive appearing strategies employing these mechanisms for Ge

nanowire synthesis. The CVD-VLS growth has been developed
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as the most successful and general method for semiconductor

nanowire production, however, in most cases its synthetic yield is

extremely low and may not be applicable for commercial

production. One of the key reasons for its low throughput is the

lack of suitable precursors to be integrated with viable synthetic

configuration for massive production of nanowires.4 The pre-

vailing precursors for vapor-grown Ge nanowires are GeH4 and

GeCl4. GeH4 gas is highly reactive and decomposes at temper-

atures higher than 280 �C.5 However, the use of GeH4 requires

extremely careful treatment to prevent serious explosions or

health hazards due to its pyrophoric and toxic properties.6 GeCl4
needs high temperatures (>750 �C) to decompose and the reac-

tion by-products, such as HCl, would unintentionally etch the

reactor wall, transportation line, and other connected equip-

ment. Therefore, experiments associated with GeH4- or GeCl4-

related reactions must be operated at very dilute concentrations.

A standard CVD-VLS synthetic scheme in which metal catalysts

are immobilized on the substrate limits the wire growth on the

surface, and the amount of producible wires is limited to the

number of metal catalysts in the reactor, making extreme low

precursor usage. In addition, the processing instruments are

equipped with expensive and sophisticated gas installations,

high-vacuum equipment, bubblers and vaporizers, and secure

observation instruments. On the other hand, solution-phase

methods, i.e., SFLS and SLS, provide promising alternative

routes to vapor-phase synthesis for massive production of Ge

nanowires due to the facile tunability of the synthesis parameters
J. Mater. Chem., 2012, 22, 2215–2225 | 2215
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Table 1 Summary of the strategies developed for metal-seeded Ge nanowire synthesis. Synthesis methods are categorized into two types: solution phase
and vapor phase synthesis

Methods Temperature Pressure Precursors Yield Ref

Solution phase Supercritical fluid 400–500 �C 10.3–38 MPa (C6H5)2H2Ge 60–80% 7
Solvothermal 360 �C n/a (C6H5)2H2Ge n/a 8
High boiling point solvent 350 �C 760 Torr GeI2 40% 9

Vapor phase Chemical vapor deposition 250–400 �C 3–300 Torr GeH4 n/a 10
400 �C 3 mTorr Ge2H6 n/a 11
325 �C 0.01 Torr Ge(C5H5)2 n/a 12
750 �C 760 Torr GeCl4 n/a 13

Vapor transport 800–1000 �C 30 mTorr Ge and GeI4 n/a 14
700–1000 �C 160 Torr Ge n/a 15

Laser ablation 820 �C 300 Torr Ge0.9Fe0.1 n/a 16
LIMOCVD (this study) 390–480 �C 760 Torr (C6H5)2H2Ge 13–31%
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and high-diffusion-rate environment. Nonetheless, the SFLS

growth is carried out in a high-pressure environment, which is

not ideal for commercial production. On the other hand, SLS-

based growth relies on high boiling-point compounds as reaction

solvents, thus is neither environmentally-friendly nor cost-

effective, and in addition, might cause carboneous contamina-

tion or unwanted reactions of the nanowires.

Using chemically-safe liquid organometallic precursors for

CVD has been an increasing trend because they are less harmful,

flammable, corrosive, and toxic than gaseous ones.17–19 Their

chemical and physical properties, such as solubility in solvents,

decomposition kinetics, and melting and boiling points, can be

customized by the organic ligands of the precursors (e.g., alkyl,

alkenyl, aryl., etc) to match the desired properties for use.20

Liquid organometallic compounds that are relatively non-vola-

tile and inert under ambient conditions are much safer to handle.

Non-volatile liquid precursors were usually incorporated into

a liquid-injection metal–organic chemical vapor deposition

(LIMOCVD) system in which precursor vapour was transported

to a reactor relying on the control of feeding liquid flux.17

Recently, the LIMOCVDmethod has been used for reproducible

deposition of oxide and ferroelectric thin films and carbon

nanotubes, and Si nanowires.21–23
Scheme 1 Schematic diagram of the experimental setup of liquid injec-

tion metal–organic chemical vapor deposition (LIMOCVD) for the

vapor–liquid–solid (VLS) growth of Ge nanowires. A high-performance

liquid chromatography (HPLC) pump is used to deliver the loaded

reactants into the reactor via the ports on the six-way valve loop. The

reactor is heated by the heating block connected to a voltage source

coupled with a temperature controller. The system pressure is monitored

by a digital pressure gauge. The micro-control metering valve is manually

opened to adjust the system pressure under atmospheric pressure.

2216 | J. Mater. Chem., 2012, 22, 2215–2225
In this study, we introduce the LIMOCVD method for the

VLS growth of Ge nanowires. Scheme 1 shows the schematic of

experimental design for the LIMOCVD-VLS growth. In

a typical synthesis, liquid reactants were initially loaded into an

injection loop and then were continuously delivered to the

reactor by a delivery pump. Liquid reactants immediately

convert to vapour phase in the preheated region (�220 �C) and
transport into the reactor to begin nanowire reactions at elevated

temperatures. The micro-control metering valve was manually

adjusted to equilibrate the system pressure at atmospheric pres-

sure. Since there is very little known about the pyrolysis chem-

istry of relevant liquid organometallic precursors for VLS

growth of Ge nanowires, three liquid organometallic

compounds, including diphenylgermane (DPG), n-butyl

germane (NBG) and tetraethylgermane (TEG), were explored

and their decomposition kinetics for nanowire reactions were

investigated. Ge nanowires with reaction yields up to�30% were

achieved by the developed method, giving much higher yield

compared to other CVD-VLS growth of Ge nanowires (Table 1).

The sub-gram production of Ge nanowires was achieved in a one

batch reaction by consecutive injections of precursor solution.

The surface of the obtained Ge wires could be chemically

passivated by an alkanethiol monolayer to make them chemically

stable against oxidation and well-dispersed in conventional

organic solvents. The nanowire solution could serve as nanowire

inks for a wide range of nanowire applications. For example, we

have demonstrated that bendable semiconductor fabrics

composed of Ge nanowires can be fabricated from the inks.
Experimental

Chemicals

All chemicals were used as-received. Diphenylgermane

((C6H5)2H2Ge, DPG, 95%), n-butylgermane (C4H9GeH3, NBG,

95%) and tetraethylgermane ((CH3CH2)4Ge, TEG, 95%) were

purchased from Gelest. Hydrogen tetrachloroaurate(III) trihy-

drate (HAuCl4$3H2O, 99.9%), tetraoctylammonium bromide

([CH3(CH2)7]4NBr, TOAB, 98%), sodium borohydride (NaBH4,

98.0%), toluene (C6H5CH3, 99.9%), anhydrous toluene (99.8%),

1-hexanethiol (C6H13SH, 95%), 1-dodecanethiol (C12H25SH,

98%), 1-hexadecanethiol (C16H33SH, 99%), chloroform (CHCl3,

99.9%) and ethanol (C2H5OH, 99.8%) were purchased from

Aldrich.
This journal is ª The Royal Society of Chemistry 2012
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Ge nanowire synthesis

Nanowire reactions were carried out in a 10 mL titanium (Ti)

grade 2 reactor with a cleaned Si substrate placed inside. The

inlet and outlet of the Ti reactor cell were both connected to

a stainless steel (1/800 i.d.) tubing via a LM-6 HIP (High Pressure

Equipment Co.) reducer. The inlet of the cell was connected to an

injector valve (Valco) coupled with a 5 ml or a 10 ml injection

loop via a 1/80 0 stainless steel tubing, where the outlet of the cell
was connected to a micro control-metering valve (HF4-V, HIP),

respectively. The valve was used to control the outlet rate of

reactants and the system pressure. A Si (100) wafer, sonically

cleaned in acetone for 40 min, followed by a sequential rinse in

2-propanol and in doubly distilled deionized water, was placed

inside the reactor cell as a substrate to collect the produced

nanowires. The temperature of the reactor was controlled to

a deviation within 1 �C via a temperature controller. Heating

tape and insulation tape covered the whole cell to maintain the

reactor temperature. The system pressure was monitored with

a digital pressure gauge. A high-pressure liquid chromatography

pump (Lab Alliance, series 1500) was used as a liquid deliver

pump to transport anhydrous toluene to the reactor system.

Dodecanethiol-coated Au nanocrystals were prepared accord-

ing to the procedure outlined in the literature.24 The Au nano-

crystals had an average diameter of approximately 3.9 nm. ForGe

nanowire synthesis, a stock solution of 300 mM Ge precursor

(TEG, NBG, or DPG) in toluene with a Ge/Au molar ratio of

1000 : 1 was prepared in a glove box where oxygen and water

concentration were below 1 ppm. Prior to synthesis, the reactor

was placed in the glove box to eliminate oxygen and then was

brought out from the glove box. The reactor cell was heated to the

desired synthesis temperature. The reactor was filled with an

anhydrous toluene vapor atmosphere at a flow rate of 1 ml min�1

for 40min. Theprecursor solutionwas loadedmanually into a 5ml

loading loop and was delivered by the HPLC pump. In a reaction,

the precursor immediately volatilized and swept into the reaction

zone.When theprecursor solutionwas injected into thehot reactor

filled with the vapor phase toluene, the micro-control metering

valve was slightly manually opened to equilibrate the system

pressure at 1 atm. When the reaction ended, the valve was closed

and the injection flow and heater was turned off. Unreacted

reactants and by-products were condensed to the pipe line con-

nected to the end of the reactor and finally were collected in a glass

reservoir with Ar purge. Fresh air was used to cool the reactor cell

until it reached room temperature. The Si substrate was removed

from the reactor. The Ge product obtained from reactions was

stored under ambient conditions for further characterization.
Scale-up production of Ge nanowires

The procedure for the scale-up synthesis of Ge nanowires is

similar to typical Ge nanowire synthesis, except for the steps

described below. DPG solution in 300 mM was loaded into

a 10 ml loop and was injected into the reactor. When a reaction

reached the end of the injection, another stock solution was

loaded into the loop and was injected to reactor to continue the

nanowire synthesis. For 0.2 g nanowire synthesis, three succes-

sive injections, equal to a total of 30 ml DPG solution (300 mM),

were injected into the reactor.
This journal is ª The Royal Society of Chemistry 2012
Functionalization of Ge nanowires by alkanethiol reactions

Prior to the alkanethiol reactions of Ge nanowires, the nanowire

product was cleaned by immersion of nanowires in a 1 : 1 volume

mixture of toluene and ethanol, followed by centrifugation at

8000 rpm for 5 min to remove unreacted reactants. Hydride-

terminated nanowires were produced by immersion in aqueous

5% HF for 5 min, followed by an anhydrous methanol rinse. The

etched wires were then quickly transferred to a Schlenk line

under Ar atmosphere. 5 ml of neat alkanethiol (1-hexanethiol,

1-dodecanethiol or 1-hexadecanethiol) was added to immerse Ge

nanowires. The mixed solution was heated to 80 �C for 24 h for

thiolation. Afterwards, the nanowire product was dispersed in

a 1 : 1 : 1 volume mixture of chloroform, toluene, and ethanol

for centrifugation at 8000 rpm for 5 min. The washing procedure

was repeated twice more to remove excess organic ligands.

Fabrication of nanowire fabric

AGe nanowire fabric was made by vacuum-filtering a dispersion

of nanowires in toluene (0.5–1 mg ml�1) through porous alumina

filters (Whatman Anodisc13, 0.2 mm pores). The fabric was

air-dried for 2 h, and then was removed by careful peeling or

dissolving the filtration membrane.

Characterization

Reaction products were characterized by scanning electron

microscopy (SEM), and transmission electron microscopy

(TEM), energy dispersive X-ray spectroscopy (EDS), X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS),

attenuated total reflectance Fourier transform infrared (ATR-

FTIR), Raman spectra, electron ionization mass spectroscopy

(EI-MS).

SEM images were obtained on a HITACHI-S4700 field-

emission scanning electron microscope with 3–10 kV accelerating

voltage with working distances ranging between 10 to 20 mm,

typically by looking at the deposition substrate with the collected

product. HRTEM and EDS were performed on a JEOL, JEM

2100F operating at 200 kV equipped with an Oxford INCA

EDX. For TEM imaging, the nanowires dispersed in toluene

were drop-cast onto a 200 mesh lacey carbon-coated copper grid

(Electron Microscope Sciences). TEM images were obtained at

200 kV accelerating voltage. XRD patterns were recorded by

a Rigaku, Ultima IV X-ray diffractometer using Cu-Ka radia-

tion operated at 40 kV and 20 mA. The XPS measurements were

made using a Kratos Axis Ultra DLD. This system uses a focused

monochromatic Al X-ray (1486.6 eV) source for excitation

coupled with a spherical section analyzer at a base system pres-

sure of 1 � 10�9 Torr. The samples for XPS were made by

deposition of Ge nanowire mats on Si substrates after various

functionalization treatments. ATR-FTIR spectra were recorded

using a Perkin-Elmer Spectrum RXI FTIR spectrometer with

1 cm�1 resolution and 64 scans. FTIR spectra were recorded after

forming thin films of material on the zinc selenide ATR crystal.

Ge nanowire thin films were formed by drop casting the chlo-

roform dispersions directly onto the surface of the ATR crystal

and allowing the chloroform to evaporate. Raman scattering

measurements of Ge nanowires were performed at room

temperature using the Jobin-Yvon HR800 Raman system. The
J. Mater. Chem., 2012, 22, 2215–2225 | 2217
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excitation source was the 632.8 nm line of a He:Ne laser with

a spot size of 7 mm in diameter and a power of 20 mW with an

average of 15 internal scans. Electron ionization mass spectros-

copy (EI-MS) was performed on a Micromass TRIO 2000 mass

spectrometer. The electrical transport properties of the Ge

nanowire and nanowire fabric were performed using a home-

built probe station equipped with a Keithley 236 semiconductor

parameter analyzer. Some of these nanowires were transferred

onto SiO2/p
2+Si chips with photolithographically pre-patterned

Au/Ti microelectrodes. The single nanowire devices were fabri-

cated by electrical contact using a focused ion beam (FIB, FEI

Nova 200) system to deposit platinum to locate the nanowires in

the area connected to the gold pad. The Pt electrodes were

written with a 30 keV Ga+ beam at 10 pA beam current. Elec-

trical transport measurements for a nanowire fabric (fabric was

cut into small rectangles of 0.4 � 0.4 cm2) were obtained by

a Keithley 236 source meter recorded under ambient conditions

using silver paste to form the contact pads between the probes

and the fabric.
Fig. 1 SEM images of the reaction products obtained from (a) TEG, (b)

NBG, (c) DPG at 480 �C, 1 atm by LIMOCVD. In each case, a concen-

tration of 300 mM precursor solution with a Ge/Au molar ratio of

1000 : 1 was injected into the reactor at a flow rate of 0.03 ml min�1.
Results and discussion

Role of precursors in Ge nanowire synthesis

DPG, NBG, and TEG were explored as organometallic liquid

precursors since they are substantially less hazardous and toxic at

ambient conditions associated with appropriate low cracking

temperatures (280 to 375 �C).25–27 For instance, DPG was

reported to decompose slowly at room temperature.28 NBG is

non-pyrophoric, flammable and is relatively unreactive to water,

oxygen and moisture.29 TEG is a colorless liquid which does not

undergo hydrolysis at 25 �C.30 Fig. 1 shows scanning electron

microscopy (SEM) images of the solid product obtained by

decomposition of TEG, NBG, and DPG in the presence of

3.9 nm dodecanethiol-coated Au nanocrystals at 480 �C at 1 atm,

respectively. In each case, 300 mM of organometallic precursor

solution with a Ge/Au molar ratio of 1000 : 1 was injected into

the reactor at a flow rate of 0.03 ml min�1. The alkyl- and aryl-

substituted organogermanes exhibit notable reactivity differ-

ences in the nanowire reaction. In TEG reactions, the majority of

the product was in the form of Ge particles and the nanowire

yield is extremely low. NBG gave a moderate yield of Ge

nanowires. DPG gave high-quality Ge nanowires as the primary

reaction product. Most of the Ge nanowires from DPG were

straight and some were slightly curved, while tapered ones were

hardly observed. Previous reports show that the overall decom-

position reaction of TEG is likely via a b-hydrogen elimination

mechanism rather than radical pathways in the temperature

ranging 450 to 800 �C under inert atmosphere.31 However, alkyl-

germane appears to be kinetically stable at 450 �C, making

homolytic cleavage of the alkyl Ge-C bond too slow to sustain

wire growth. Slow decomposition of precursors causes severe

particle agglomeration, leading to larger nanowire size deviation.

Compared to NBG, TEG exhibits a higher degree of thermal

stability possibly due to its additional alkyl groups. DPG appears

to represent decomposition kinetics faster than alkylgermanes.

DPG effectively undergoes a series of disproportionation reac-

tions to form germane and tetraphenylgermane followed by

subsequent decomposition of germane to Ge atoms.26
2218 | J. Mater. Chem., 2012, 22, 2215–2225
Consequently, the aryl germane is a more suitable reactive

substituent than the alkyl germanes for nanowire growth.
Ge nanowire characterization

Fig. 2a shows a photograph of 15 mg of Ge nanowires collected

on a Si substrate. The nanowires are more than 40 mm long with

aspect ratios greater than 1000 in the form of high order of
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/C1JM14875C


Fig. 2 LIMOCVD-grown Ge nanowires. (a) photograph of 15 mg of Ge

nanowires on a Si substrate; (b) SEM and (c) TEM images show that the

product is mainly composed of nanowires; (d) XRD pattern of the Ge

nanowires.

Fig. 3 EDS spectra collected from (a) the tip and (b) the stem of the Ge

nanowire. The inset of (a) shows the TEM image of a Ge nanowire grown

from DPG, showing the tip at the end with a dark contrast. The result

reveals only Ge in the core of the wire, and Ge and Au in the particle at

the nanowire tip. The Cu signal is from the copper grid, and O is due to

the surface oxide of the nanowire.
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abundance and purity without any appreciable amount of

particulate by-products (Fig. 2b–c). Fig. 2d shows the XRD

pattern collected from the as-prepared Ge nanowires. Three

diffraction peaks can be readily indexed as (111), (220), and (311)

of the crystalline diamond cubic structure of Ge (PDF Card No.

04-006-2620). In terms of nanowire size, statistical analysis from

TEM images over 60 Ge nanowires reveals an average diameter

of 47 nm, which did not match with the original size of the 3.9 nm

Au nanoparticles. This result could be explained by the

agglomeration of Au nanoparticles at higher temperature,

leading to a wide diameter distribution of Ge nanowires. The

inset of Fig. 3a is a TEM image of a Ge nanowire tipped with an

Au nanoparticle, implying that the growth follows the Au-seeded

VLS mechanism. Energy dispersive X-ray (Fig. 3a) analysis of

the tip shows the presence of Au and Ge. Lattice-resolved

HRTEM images of Ge nanowires are shown in Fig. 4. A very

thin amorphous layer was observed at the surface. Only trace

amounts of oxygen were detected by EDX in this surface region

(Fig. 3b), which is attributed to oxidation under an ambient
This journal is ª The Royal Society of Chemistry 2012
environment. The inter-lattice distance (d-spacing value)

measured from the HRTEM image is 0.326 nm, consistent with

the spacing of (111) planes in bulk Ge. Around 75% of the

nanowires grow in the <111> direction, whereas 15% of wires

grow in the <110> direction and 10% of wires grow in the <211>

direction. The large portion of <111> growth direction in the Ge

nanowires is similar to the result of Au-seeded whisker growth at

similar reaction temperatures.32 <211>-oriented nanowires were

found to have stacking faults extending down the wire center, as

shown in Fig. 4c. The twin orientation in VLS-grown Ge nano-

wires appears to be a common defect type, as observed

previously.33,34

The electrical properties of a single Ge nanowire obtained

from LIMOCVD growth were measured. Fig. 5 shows the

current–voltage (I–V) characteristics of a 65 nm sized Ge nano-

wire measured from a four-terminal Ge nanowire device. The

curve exhibits a linear dependence, which shows an ohmic

behaviour with a resistance of R ¼ 26 kU. A resistivity of

4 � 10�3 Ucm was obtained by using the formula R ¼ rL A�1,

where R is the measured resistance, r the resistivity of the

material and A and L the nanowire cross-sectional area and

length, respectively. Compared with the intrinsic resistivity of

bulk Ge (47 Ucm35) at room temperature, the relatively smaller

resistivity of Ge nanowires is possibly attributed to some unin-

tentional doping into nanowires, or attributed to the effect of

surface states of Ge nanowires.36,37

In the LIMOCVD-VLS growth, the entire system is uniformly

heated to enable thermal activation of gas precursors. Since the

total pressure was 1 atm, gas-phase reactions must be taken into

account in the consideration of overall reaction kinetics. There-

fore, the decomposition of DPG is proposed to be rate deter-

mining in the growth processes. The mass spectra of both the
J. Mater. Chem., 2012, 22, 2215–2225 | 2219
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Fig. 4 HRTEM images of crystalline Ge nanowire growth along (a) the

h111i direction, (b) the h110i direction, and (c) the h112i direction.

Fig. 5 Electrical transport measurement on a single-crystal Ge nano-

wire. Current–voltage characteristics of a 65 nm and 9 mm long Ge

nanowire at room temperature. A resistance of R ¼ 26 kU (resistivity of

r ¼ 4 � 10�3 Ucm) was obtained from four-probe measurements. The

inset shows an SEM image of the Ge nanowire with contact to 4 probes

by the deposited platinum.

Fig. 6 Plot of reaction temperature versus product yield in LIMOCVD-

VLS growth of Ge nanowires.
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as-received DPG from the supplier and the aliquots of DPG

decomposition product at 480 �C were obtained (Fig. S1, ESI†).

Monophenylgermane and tetraphenylgermane significantly
2220 | J. Mater. Chem., 2012, 22, 2215–2225
increased from the DPG decomposition product compared to

those in as-received DPG, thus confirming that DPG decom-

poses under these conditions by phenyl redistribution. DPG

decomposes via a series of phenyl redistribution reactions to give

Ge, tetraphenylgermane, hydrogen, and benzene as final reaction

products.26,28 Intermediate phenylgermanes, such as mono-

phenylgermane and triphenylgermane, were also decomposed by

a similar redistribution pathway at elevated temperature.38,39 For

the overall nanowire growth scheme, DPG decomposes to Ge

atoms and Ge subsequently dissolves into Au nanocrystals. Ge

atoms continually feed the seed particle until the alloy undergoes

a phase change to a liquid droplet. Eventually, the eutectic liquid

droplet supersaturates and Ge crystallizes out from the interface

at the droplet in the form of nanowires.

The yield of Ge nanowires increased as the reaction tempera-

ture increased (Fig. 6). When reactions were carried out at

250 �C, no wires were yielded, showing that this temperature is

not sufficient to decompose precursors. Previous studies have

also shown that DPG does not decompose after 8 h at 250 �C. A
few short wires were formed at 300 �C, which appears to be the

threshold temperature to yield wires. 300 �C is 60 �C lower than

the eutectic temperature of Au–Ge (�360 �C). It has been

reported that the melting temperature of the Ge/Au alloy is

significantly suppressed compared to its bulk values derived from
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 SEM images of Ge nanowires using DPG at (a) 330 �C, (b)
390 �C, (c) 480 �C, (d) 570 �C.
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the conventional phase diagram. At 330 �C, only �7.35% of

DPG was converted and most of the product was particles

(Fig. 7a). At temperatures ranging from 390 to 480 �C, the

product mostly consists of high-quality wires and the yield was

largely increased, ranging from 12 to 31% (Fig. 7b–c), repre-

senting the best temperature region for nanowire growth. At

temperatures higher than 520 �C, many large particles form due

to severe homogeneous nucleation reactions. It shows that

nanowire growth can be sustained, but homogeneous nucleation

of Ge remains a competing mechanism and severely degrades the
Fig. 8 (a) Photograph of 0.2 g LIMOCVD-grown Ge nanowires

obtained from three successive injections of 10 ml, total of 30 ml DPG of

300 mM. (b) SEM image of nanowires from (a) shows a dense nanowire

bundle.

Fig. 9 Photograph and SEM images of a Ge nanowire-covered substrate

obtained from 0.2 g nanowire synthesis. (a) Photograph of the substrate

with 40 randomly-selected regions indicated by the marked points. (b–d)

SEM images of three selected regions of the 40 randomly-picked regions,

corresponding to regions 6, 9 and 39, respectively (see SEM images for all

40 regions in Fig. S2, ESI†). Scale bar, 50 mm.

This journal is ª The Royal Society of Chemistry 2012 J. Mater. Chem., 2012, 22, 2215–2225 | 2221
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quality of the nanowires. At 570 �C (Fig. 7d) homogeneous

nucleation of Ge overwhelms the nanowire growth kinetics.
Fig. 11 Room-temperature Raman spectra of Ge wires from 0.2 g

LIMOCVD-grown Ge nanowires. 15 repeated measurements at different

spots (l ¼ 632.8 nm with a spot size of 7 mm in diameter and a power of

20 mW). The characteristic peak position (285 cm�1) of amorphous Ge

peaks is absent from the spectrum.12
Sub-gram scale synthesis

For commercial production, LIMOCVD provides superior

manufacturing advantages over the traditional CVD growth.

The overall growth is a continuous and automated process.

Metal nanocrystals and precursors are continuously fed into the

reactor at an injection rate accurately regulated by a delivery

pump. Nanowire reactions continuously occur if there are

sufficient reactants, i.e., floating metal seeds and precursors,

present in the reactor. The quality of each product could be

systematically reproduced once the best reaction conditions were

determined. Moreover, once the precursors participating in the

reaction are completely consumed, another batch of fresh

precursor can be injected into the reactor to continue the nano-

wire synthesis to produce more wires. We have conducted

a consecutive injection process for large-scale production of Ge

nanowires. Fig. 8 shows a photograph and SEM images of Ge

nanowires obtained from three successive injections of 10 mL

DPG solution of 300 mM (total 30 ml) at a flow rate 0.03 mL

min�1 at 480 �C. The weight of the dark brown nanowire product

reaches 0.2 g, corresponding to a yield of 30.6%. These results

demonstrate that the substrate surface was covered with large

quantity of nanowires. In order to ascertain the quality of

nanowires obtained from the large-scale synthesis, 40 different
Fig. 10 SEM images with a region of 0.15 cm � 310 mm (15 consecutive imag

Scale bar, 60 mm. The starting and end segments correspond to 1 to 15, resp

2222 | J. Mater. Chem., 2012, 22, 2215–2225
randomly-selected regions of the nanowire-covered Si substrate

(Fig. 9 and Fig. S2, ESI†) and a region of 0.15 cm � 310 mm

(Fig. 10) were imaged by SEM. All images show that the prod-

ucts are mainly composed of high-quality Ge nanowires

throughout the whole sample. Moreover, Ge nanowires were

characterized by a micro-Raman system with 1 cm�1 resolution

and 0.4 cm�1 reproducibility (Fig. 11). Raman scattering is very

sensitive to the lattice microstructure and crystal symmetry of

microcrystalline materials. The Raman measurements were
es) on a Ge nanowire-coated Si substrate from 0.2 g Ge nanowire sample.

ectively.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 12 (a) Ge 3d XPS of the Ge nanowires measured after exposure to

air for 24 h and immediately after HF treatment. XPS of Ge nanowires

passivated with (b) 1-hexanethiol, (c) 1-dodecanethiol and (d) 1-hex-

adecanethiol directly after thiol treatment and exposure to air for 24 h. (e)

Photograph of 1.5 mg Ge nanowires in 3 ml toluene placed for 2 h. From

left to right: unpassivated Ge nanowires, 1-hexanethiol, 1-dodecanethiol

and 1-hexadecanethiol-coated Ge nanowires. Spectral deconvolution was

performed as described in ref. 45. Data points represented by circles were

fit by adding separate peak contributions from the Ge0 3d5/2, Ge0 3d3/2,

Ge1+, Ge2+, Ge3+, and Ge4+ signals.

Fig. 13 ATR-FTIR spectra of Ge nanowires passivated with 1-hex-

anethiol, 1-dodecanethiol and 1-hexadecanethiol in the range of 2800–

3100 cm�1.
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performed directly on Ge nanowires with 15 measurements at

different spots to obtain statistically reliable results. The Raman

spectrum exhibits a line at 297 cm�1 arising from the vibrational

mode of the crystalline Ge. The strong peak can be interpreted as

the contribution of the crystalline Ge core with an asymmetric

full width at half-maximum (FWHM) of 13 cm�1 and with an

extended tail at low frequencies. Because the diameters of Ge

nanowires are finite-sized crystals with a wide distribution, an

extended tail at low frequencies thus arises in the Raman spec-

trum.40,41 It should be noted that the characteristic peaks (located
This journal is ª The Royal Society of Chemistry 2012
at �285 cm�1) of amorphous Ge are absent from the spectrum.12

The Raman data indicates that the product mostly consists of

crystalline Ge.
Chemical surface passivation

Surface passivation is crucial to prevent Ge oxidation and

corrosion for their uses in electronic and optoelectronic appli-

cations.42 Chemical modification of Ge nanowires could signifi-

cantly improve the dispersibility of nanowire solutions. XPS was

used to investigate the surface states of Ge nanowires. After

exposure to air for 24 h, oxide signals appeared in the XPS data.

The large shoulder on the Ge 3d peak at higher binding energy in

Fig. 12a corresponds to oxidized Ge species. After treatment

with diluted HF, native oxides were removed from the wire

surface. The XPS spectrum revealed that the HF-treated Ge

nanowires are almost in accordance with bare Ge, indicating they

are oxidation free, and no other bonding such as Ge–C bonding

was detected. We have employed alkanethiol ligands as passiv-

ation molecules for the surface of Ge nanowires. Ge nanowires

were passivated by thiol monolayers with varying chain lengths,

including 1-hexanethiol, 1-dodecanethiol and 1-hexadecanethiol.

ATR-FTIR spectroscopy (Fig. 13) confirmed that the nanowires

were coated with alkanethiol ligands. Symmetric and asymmetric

alkane CH2 stretches are visible at �2850 and �2920 cm�1, and

the shoulder at 2960 cm�1 is due to the asymmetric methyl CH3

stretch.43 However, S–H stretches were not observed in the FTIR

spectra of the thiolated nanowires because C–S and C–S–H

stretches have extremely weak absorption in IR spectra.44

Fig. 12b–d show high-resolution Ge 3d photoelectron spectros-

copy of passivated Ge nanowires after 0 and 24 h air exposure.

The XPS spectra were deconvoluted to determine the extent of

oxidation and the Ge oxidation state. The Ge 3d peak exhibits

a 3d3/2 and 3d5/2 spin–orbit splitting of 0.58 eV with an intensity

ratio of 0.58. The Ge1+, Ge2+, Ge3+ peaks were found at 30.25 eV,

31.1 eV, and 31.95 eV, respectively.45 Passivated Ge nanowires

exhibit negligible Ge oxide signal on the surface before exposure

to air. After air exposure for 1 day, dodecanethiol and hex-

adecanethiol-modified Ge nanowires still have negligible oxida-

tion signals of Ge, whereas hexanethiol-passivated Ge nanowires

exhibit detectible oxide signals composed of Ge1+, Ge2+ and Ge3+
J. Mater. Chem., 2012, 22, 2215–2225 | 2223
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Fig. 14 (a) Photograph of Ge nanowire fabric (diameter ¼ 13 mm).

SEM images of (b) the edge and (c) the cross-sectional area of a 30 mm

thick fabric. (d) SEM image of surface morphology of Ge nanowire

fabric. (e) Photograph of a 1.5 mm thick Ge nanowire fabric.

Fig. 15 Current–voltage characteristics of a 30 mm thick Ge nanowire

fabric.

Fig. 16 Potential application areas using Ge nanowire as a platform.
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species. These results show that the long chain could more

effectively protect the Ge surface against oxidation. FTIR and

XPS show that the surface of Ge nanowires can be chemically

reacted with alkanethiols. There is a distinct difference in the

dispersibility in organic solvents between the wires with and

without the alkanethiol coating (Fig. 12e). 1.5 mg of alkanethiol-

coated Ge nanowires remain well-dispersed in toluene for a few

hours without observable settling, whereas untreated nanowires

aggregated and entangled readily.
Ge nanowire fabric

The Ge nanowire solution could be termed as nanowire ink.

High-concentrated nanowire inks could be used for applications

requiring a large amount of nanowires. For example, fabrication

of a nonwoven Ge nanowire fabric, or paper consisting of Ge

nanowires needs a bulk quantity of nanowires. Fig. 14 shows

photographs and SEM images of Ge nanowire fabrics fabricated

from inks by a vacuum-filtration method as described in the

experimental section.46 A 30-mm thick fabric (Fig. 14 b–d) was

made from approximately 2.2 mg of nanowires. On the basis of

the mass and dimensions of the nanowire paper, the density is

approximately 12% compared to the density of bulk Ge, which
2224 | J. Mater. Chem., 2012, 22, 2215–2225
corresponds to roughly 12% Ge nanowires and 88% void space

by volume. The nanowire fabric is flexible and bendable. The

thickness of the fabric can be varied by changing the nanowire

loading on the filter. A Ge fabric with a thickness of up to 1.5 mm

was achieved by loading 90 mg Ge nanowires on the filter

(Fig. 14e). The measured electrical resistivity of the fabric

(Fig. 15) is around 7.5 � 105 Ucm. The larger resistivity is

attributed to the nanowire–nanowire or nanowire–impurity

contact resistance.47,48
Conclusions

We have developed the LIMOCVD method as a promising

chemical route for metal-seeded VLS Ge nanowire growth. The

LIMOCVD has the following advantageous aspects for

commercial production of Ge nanowires: (1) access to the use of

chemically-stable liquid organometallic precursors to achieve

high-yield CVD-VLS growth of Ge nanowires; (2) facile experi-

ment setup and mild reaction conditions; (3) scalable continuous

and automated process with manufacturing capabilities for

large-scale (e.g., kilogram) production; (4) wires produced

having single crystalline structure and reliable electric properties

available for further use in electronic or other applications; (5)

wires produced can be surface functionalized by organic mole-

cules to form oxidation-resistant Ge nanowire inks for imple-

mentation in many applications. Taken together, we
This journal is ª The Royal Society of Chemistry 2012
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demonstrate that the LIMOCVD-VLS growth could serve as

a potential robust synthetic scheme that may accelerate Ge

nanowires to the marketplace to supply the demands requested

by many possible areas, such as fabrics, sensors, energy storage,

photovoltaics, composites, photonics, electronics, etc., as illus-

trated in Fig. 16.
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