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The reduced dimensionality of nanowires implies that surface effects significantly influence
their properties, which has important implications for the fabrication of nano-devices such as
field effect transistors, sensors and solar cells. This review will explore the strategies
available for wet chemical functionalisation of silicon (Si) and germanium (Ge) nanowires.
The stability and electrical properties of surface modified Si and Ge nanowires is explored.
While this review will focus primarily on nanowire surfaces, much has been learned from
work on planar substrates and differences between 2D and nanowire surfaces will be high-
lighted. The possibility of band gap engineering and controlling electronic characteristics
through surface modification provides new opportunities for future nanowire based
applications. Nano-sensing is emerging as a major application of modified Si nanowires and

the progress these devices to date is discussed.
1. Introduction

Silicon (Si) and germanium (Ge) nanowires can be synthesised from a variety of techniques
including those based on vapour-liquid solid**, solution-liquid-solid>’, supercritical fluid-

liquid-solid®*2, supercritical fluid-solid-solid***> and oxide assisted growth!®® mechanisms.


mailto:j.holmes@ucc.ie

While Si has become the material of choice for nanowire based devices, Ge remains a
potentially attractive alternative for nanoscale applications due to its higher carrier mobility
and larger exciton Bohr radius. There are two general approaches for modifying the surface
of semiconductors; namely wet and dry chemical functionalisation. The latter method
involves the formation of passivation layers in vacuo and has been well studied on planar Si
and Ge surfaces. This review will not deal with dry functionalisation techniques and the
reader is referred to excellent reviews concerning Si and Ge surface passivation under ultra-
high vacuum conditions!®?2, This review will present a broad overview of the synthetic
approaches to chemical modification of Si and Ge nanowire surfaces. The oxidation
characteristics of Si and Ge will firstly be discussed. The formation of hydrogen or halogen
terminated surfaces are usually required to facilitate the grafting of organic molecules and so
methods for the preparation of these surfaces will also be addressed. The latter part of the

review will centre on the properties and applications of functionalised Si and Ge nanowires.

2. The Si/SiO2 and Ge/GeOx Interfaces

2.1 Oxidation Behaviour of Si Nanowires

The oxidation behaviour of Si nanowires is dependent on a number of factors, such as
oxidative conditions, growth direction and nanowire diameter. Dry furnace oxidation of Si
nanowires at 920-950°C display reduced oxidation rates compared to planar Si, however, this
oxidation behaviour is also dependent on the nanowire radius®. Nanowires with diameters >
44 nm were shown to exhibit oxidation rates comparable with bulk Si (~ 37 nm hr) but this
rate reduces to 21 nm hr? for a 5 nm diameter nanowire. The slower rate of oxidation was
attributed to compressive stress normal to Si/SiO> interface, which arises from the greater

volume of SiO. compared to Si. The effect of this compressive stress is more pronounced on



curved surfaces, resulting in a reduced oxide thickness for nanowires. Liu et al.?* reported a
similar trend for the dry oxidation of Si nanowires at 700°C and 900°C, and also observed
that the presence of a chlorinated gas, trichloroethane (TCE) gave rise to a 60% and 25%
increase in oxide thickness for nanowires oxidised at 700°C and 900°C, respectively. They
further fabricated top-gated field effect transistors (FETs) using Si nanowires oxidised with
or without the presence of TCE and observed significant hysteresis for nanowires oxidised at
700°C. Hysteresis-free devices could be fabricated from nanowires oxidised at 700°C in the

presence of TCE, or at 900°C with or without the addition of TCE.

In contrast to furnace oxidation, rapid thermal oxidation of Si nanowires at 900 and 1000 °C,
resulted in an initially enhanced oxidation rate, with nanowires possessing a ~50 % thicker
oxide compared to planar Si substrates®. At longer oxidation times (>1 min) the oxidation
rate of the nanowires and planar surfaces were found to be similar. Faster oxidation rates
were attributed to tensile stress in the oxide which enhances the oxygen supply to the
nanowire surface?®. Shir et al.?’ studied dry oxidation of Si nanowires at 650-700 °C, in
which the Au catalyst tips were removed by KI-I, treatment. An initial enhancement of the
oxidation rate compared to planar Si was observed, followed by a much slower rate of

oxidation for nanowires compared to planar Si.

Gosele and co-workers?® found that the presence of Au greatly accelerated the rate of Si
nanowire thermal oxidation, which is significant as Au is the most commonly employed
catalyst in Si nanowire synthesis. Metal-enhanced oxidation of bulk Si has been known since
the 1970’s and for planar Si systems the SiO2 oxidation layer reaches a saturated thickness,
typically about twice the thickness of the Au layer?. Si nanowires display a different thermal
oxidation behaviour; they undergo considerable oxidation along the nanowire axis while little
or negligible radial oxidation is observed. Enhanced oxidation is thought to stem from Si

atoms diffusing through the Au droplet and migrating to the surface where a reaction with
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02/H20 can readily occur. Under dry oxidation conditions, the nanowire morphology is
conserved as shown in figure 1°°. In the presence of water, the rate of oxidation is greatly
increased producing a lamella structured SiO2, the nanowire adopts a bent morphology, or a

bamboo-type structure, as illustrated in figure 1(d)3-3L,

Figure 1. TEM images of Si nanowires oxidized at (a) 500°C, (b) 750°C and (c) 850°C, for
3 hr under dry conditions. (d) Air oxidation of Si nanowires at 250°C, for 4 h. The inset
shows a back-bending SiOx nanowire on top of a Si nanowire?®®, Figure 1 (a)-(c) reprinted
with permission from reference 30. Copyright Institute of Physics. Figure (d) reprinted with

permission from reference 28. Copyright Wiley-VCH.

2.2 Oxidation of Ge Nanowires

In contrast to Si, Ge displays more complex oxidation chemistry. Ge forms stable oxides in
the 2+ (GeO) and 4+ (GeOy), oxidation states, the latter of which is water soluble.
Schmeisser®? was the first to carry out synchrotron studies of oxidised Ge(100) and (111)
surfaces and found the presence of all four Ge oxidation states. The oxidation behaviour of
Ge is strongly dependant on the oxidative environment and is influenced by illumination
conditions and crystal orientation®*34.  Dry oxidation of planar Ge surfaces vyields

predominately Ge?*, with minor amounts of Ge!* and Ge®* also present, while exposure to



ambient conditions results in a mixture of Ge?** and Ge*" oxides®. Hanrath and Korgel®
observed that thermal annealing (300°C) of Ge nanowires produced predominately Ge'*, in
contrast to annealing of planar Ge(100) and (111) surfaces®®, which yields mainly Ge?*.
Higher annealing temperatures (> 450°C) results in the desorption of GeO to produce an
almost oxide-free surface®>*’ with some residual Ge®" still present at 500°C.%" The presence
of water vapour greatly accelerates the rate of Ge oxidation®, as does exposure to UV light
producing predominately GeO2.%® Prolonged ambient exposure (60 days) of Ge nanowires
results in the disappearance of the Ge'* oxidation state and the formation of a predominately
Ge** oxide.” The oxidation behaviour of Ge nanowires is also dependent on the dopant
type*!; ambient exposure for 2 min after annealing of p-type Ge nanowires resulted in the
rapid formation of GeO, followed by the slower formation of GeO2 over a few hours. For n-
type Ge nanowires, air exposure resulted in the fast and immediate growth of GeO., which

increased in thickness with further air exposure.
3. Hydrogen and Halogen Passivation of Si and Ge Nanowires

3.1 Hydrogen Terminated Si and Ge Nanowires

Hydride termination of Si nanowires can be achieved by treatment with an aqueous HF
solution. Fourier transform Infra-red (FTIR) spectroscopy of H-Si nanowires revealed a
complex surface passivation with monohydride (SiH), dihydride (SiH2) and trihydride (SiH3)
species present. Based on vibrational frequencies reported for planar surfaces, Sun et al.*?
identified the presence of 3 monohydrides, corresponding to an ideal monohydride at 2085
cm, an adjacent adatom structure at 2070 cm™ and a monohydride at 2099 cm, observed at
step defects on Si(111) surfaces. Similarly, using values reported for Si(100), relaxed
dihydride and strained dihydride species were observed at 2102 and 2110 cm™, respectively.

A board peak associated with trihydride species was also present, centred at 2137 cm™.



Treatment of oxidised Ge nanowires with aqueous HF also yields a H-terminated surface.
FTIR spectra of H-Ge nanowires exhibited a broad absorption peak at ~2010 cm, associated
with the GeHy vibrations® consisting of mono-, di- and trihydride species*****. The stability
of the H-terminated Ge nanowires is dependent on the formation conditions, as observed by
Adhikari et al.*®, who reported that H-passivation of nanowires obtained from HF treatment
oxidised faster than the H-passivation layer formed during nanowire synthesis by chemical
vapour deposition (CVD); exhibiting more than a 4-fold increase in the oxide coverage after
18 min exposure in air. This difference in stability is most likely due to differences in the

GeHyx conformations present at the nanowire surfaces.

3.2 Halogenated (ClI, Br, I) Si and Ge Surfaces

Halogen (CI, Br, 1) terminated Si surfaces can be prepared via a two step process, first by
removing the surface oxide using aqueous HF, followed by treatment with an appropriate
halogenation reagent. The preparation of chlorinated Si nanowires surfaces, often required
for further organic functionalisation, can be achieved using saturated solutions of PCls in
chlorobenzene heated to temperatures between 80-100°C*. The reaction can be mediated by
a benzoyl peroxide radical initiator or by UV irradiation’*°. Halogenation of Ge surfaces
can be readily achieved by treatment with aqueous halogenic acids (HCI, HBr, HI), which are
effective in removing the surface oxide as well as terminating the nanowire surfaces with
associated halogen atoms®. Halide-terminated Ge nanowires show greater ambient stability
compared to H-terminated surface, with increasing molecular weight of the halogen species
i.e. Cl < Br < |I. After 24 h of ambient exposure, Cl-passivated Ge nanowires displayed
considerable re-oxidation, Br-passivation showed minor re-growth of the oxide while I-

terminated Ge nanowires remained oxide-free up to 48 hr of ambient exposure®.



4. Organic Functionalisation of Si and Ge Nanowires

Many reaction protocols to attach alkanes, alkenes and alkanethiols onto Si and Ge nanowires
follow essentially the same procedure as those previously reported for 2D surfaces. EXisting
reviews by Bent®?, Buriak®® and Ciampi and co-workers>* outline the mechanistic details of
many of these reactions on planar Si and Ge surfaces. Nanowire surfaces are likely to share
the same mechanistic particulars, so consequently these will not be discussed in detail in this
review. Figure 2 outlines a schematic illustrating the various pathways for the preparation of

alkylated, thiolated and arylated Si and Ge surfaces.

4.1 Alkylation of Silicon Nanowires

Hydrosilylation involves the incorporation of terminally unsaturated carbon-carbon bonds
onto H-terminated Si surfaces. The reaction can be initiated thermally (150-200°C)%%8,
photochemically (UV>*%® or visible light®+®), through the presence of a Lewis acid
catalyst®®®” or a radical initiator®>%. An alternative approach to the formation of alkylated Si
surfaces is via alkyl Grignard (R-MX,) reagents*6486169-71  These precursors react with
halogenated Si surfaces, typically Cl-terminated, however Grignard reagents have been
shown to also attach via H-Si planar surfaces®®. The functionalisation reaction is carried out
at elevated temperatures (60-80 °C) and requires long reaction times (up to 8 days),
particularly for Grignard reagents consisting of long alkyl chains. Bashouti et al.”?
functionalised Au-seeded Si nanowires with alkyl chains ranging from Ci-Cs through a
chlorination/alkylation route and found that the chain length influenced the surface coverage,
saturation time and oxidation resistance of the functionalised nanowires. The smaller van der
Waal radius of Ci1 groups (2.5 A) compared to Si atomic separation distance (3.8 A),

facilitated a nearly full surface coverage for Si nanowires modified with methyl groups.



However as the chain length increased, the corresponding increase in the van der Waals
radius restricts the packing of alkyl groups and limits maximum surface coverage to ~50-

55%.

Assad et al.®® compared the stability of methyl (CHs), propenyl (CHs-C=C-) and propynyl
(CH3-C=C-) terminated Si nanowires, prepared by chlorination/alkylation routes using the
corresponding Grignard reagents. Both alkenyl and alkyne functionalisation layers exhibited
high packing densities; 103 £ 5% and 97 £ 5%, respectively, relative to methyl termination.
Stability studies of the modified nanowires showed that CHs- and CH3-C=C- functionalised
surfaces were oxide-free up to 100 hr of ambient exposure, after which time the rate of
oxidation of CHzs-termiated nanowires increased continuously with time. In contrast, CHs-
C=C-Si nanowires displayed an initial oxidation equivalent to ~0.12 monolayers, but then
stabilised on further ambient exposure. Si nanowires functionalised with CHs-C=C-
exhibited the fastest rate of re-oxidation. The greater stability of the C=C-Si passivation
layers was attributed to the m-m interactions of adjacent chains, which inhibits oxidation of the
underlying Si atoms’. The formation of alkane and alkene monolayers via electrochemical

grafting, and has been demonstrated on H-terminated Si nanowires’".
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Figure 2. Schematic illustration various routes to Si and Ge nanowire functionalisation.

4.2 Alkylation and Thiolation of Germanium Surfaces

The first report of organic functionalisation of Ge surfaces was by Cullen and co-workers’® in
1962, using gaseous HCI to prepare a Cl-terminated surface, followed by treatment with ethyl
Grignard yielding an ethyl-passivated surface. There was little further investigation into the
organic functionalisation of Ge surfaces until 1998 when He et al.”’ reported the alkylation of
Ge(111) using a similar approach, however they utilised milder chlorination conditions using
aqueous HCI, which did not cause surface roughness. Functionalisation of Ge nanowires via

alkyl Grignard reagents is typically conducted from Cl-terminated surfaces®®’® but the



reaction also proceeds effectively on Br and I-terminated Ge nanowires®l. Analogous to
hydrosilylation, hydrogermylation of alkenes and alkynes on H-terminated Ge nanowires
produces alkyl and alkene functionalisation layers, respectively *¢44°, While alkylation
produces a covalent Ge-C bond, reaction with 1-alkanethiols attach to the surface via a
sulphur linkage (Ge-S) and yields highly oxidation resistant Ge surfaces. Grafting of thiols
can be prepared from H-terminated 367880 and halogenated-terminated (CI, Br, 1)°' Ge
nanowires. Holmberg and Korgel”® found that alkyl monolayers, prepared via
hydrogermylation, and thiol monolayers on Ge nanowires exhibited similar stability, except
for exposure to highly oxidising conditions (30 % hydrogen peroxide), where the thiolated
surfaces were less resistant to oxidation. In contrast, Ge nanowires alkylated by a

halogenation/Grignard reagent route were less stable than thiolated nanowires®..

4.3 Arenediazonium Salts as Precursors to Si and Ge Surface Modification

Electrografting of arenediazonium salts has been used to prepare phenyl layers on H-
terminated planar Si surfaces®®®, Stewart et al.®* demonstrated the spontaneous grafting of
organic ligands via arendiazonium salts on planar semiconductor surfaces such as Si and
GaAs. The functionalisation procedure was carried out in anhydrous acetonitrile at room
temperature, with reaction times of 1 hr resulting in successful covalent attachment of organic
ligands to the Si surface. Haight and co-workers® observed that surface modification of Si
nanowires could be achieved by exposing H-Si nanowires to a fine mist of the phenyl

terpyridine diazonium solution.

Surface modification using arenediazonium salts has also been shown on Ge nanowires®®.
The thickness of the functionalisation layer was found to be influenced by the presence of

aromatic ring substituents. Figure 3 (a) and (b) illustrates a TEM image of a Ge nanowire
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modified using a nitrophenylbenzene diazonium salt (NO2Ph-BD). After a 2 hr reaction time
the organic layer thickness was ~2 nm, which increased to ~4 nm after a 12 hr reaction time,
as shown in figure 3(b). The formation of aryl multilayers is thought to proceed by the
addition of aryl radicals®. Ge nanowires modified with 3,4,5-trifluorobenzene diazonium
exhibit thin (1-2 nm) functionalisation layers, even after long immersion times (12 hr), as
shown in figure 3(c). The formation of multilayers is hindered as the 3,4 and 5 ring positions
block further aryl radical attack. Figures 3 (d) and (e) show the FTIR spectra for NO,Ph-BD
and F3-BD functionalised Ge nanowires, respectively. Arenediazonium salts represent a

versatile synthetic approach to attach aromatic ligands to Si and Ge nanowires.

NO,Ph-BD-2h [ b

':'"‘i‘ NO,Ph-BD—-12hj c § F;-BD—12h

d Ge Nanowires modified with NO,-Ph-BD 1 e C-H in plane bend
]
5 |(C-H),n . .
2 v(C=C) Ge NWs modifed with
2 F,-DB, 12 h
g v, (NO,) 0,(NO,) CF p
. . i i i ‘ ‘ ‘ C-H out-‘of-plane pen
3000 2500 2000 1500 1000 3000 2500 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm'1)

Figure 3. Functionalisation of Ge nanowires using arenediazonium salts. TEM images of
Ge nanowires modified with NO2Ph-BD for (a) 2 hr and (b) 12 hr. (c) TEM image of a Ge
nanowire modified with Fs-BD for 12 hr. (d)-(e) FTIR spectra of functionalised Ge

nanowires®. Reproduced with permission from reference 86. Copyright 2011, American

Chemical Society.
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4.4 Modification and Extension of the Functionalisation Layer

Direct introduction of many functional groups onto H-Si and H-Ge surfaces is not possible as
many bifunctional molecules will competitively react with the Si/Ge surface; for example,
reaction with w-amino alkenes results in disordered monolayers as the amine and alkene
moieties cross-react with the H-Si surface®”. The introduction of the required functionality
can be achieved by using protecting groups. Figure 4 illustrates the preparation of commonly
employed protecting groups and the corresponding de-protection reactions. Amino groups
can be introduced by using a t-butyloxycarbonyl (t-Boc) protected amine®.  Alternatively,
phthalimide or acetamide moieties also serve as effective protecting groups for the
introduction of well ordered amino functionalities®’. Ester-terminated monolayers can be
easily modified to obtain a variety of functional groups; reduction with NaBHs or LiAIH4
results in alcohol termination, acid hydrolysis leads to carboxylic acid formation and reaction
with alkyl Grignard reagents produces a tertiary alcohol®®%®,  Trifluoroacetyl groups are

effective protecting agents for thiol groups®.

Protecting Groups for Amines | Deprotection Protecting Groups for Thiols Deprotection
7 o)
)k H* hydrolysis )k 10% NH,OH
-4 M HCI
%%H CH, %/\M/\S ors
X
° Refluxin 5% Protecting Groups for Carboxylic Acids

methylene

o]
g/\M/\N)Lo/BU chloride
. H (ii) 10% NH,OH

hydrazine/ o
g/\M/\N EtOH
x /\é%/“\ R H* Hydrolysis
% ~
0 (6]
X
(i) 25% TFA in o
Hydrolysis
g/\é%/u\o/\ca
X
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Figure 4. Commonly used protecting groups for Si and Ge surface functionalisation

Click chemistry was first illustrated by Sharpless and co-workers and been widely used to
introduce complex functionalities onto organically modified planar Si surfaces®. One of the
most commonly used ‘click’ reactions used is the Cu(I) catalysed 1,3-dipolar cycloaddition of
a terminal alkyne (C=C) and an organic azide (N3)%. This reaction, commonly known as
Huisgen coupling, introduces a 1,2,3-triazole group onto the functionalisation layer. The key
to the Huisgen click reaction is the synthetic versatility, the reaction protocol can be applied
to an extremely varied range of ligands. Suspéne et al.% utilised this reaction to introduce
electroactive thynyl-diphenylaniline (TPPA) groups onto Si nanowires. The coupling
reaction usually requires long reaction times (>10 hr) when carried out at room temperature,

however the use of microwave radiation can reduce the reaction time to < 30 min®*,

Holmberg et al.®® used carbodiimide coupling to attach amino-terminated (poly)ethylene
glycol (PEG) to carboxylic acid groups on mercaptoundecanoic acid (MUA) functionalised
Ge nanowires. Figure 5 illustrates the reaction scheme and TEM images of the modified
nanowire surfaces. PEGlyation of the nanowires allows for their dispersion in polar solvents

such as DMSO and water, as shown in figure 5(c).

MUA functionalized Ge NWs
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Figure 5. Reaction scheme for PEGylation of Ge nanowires by EDC coupling. TEM image
of (a) mercaptoundecanoic acid and (b) PEG-functionalized Ge nanowire. (c) Photograph of
PEGylated Ge nanowires dispersed in DMSO for 36 hr %. Reprinted with permission from

reference 95. Copyright 2010, American Chemical Society.

Many complex molecules such as oligonucleotides cannot be attached directly to the
nanowire surfaces and require the use of a bifunctional cross linker. The use of such
molecules is essential in many sensing applications of nanowires (discussed in section 7).
Gluteraldehyde is used to link amine species, for example a peptide chain, onto amine
terminated nanowires, as illustrated in table 1(a). Maleimide activated surfaces are important
for further reactivity with thiols groups, for example thiol-tagged DNA strains. Hydroxyl-
terminated Si nanowires react with 3-maleimidopropionic-acid-N-hydroxy-succinimidester®,
while amine terminated Si nanowires react with sulfo-succinimidyl 4-(N-maleimidomethyl)
cyclohexene-1-carboxylate (SSMCC)%, as shown in table 1(b) and (c), respectively. Assad
et al.%° used a photoactive aryldiazirine cross linker, 4'-(3-trifluoromethyl-3H-diazirin-3-yl)-
benzoic acid N-hydroxy-succinimide ester (TDBA-OSu), shown in table 1(d) to cross-link
methyl terminated Si nanowires with amine groups. The use of this linker molecule is
particular useful as it can covalently attach to methyl terminated Si nanowires, thus not
requiring the need for the presence of a terminal heteroatom functional group at the nanowire
surface. Furthermore, the photochemically induced reaction (365 nm) was complete after 15

min and an oxide-free Si surface was preserved.
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Table 1. Bifunctional cross-linker molecules wused for Si  nanowire

functionalisation.

NW Functionalization Cross-linker Molecule Linking Functionality Attachment Chemistry
a |w (0] (0] /
§\ex/\NHg — NN HN §\®AN/ SNy

(0]

Figure 5 depicts the reaction scheme used by Streifer et al.%” to prepare DNA-modified Si
nanowires and is a good illustration of how several strategies are required for surface
modification. H-terminated Si nanowires were functionalised with a t-BOC protected amine
by UV initiated hydrosilylation. Following deprotection, the amine terminated nanowires
were reacted with the bifunctional linker SSMCC. Finally, the malemido group was used to

immobilise thiol-terminated DNA olignucleotides onto Si nanowires.
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Figure 5. Reaction scheme used to prepare DNA functionalised Si nanowires®’.

5. Properties of Functionalised Nanowires

5.1 Stability of Functionalised Nanowires versus Planar Surfaces

Si and Ge nanowires display many similar reactivity trends to their bulk counterparts,
however it is evident from literature reports that functionalised nanowire and planar surfaces
often exhibit different stabilities. Comparing the stability of modified nanowire and 2D
surfaces is complicated by the fact that many synthesis methods produce nanowires with
different growth directions’”. Nanowires typically possess more than one surface facet, and
can have different cross sectional geometries®%. Furthermore, nanowire surfaces are more
likely to be characterised by a higher concentration of defects such as stacking faults and twin

defects, making direct quantitative comparison with planar surfaces challenging.
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5.1.1 Stability Trends on Planar and Nanowire Si Surfaces

Sun et al.*? observed that the FTIR spectra of H-terminated Si nanowires underwent
negligible change when the nanowires were exposure to ambient conditions for 42 hr, in
contrast to Si wafers which displayed limited stability on exposure to air. The increased
stability of H-Si nanowires was also demonstrated by STM measurements of ultra thin (1-7
nm) Si nanowires, which were resistant to oxidation for several days on exposure to ambient
conditions!®,  The stability exhibited by Si nanowires has been attributed to the high
curvature, resulting in bending stress at the nanowire surface and consequently alters the
structure of SiH2 and SiH3 phases, compared to bulk surfaces?®%, While H-Si nanowires
display superior oxidation resistance on exposure to air, the same stability is not apparent
under wet oxidation conditions, where Si nanowires oxidise rapidly. The poor water stability

of H-Si surfaces has been attributed to the presence of OH ™ ions!®2,

Increased oxidation resistance of Si nanowires, relative to planar Si was also been observed
for alkyl functionalised surfaces*®. Si nanowires modified with alkyl chains ranging from Ci-
Cio, via a chlorination/Grignard reagent process, exhibited SiO./Si2p ratios ranging from
0.04-0.11 after 8 days of ambient exposure, compared to 0.15-0.18 for the corresponding 2D
alkylated Si surfaces. The difference in stability was more pronounced for shorter alkyl
chains; Ci:-Si nanowires exposed to air for 14 days displayed ~4 times less oxidation
compared to 2D C;-Si. A 3-fold decrease in oxidation was observed for Cz-modified
surfaces, while (Cz-Ce)-functionalised nanowires only displayed marginally less oxidation
than the 2D surfaces’2. As well as increased stability, Si nanowires exhibited higher surface

coverage and short reaction times to achieve maximum surface coverage relative to planar Si.

Haick et al.!® compared the stability of methyl-functionalised Si nanowires having {100}

surface facets with 2D Si(100) and observed that while the surface coverage was similar on
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both substrates the nanowires exhibited stronger Si-C bonds compared to planar surfaces.
Consequently, the nanowires displayed a 3-fold greater resistance to re-oxidation when
exposed to ambient conditions. The Si nanowires also showed higher stability compared to
2D Si (111) surfaces, despite having a lower surface coverage. Haick and co-workers further
observed the rate of alkylation to be greater for Si nanowires'®. They attribute the increased
stability and faster reaction Kkinetics to differences in the cohesive energy between nanowire

and planar surfaces'%,

5.1.2 Stability Trends on Planar and Nanowire Ge Surfaces

In contrast to H-Si nanowires, which possess superior stability in air, H-terminated Ge
nanowires do not exhibit increased stability relative to 2D Ge'%1% and oxidise only after a
few minutes of ambient exposure®®*°. However, organic functionalisation layers on Ge
nanowires do possess greater stability than bulk Ge. Alkyl functionalised Ge(111) surfaces
were found to be stable for up to 5 days’’, while thiol-functionalised Ge(111) surfaces were
only stable for 12 hr'%. In contrast, alkylation by hydrogermylation and thiolation of Ge
nanowires resulted in oxide-free surfaces up to 1 month of ambient exposure’. Furthermore,
thiol passivation layers on Ge nanowires were observed to be more stable than monolayers
prepared by Grignard reaction®®°, however the opposite trend was observed on planar
surfaces.  Interestingly, Ge nanowires functionalised with alkyl monolayers through
hydrogermylation were found to display almost identical ambient stability to thiol
monolayers’®, indicating that the reduced stability of alkylation via a Grignard route may be
attributed to the lower reactivity or poor alkyl packing achieved with alkyl Grignard reagents

on Ge nanowire surfaces.
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5.2 Electrical Properties of Functionalised Si and Ge Nanowires

Surface state depletion of charge carriers can result in considerable degradation in the
electrical performance of semiconductor nanowires®1%, Kimukin et al.''° found the surface
charge density of Au-seeded Si nanowires to be ~2.6 x 10 C cm, which is an order of
magnitude greater than that for bulk Si. Interface states have been shown to effectively
deplete an ultra thin (8 nm) Si nanowire, demonstrating the need for effective surface
passivation!!!, Haick et al.'*?> compared the electrical properties of oxidised, H-terminated
and CHs-terminated Si nanowires and found that H-Si and CHzs-Si nanowires exhibited a 4-
and 7-fold increase in conductance, respectively, relative to oxidised Si nanowires. On
exposure to air, the average conductance of H-modified nanowires continuously decreased
with the mobility reduced from 123 cm? V! s to 87 cm? V! s? after 672 hr of ambient
exposure. The CHs-Si nanowires displayed an initial drop in mobility (140-124 cm? V1 s)
but stabilised after 164 h exposure to air. On/off ratios greater than 10° were observed for

CHzs-termianted Si nanowires.

A later report by Haick and co-workers'® investigated the electrical properties of Si
nanowires field effect transistors (NW FET) functionalised by a range of organic functional
groups, namely propyl alcohol, allyl, butyl and 1,3-dioxan-2-ethyl and observed interesting
features in relation to the type of organic molecule attached to the nanowire surface. At a
gate voltage (Vg) = 0, and small-bias (drain-source voltage (Vps) ~ 0 - 0.2 V) the trend in
transconductance was in the order of propyl alcohol-Si < SiO2-Si < allyl-Si < butyl-Si < 1,3-
dioxan-2-ethyl-Si, which correlates with the induced work function (A®) of the organic
molecule, i.e. a negative A® (propyl alcohol) resulted in an increase in the channel
transconductance, while a positive A@ (allyl-, butyl and 1,3-dioxan-2-ethyl) lead to a

decrease in transconductance, relative to SiO»-Si nanowires. At large negative Vg (< -5 V)
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however, all functionalised nanowires exhibited lower transconductance (g) values than
oxidised Si nanowires, as shown in figure 6. Figure 6 further shows the significant
improvement in the on/off ratios of functionalised Si nanowires compared to untreated
nanowires.

Cui et al'* observed that functionalisation of oxidised Si surfaces with 4-
nitrophenyloctadecanoate or tetraethylammonium bromide improved the conductance and
on/off ratios of Si NW FETs. The effect of surface functionalisation was attributed to defect
passivation and a reduction in trap states at the Si/SiO interface. The work by Haick and Cui
demonstrates that the electrical properties of nanowires are strongly influenced by the nature
of passivating species not only covalently attached to the Si surface but also grafted onto the
native oxide. Tuning the electrical properties of nanowires through surface modification and

mechanisms of surface dominated transport in nanowires are discussed in further detail in

section 6.2.
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Figure 6. Transconductance (g) versus back gate voltage (V) for oxidised Si NW FETs and

Si NW FETs modified with organic molecules (a)-(d). The table illustrates the change in the
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113

work function A@ on functionalised of Si(111) surfaces*°. Reprinted with permission from

reference 113. Copyright 2009, Viley-VCH.

Unlike Si, the Ge/GeOx interface is characterised by a much higher density of surface defects,
around 103 cm for bulk Ge, giving rise to poorer electrical properties compared to bulk
Sitt>, Several groups have reported that non-functionalised, oxidised, Ge nanowires exhibit
considerable hysteresis in their transport characteristics i.e. the drain-source current is not
only dependent on the gate voltage but also the sweep direction #1:78116-117  Hysteresis has
been attributed to charge trapping resulting from the presence of GeOx species and adsorbed
water molecules. The influence of such surface states has been long recognised on bulk
Ge!'®, Wang et al.** found the hysteresis behaviour of Ge NW FETSs to be dependent on the
dopant type. Brief air exposure of vacuum annealed (450°C, 0.5 hr) p-type NW FETs
displayed no hysteresis, while n-type Ge NW FETs saw a reduction but not the complete
removal of hysteresis. Furthermore, after exposure of p-type NW FETSs to dry air and even
pure oxygen the current versus gate voltage curves remained hysteresis free; indicating that
the presence of adsorded water molecules has a significant role on the electrical
characteristics of Ge nanowires. The differing hysteresis behaviour can be attributed to the
dopant dependent oxidation behaviour of Ge nanowires. As previously discussed in section
2.2, oxidation of p-type Ge nanowires initially forms GeO, while oxidation of n-type Ge
nanowires results in the rapid formation of GeO,. Water molecules are more strongly
associated with GeO, than GeO, consequently a n-type Ge NW FET possess more adsorbed
water molecules that are difficult to remove under vacuum, resulting in the observed

hysteresis trends.
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An effective approach for improved electrical performance of Ge nanowires has been to
remove the native GeOx layer and replace it with an organic passivation layer to prevent the
re-oxidation of the surface. Electrical characterisation of isoprene-functionalised Ge
nanowires found that the presence of the organic passivation layer significantly improved

118 Hanrath and Korgel'?° observed

carrier mobility relative to the non-passivated nanowires
that the Ge surface chemistry not only affected the transport properties but also influenced the
contact properties. They found that alkane-functionalised Ge nanowires contacted with Pt
electrodes, deposited by electron beam assisted CVD, displayed a contact resistance of ~0.8
MQ and exhibited linear current-voltage (IV) characteristics. In contrast, untreated Ge

nanowires displayed an increase in the contact resistance by 4 orders of magnitude, with the

nanowires exhibiting non-linear IV behaviour and hysteresis at negative applied voltages.

6. Tunable Properties through Surface Functionalisation

6.1 Band Gap Engineering- Theoretical Predictions

Several groups have conducted theoretical calculations showing that the band gap of H-
passivated Si*?1126 and Ge!?1127-12% nanowires increases with decreasing diameter, due to
quantum confinement effects. The band gap is also strongly influenced by properties such as

growth direction, surface facets and surface reconstructiont?2-123:130-135,

Density functional theory (DFT) calculations have shown a canted dihydride structure to be
more energetically favourable than a symmetric dihydride structures, due to reduced H-H
repulsion, on neighbouring —SiHz groups**®. Rotation of the dihydride groups further
minimises the H-H repulsions in Si nanowires'?3. Titled Ge dihydrides have also be reported
on <110> orientated Ge nanowires'®. DFTs calculations carried out by Xu et al.*3" showed

that the electronic band gap of Si and Ge was sensitive to the conformational geometry of
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surface hydrides; for <110> Si nanowires, the presence of titled —SiHs groups gave rise to an
increase in the band gap energy relative to monohydride termination. Reconstructed H-
terminated Si nanowires exhibit smaller band gaps due to strain introduced by surface

reconstructiont?s,

Replacement of surface H-atoms with other passivating species can induce considerable
changes in the band gap energy. Leu et al.’® studied the effect of H, ClI, Br and I-
passivation on the electronic band structure of Si nanowires using DFT calculations. Due to
the formation of surface states associated with halogen binding, the band gap was found to
follow increase in the order of Cl < Br < I, as shown in figure 7. For H-terminated
nanowires, the relatively strong H-Si interactions resulted in the valance band (VB)
maximum and conduction band (CB) minimum being concentrated in the nanowire
interior’®®. On the other hand, the weaker bond strength of halogen atoms, cause the VB and

CB states to spread out towards the nanowire surface. The effect of band gap reduction

increases with higher surface coverage as the interaction between neighbouring halogen

atoms further weaken the bonding to Si.
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Figure 7. The change in band gap energy of H-Si nanowires as a function of halogen (Cl, Br,
) surface coverage®®. Reproduced with permission from reference 138. Copyright 2006,

American Physical Society.

Nolan et al.** investigated the effects of hydroxyl (-OH) and amine (-NH2) passivation on
the band gap energy of ultra thin (~1 nm) Si(100) nanowires by DFT. Comparing nanowires
of the same diameter, -OH and NH>- terminated nanowires exhibited a greater reduction in
the band gap relative to H-passivated nanowires. The effect was greatest for -OH
passivation, yielding a band gap 1.3 eV smaller than that of H-Si nanowires (2.6 eV). The
band gap trend was attributed to competing effects of quantum confinement and the influence
of hybridisation on the Si valence band (VB) edge. Interaction between the O/N 2p orbitals
of —OH and —NH; passivated nanowires with the Si 3p increases the Si VB edge, resulting in
the red-shift of the band gap relative to H-termination. Later studies found that the
magnitude of the band gap reduction in —OH-terminated Si nanowires was also surface-facet
dependent!*t, A 10 % reduction in the band gap was observed for {111} facets compared to
4 % on {100} surfaces, however, this value increased to 21 % on a (3 x 1) reconstructed
surface. The growth direction dependence of the band gap for fully -OH and —F passivated
Si nanowires are displayed in table 2 and show that nanowires with a <110> growth direction
are the most sensitive to changes in band gap upon surface modification, while <111>
orientated nanowires are the most resistant'¥?.  Another important effect of surface
modification is that it can alter the nature of the band gap. When 50 % of H-terminations on
a <100> Si nanowire are substituted for -OH or —F atoms, the band gap was predicted to
change from a direct to indirect one'*2. No change in the nature of the band gap was
predicted for <112> orientated —OH passivated Si nanowires'“3, however 50 % -F passivation

was calculated to induce a transition from an indirect to direct band gap**?. This result is
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significant as the band gap of <112> H-Si nanowires have been shown to remain indirect

even in the ultra thin diameter regime!#4-145,

Ng and co-workers!#® investigated the work function (@) of <110> Si nanowires and found &
to increase with decreasing diameter and to be dependent on surface passivation, following
the trend of F-Si > H-Si > OH-Si. The trend in the @ is related to a change in the surface
dipole upon chemical passivation'”. The highly electronegativity of F atoms withdraw
electrons from the Si surface, increasing @ relative to H-passivation. For —OH modification,
two competing effects are present; while O is more electronegative than H, the —OH group is
electron donating by resonance, dominating over the electronegativity effects, thereby

lowering the @ relative to H-Si.

Table 2. Percentage reduction in band gap energy for differently oriented Si nanowires as a

result of H-substitution with —OH and —F passivation.

Growth Direction % Reduction in Band Gap relative to H-Si Nanowires
Fully -OH Fully -F
<100> 24.4 38.3
<111> 18.5 22.2
<110> 36.3 54.8
<112> 39.3 30.2

Theoretical studies reported for passivated Ge nanowires remain scarce in the literature.
Medaboina et al. *?” reported that removal of H-atoms from <111> Ge nanowires gives rise to
electronic states in the band gap associated with the surface dangling bonds (SDB). In
comparison to Si nanowires where SDB states occur deep in the band gap, Kagimura et al.**
calculated shallow states for Ge nanowires. A similar trend in the band gap energy observed

for non-H passivated Si nanowires was also seen for Ge nanowires, i.e. a red-shift in the band
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gap with H-atom substitution. Ethine (H-C=C-) passivation of <111> orientated Ge
nanowires (d = 0.73 nm) resulted in an 18.2 % (1.82 eV) reduction in the band gap, compared
to H-termination'®®. The reduced quantum confinement effects can be attributed to

interaction of the HC,-gropus with the Ge VB and conduction band (CB) edges, which is

shown in figure 8 (c)-(d).

H-Ge

Figure 8. Wave functions for the conduction band maximum (CBM) and valence band
maximum (VBM) at the I" point of <111> orientated (a)-(b) H-Ge nanowires and (c)-(d) HC»-
Ge nanowires. The red and blue areas represent the positive and negative regions,
respectively!®. Reprinted with permission from reference 149. Copyright 2006, American

Chemical Society.

6.2 Surface Dominated Transport Properties and Molecular Doping

The extremely high surface area to volume ratio of nanowires implies that surface-dominated
processes play a significant role in determining the transport properties of nanowires and
allows the possibility of surface charge transfer doping as an alternative to conventional
impurity doping strategies'® . Jie et al.® studied the transport properties of H-passivated Si
nanowires prepared by metal-assisted chemical etching of Si wafers and found the resistivity
of p-type nanowires to be lower (~2.2 Q) than the original wafer (8-13 Q) and decrease with
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decreasing diameter. The hole concentration was found to decrease from 4.2 x 10 cm? in
air to 3.2 x 10 in vacuum, while the hole mobility increased from 80 cm? V! s in air to
170 cm? V! s in vacuum. The authors propose a mechanism whereby the presence of
adsorbed water molecules would trap electrons from the nanowires to form OH- ions. The
presence of these negative surface charges gives rise to band bending and hole accumulation
in the VB and consequently the observed conductivity increase®®'%2, Guo et al.'®® also
observed the transport properties of H-Si nanowires were strongly influenced by the presence
of adsorbates, such as atmospheric water, which facilitate charge transfer to the Si-H bond,

resulting in increased conductivity.

Haight et al.® functionalised H-Si nanowires with phenyl terpyridine (TP) using
arenediazonium salts and observed that the electrical properties of Si nanowires could be
altered by manipulating the pyridine groups. Surface modification with TP gave rise to a
large drop in the conductivity, relative to H-termination, as shown in figure 9(a). The TP-Si
nanowires were then exposed to HCI and the conductivity increased beyond that of H-Si
nanowires. Following a rinse with base solution (NH4OH), the conductivity returned to the
original TP-Si nanowire level. The authors used single nanowire XPS to probe the Si
nanowire band gap. The spectra in figure 9(b) show that TP-functionalisation resulted in a
shift of 260 meV to high binding energies due to charge transfer from TP molecules to Si
nanowire, which shifts the Fermi level (Er) towards the CB. This shift in Er can be thought
of as effectively ‘n-doping’ the Si nanowire by TP-functionalisation. Following HCI
exposure, the emission spectra is shifted back by 200 meV due to a change in the surface

dipole as illustrated in figure 7(b).
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Figure 9. (a) Current versus voltage (Vsp) of Si nanowires with various surface
modifications. (b) Photoelectron spectra of single Si nanowires with H-, TP and TP+HCI
surface terminations, which are also shown schematically. The arrows indicate the induced
dipoles®.  Reprinted with permission from reference 85. Copyright 2009, American

Chemical Society.

The effectiveness and versatility of the surface doping mechanism has recently been
demonstrated by Lee and co-workers®™* where the conductivity of Si nanowires could be
reversibly tuned from p*-p-intrinsic-n-n*, simply by changing the nature of the passivating
species. To obtain p*-conductivity, H-terminated p-type Si nanowires were exposed to acidic
medium such as acetic acid vapours or NO2 gas. The time required for saturation of the
surface varied depending on the reagent but all acid-passivated Si nanowires resulted in an
increase in the conductivity by more than 4 orders of magnitude, as shown in figure 10(a).
Figure 10(b) shows the Vg4 dependence of the Ips-Vps curves with conductance increasing
with decreasing positive Vg, characteristic of p-type conductivity. Importantly, the transport
properties of the original, post-treated Si nanowires could be recovered by No/Ar purging,
which resulted in the desorption of the surface passivation species. For Si nanowires treated
with basic reagents (NHz), there was an initial drop in the conductivity, followed by a sharp
increase in the conductivity as illustrated in figures 10(c)-(e). The initial exposure to NH3
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consumes holes present at the H-Si nanowire surface, resulting in a drop in conductivity and
an effective conversion from p-type to intrinsic Si. As the concentration of NH3 increases
further, the electrons injected by NHz becomes the dominate charge carrier and the
conductivity increases, marking the change to n-type Si*®. DFT calculations have shown
NH3 adsorption on Si nanowires provides a shallow donor states close to the Si CB edge®®®.
Surface transfer doping is a potentially attractive alternative to in-situ doping methods, where
the presence of some dopant precursors, e.g. diborane (B2He), negatively impact on the

morphology of Si and Ge nanowires>’-1,
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Figure 10. (a) Time dependence of Ips of acid-passivated Si nanowires, measured in air at

Vps = 2 V. (b) Gate dependence of Ips/Vps curves after acid-treatment. (c-e) Time

dependence of Ips of NH3 passivated Si nanowires, measured in vacuum, air at Vps = 2 V%,

Reprinted with permission from reference 150. Copyright 2010, American Chemical Society.
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The use of surface functionalisation for doping 2D and nanostructured Si has been exploited
by Javey and co-workers employing a different strategy, namely molecular layer doping®®Z.
The H-Si surface is first functionalised with self assembled monolayers containing the dopant
species, such as organo-boron or organo-phosphorus ligands. A SiO2 capping layer is
deposited by electron beam evaporation, followed by rapid thermal annealing (RTA), which
results in the diffusion of dopant atoms into the Si lattice. Altering the dopant precursor

concentration, the RTA time and temperature allows different dopant profiles to be obtained,

making this controlled approach an attractive route for the controlled doping of Si and Ge.

6.3 Photoinduced Charge Transfer in Si Nanowires

Photoinduced charge transfer has been studied in semiconductor and carbon nanotube
systems, due to the potential to act as optical switches. Winklenmann and co-workers'®?
studied the transfer properties of porphyrin-coated n-type Si NW FETs . Under dark
conditions, a conductance drop relative to untreated nanowires (black curve, figure 11 (a)),
was observed after surface modification (blue dashed curve figure 11(a)), which can be
attributed to the ground state hole transfer from the porphyrin to the nanowire. On
illumination with white light (~100 W m), the conductance was found to increase (solid
blue curve, figure 11(a)) due to tunnelling of negative charge from the porphyrin to the
nanowire, partially cancelling the reduced gating effect under dark conditions. The effect of
enhanced conductivity under illumination was reproducible, as shown in figure 11(b).
Furthermore, the transfer properties also exhibited gate voltage dependence, with on/off

switching ratios increasing with decreasing Vg.

Lin et al.'® studied the effect of UV light on APTES-functionalised Si nanowires and found

that while p-type nanowires displayed a decrease in the resistance with UV illumination, n-
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type nanowires exhibited an increase in resistance. The surprising observation of enhanced
resistance for n-type nanowires originates from two competing effects of UV exposure.
Firstly, UV illumination excites additional charge carriers in the nanowire, resulting in
decreased resistance. The second influence of UV radiation is to induce polarisation of the
APTES-functionalisation layers, producing negative surface charges that can accumulate (p-
type) or deplete (n-type) charge carriers in the nanowire. For p-type nanowires, both effects
work to decrease the resistance, however for n-type nanowires the change is resistance is
dependent on the strength of the UV-induced APTES polarisation; when APTES dipoles are
collectively aligned, the polarisation effects dominate over the UV-induced charge carriers,

giving rise to increased resistance.
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Figure 11. (a) Current versus gate voltage of Si nanowires before (black curves) and after

porphyrin coating (purple curves). The dashed curves represent values obtained in the dark,

continuous curves represent values obtained under white light illumination. (b) Drain-source

current (lps) of porphrin coated Si NW FET as a function of time. The grey shaded areas

illustrate the enhanced conductance under illumination conditions!®?. Reproduced with

permission from reference 162. Copyright 2010, American Chemical Society.

7. Sensing Applications of Functionalised Si and Ge Nanowires
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Electrical detection using nanowires configured as FETSs is based on evaluating the change in
the nanowire electrical properties induced when a target species binds to recognition receptor
ligands linked to the nanowire surface. The reduced dimensionality of nanowires implies that
changes in the surface potential or surface charge, induced by this target-receptor interaction,
affect a significant portion of the nanowire cross-sectional area, resulting in considerably

greater sensitivity compared to planar devices!®.

Furthermore, the high surface area to
volume ratios of nanowires facilitates a high density of receptor binding sites on the nanowire

surface.

Lieber and co-workers!®® demonstrated the fabrication of a Si NW-FET nanosensor for real-
time pH detection, shown in figures 12(a) and (b). Oxygen plasma cleaned p-type Si
nanowires were treated with ATPES to yield a mixed amine (-NH2) and hydroxyl (-OH)
terminated Si surface. Under low pH, protonation of the —NH> groups (pKa ~10) created
positive surface charges, causing the depletion of hole carriers and consequently the
conductance decreased. Conversely, at high pH, deprotonation of the surface silylonal
groups to SiO (pKa ~4-5), produces a negative gate bias and an accumulation of hole
carriers, leading to an increase in the conductance. The conductance displayed a linear pH
relationship and is constant for a given pH, as shown in figures 12(c) and (d), respectively.
Early reports of nanowire sensors used individual nanowires synthesised by bottom-up
processes, such as CVD, making it difficult to control nanowire dimensions. Developments
in lithography methods have facilitated the fabrication of high quality Si NW-FETs with
excellent diameter control. Due to compatibility with current processing and the ease of
fabrication of Si based devices, Si has far exceeded Ge as the material for nanowire sensors,
however, Koto et al.’®® have demonstrated the successful fabrication of Ge nanowire sensor
arrays for pH detection. Si nanowire sensors have been developed for the detection of a

broad range of species, some of which are discussed in the following sections.
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Figure 12. (a) Si nanowire FET configured as a pH nanosensor. (b) Surface modification of
APTES functionalized Si nanowires on exposure to basic and acid conditions. (c)
Conductance versus pH and (d) real time detection of conductance changes for APTES-Si
nanowires for pH values ranging from 2 — 9. The inset plot shows the time dependent
conductance as a function of Vg. The inset image displays an SEM image of the Si nanowire

device!®®. Reprinted with permission from reference 165. Copyright 2001, AAAS.

7.1 Si Nanowire Sensors for the Detection of Biomolecules

Many conventional sensing methods rely on labelling such as fluorescent tags, however Si
nanowire based sensors offer the ability of rapid, low cost and real-time monitoring of small
biomolecules, proteins and nucleic acids. Wang and co-workers'®’ investigated molecular
inhibitors to tyrosine kinases using Si nanowires modified with Abl, a protein tyrosine Kinase
implicated in chronic myelognous leukemia. The modified Si nanowires were used to
investigate the competitive inhibition of ATP binding with organic molecules, such as the
drug Gleevec. The conductance was found to decrease with increasing Gleevec
concentration as these neutral molecules competitively inhibit the binding of negatively

charged ATP at the AbI receptor sites. Si nanowire sensors represent a rapid assay to
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investigate the inhibition processes of small-molecules with biomolecules, which has
enormous potential for drug discovery and development. Lin and co-workers'®® fabricated
dopamine nanosenors using polycrystalline Si nanowire FETs with detection limits in the
femtomolar (fM) concentration range obtainable. Dopamine molecules were immobilised
through a phenylboronic ester complex, formed by coupling 4-carboxyphenylboronic acid to

an APTES modified Si surface.

The first protein detected using Si nanowire FET sensors was streptavidin, using biotin-
modified Si nanowires, with detection limits of 10 pM*®. Since then, real-time detection of
various protein markers associated with a number of diseases such as biomarkers for cancer
169171 and cardiovascular diseases!’?" has been achieved. Zheng et al.*®® used p- and n-type
Si nanowire arrays for multiplexed electrical detection of prostate specific antigen, obtaining
detection limits down to 0.9 pg mI%, in undiluted serum. Pui and co-workers’* immobilised
leptin and resistin antibodies via aldehyde-modified Si nanowires for the parallel detection of
leptin and resistin adiocytookines. Functionalised Si nanowires can not only be used for the
detection of biomolecules but also for cell separation. Kim et al.}”® devised streptavidin-
functionalised Si nanowire arrays to isolate biotinylated CD4+ lymphocytes from a

heterogenous mixture of cells, with ~88 % purity.

The ability to employ Si nanowires as nucleic acid bases biosensors has important
implications for medical diagnostics. DNA-functionalised Si nanowire FETs have been
utilised for the label-free detection of oligonucleotides including the detection of virus DNA
168,176-178 - A major drawback associated with the DNA/DNA sensing mechanism is reduced
sensitivity due to electrostatic hindrance from the negatively charged DNA strains. Peptide

nucleic acid (PNA) provides an attractive alternative as a receptor for DNA detection as this
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neutral molecule exhibits a higher affinity and greater stability than their DNA
analogues®17°-18  PNA-functionalised Si nanowire sensors display higher sensitivity
compared to DNA-modified devices with detection limits for DNA hybridization in the of
tens of femtomolar (fM) range!’®8-182  Recently, Zhang et al.!8® prepared morpholino-
modified Si nanowire FETs for label-free DNA detection. The morpholino receptors
consisted of a nucleobase chain, a non-ionic phosphorodiamidate group bonded to a 6-
membered morpholine ring. DNA concentrations of 100 fM could be detected, which
constitutes a 3 order of magnitude enhancement in the sensitivity relative to DNA-modified

Si nanowires sensors.

7.2 Functionalized Si Nanowires for Metal lon Detection

Table 3 illustrates the nanowire surface modifications utilised for metal ion detection. Zhang
and co workers'® immobilised crown ethers on Si nanowires for Na* and K* ion detection.
The effectiveness of crown ethers as receptors is based in their ability to selectively complex
metal ions depending on the size of the crown cavity, a feature which has been exploited for
bulk sensing devices. CMOS-compatible n-type Si nanowires with a diameter of 30 nm were
fabricated by UV lithography. H-terminated Si nanowires were first functionalised with an
amino-terminated chain by hydrosilylation of a t-BOC protected amine. Glutaraldehyde was
employed as a bifunctional linker, to immobilise the amine modified crown ethers; 15-crown-
5 and 18-crown-6 were used for Na* and K* detection, respectively. After binding of the
alkali metal ions a large positive charge resides on the surface of the Si nanowires, which
increases charge carrier concentration and consequently lowers the measured resistance by
~20 %. The Si nanowire sensor displayed a sensitivity increase of more than 3 orders of
magnitude greater than conventional crown ether based sensors with detection limits of 50

nM.
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Cui et al.’® used the calcium-binding protein, calmodulin, as receptor molecules for Ca?*
ions and while the device displayed high selectivity, poor stability can be a drawback
associated with protein-based recognition species. Bi et al.!® utilised the phosphate-
containing amino acid, phosphotyrosine (p-Try), for Ca?* detection. The p-Try residues were
introduced by first functionalising lithography fabricated Si nanowire arrays with N-(2-amino
ethyl)-3-(trimethoxysilyl)propylamine  (AEAPS), which was further reacted with
glutaraldehyde to yield an aldehyde-terminated surface. The p-Try was immobilised through
a Schiff base reaction and finally reduced to give a secondary amine. Lin et al.”?> designed a
Si nanowire sensor based on the reversible association between glutathione (GSH) and
glutathione S-transferase (GST) for the detection of Ca?* and the calmodulin-intetracting
protein cardiac troponin | (Tnl), a biomarker for myocardial infarction. GSH was
immobilised onto APTMS functionalised Si nanowires using a maleimidobenzoyl
hydroxylsuccinimide (MBS) bifunctional cross-linker. GST-tagged CaM could be reversibly

immobilised allowing for the detection of Ca?* (>1 uM) and Tnl (7 nM).

Surface functionalisation using metal-selective oligo-peptides have been used for the
detection of Pb?* and Cu?®* ions'®®187, Si nanowires synthesised by chemical etching of Si
wafers and functionalised with mercaptopropyltriethoxysiliane (MPTES) were used for the
detection of heavy metal ions (Hg?", Cd?")', The functionalised nanowires exhibited
concentration-dependent increases in conductivity with increasing ion concentration up to 10

¥ M and detection limits of 107 M and 10* M for Hg?* and Cd?*, respectively.

Nanowire sensors reported here so far are based on electrical detection of target analytes, Mu
and co-workers®®® used 8-aminoquinoline-functionalised Si nanowires for the optical
detection of Cu?* ions. Si nanowires, grown by thermal evaporation, were functionalised
with  N-(quinoline-8-yl)-2-(3-triethoxysilyl-propylamino)-acetamide (QIOEt) and then
dispersed in a buffered 30 % ethanolic aqueous solution. These solutions were titrated
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against various metal ions and their fluorescence properties were monitored. The
functionalised nanowires were highly selective towards Cu?* species and the fluorescence
intensity decreased with increasing Cu?* concentration up to 20 pM. Significantly, QIOEt-
modified Si nanowires display a higher fluorescence quantum yield compared to QIOEt
alone, consequently the functionalised Si nanowires could obtain Cu?* detection limits of 108
M, compared to 10® M for QIOEt. Furthermore, the Si nanowire fluorescence sensor was
reversible by the addition of acid to remove the bound Cu?* species, followed by filtration to

recover the QIOEt-modified Si nanowires.

Table 3. Surface functionalisation of Si nanowire sensors for metal ion detection.
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7.3 Non-Biological Sensing Applications of Functionalised Si Nanowires
Advancements in Si nanowire-based sensors has been largely focused on the detection of

biologically relevant molecules but there has been increasing interest in developing rapid
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sensing methods for anti-terrorist applications. Engel et al.!*®® recently demonstrated that Si
nanowire arrays can be used for the ultra-sensitive detection of explosives. The electrical
conductance of APES-functionalised Si nanowires is strongly influenced by the presence of
2,4,6-trinitrotoluene (TNT), allowing for detection limits in the sub-femtomolar (< 10> M)
regime to be obtained. The impressive sensitivities originate from the strong acid-base
pairing interaction of the electron-deficient aromatic ring of TNT molecules with the
electron-rich amino groups on the APES ligands. The device showed excellent reversibility
with conductivity returning to the baseline reading after washing with DI water. Simonato
and co-workers'®! devised Si nanoribbon FETs for sub-ppm detection of organophosphorus
(OP) molecules, which are used as chemical weapons such as sarin. The receptor ligand
consisted of a tertiary amine in close proximity to a primary alcohol, which after interaction

with OP molecules, reacted to form a quaternary ammonium salt and phosphate ester.

7.4 Factors Influencing Nanowire Sensor Performance

Many Si nanowire-based sensors utilise siloxane functionalisation layers with organo-silanes
grafted onto the silicon oxide surface. While the siloxane chemistry has the advantages of
using many commercially available precursors, this functionalisation approach can lead to
multilayer formation and is also dependent on the density of surface hydroxyl groups (-OH)
to ensure good surface coverage!®.  Cattani-Scholz and co-workers® employed
organophosphonates to form self-assembled monolayers on oxidised silicon nanowires. Gu
et al.'®® reported a Si nanowire nanogap FET sensor for the detection of avian flu; one
advantage of the design was the use of silica binding proteins (SBP), which ansiotropically
immobilise onto silica surfaces without prior need for surface functionalisation such as

silylation. The SBP also binds the bioreceptor molecule, in this case the avian influenza
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antigen (Al-an). The immobilised SBP-Ala can then be utilised to detect the specific target

antibody against Al, i.e. anti-Al.

A further issue associated with chemical attachment through the native oxide is that is it does
not allow for selective binding to the nanowire, but instead functionalises the entire substrate
surface, which is typically SiO», thus considerably reducing the sensitivity of the device.
Park et al.’® devised a strategy for the selective functionalisation of oxidised Si nanowires
using localised nanoscale Joule heating under applied electrical bias. The localised heating
ablates a protective polymer layer, polytetrafluoroethylene (PTFE), exposing the nanowire
surface, which can then be selectively functionalised with the desired ligands, as illustrated in
figure 13(a). Figure 13(b) displays the temperature profile of Si nanowire arrays showing

large temperature gradients which enable controlled ablation of the polymer coating.
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Figure 13. (a) Process flow for selective functionalisation of Si nanowires by nanoscale Joule
heating. Schematic illustrates (i) deposition of the polymer (PTFE) layer, (ii) localised
heating to remove PFTE followed by O, plasma treatment, (iii) localised functionalisation

with linker molecules and (iv) attachment of desired ligands. (b) Numerical simulation of
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temperature distribution in Si nanowire arrays subjected to nanoscale heating using 12 V
bias'®. Reprinted with permission from reference 194. Copyright 2007, American Chemical

Society.

These functionalisation methods however, still graft molecules onto the surface oxide and not
directly onto the Si surface. The presence of an oxide at the nanowire/organic interface acts
as a dielectric making the nanowire less sensitive to charge variations induced by
receptor/analyte interactions. Bunimuvich et al.1”® compared the performance of oxidised
and non-oxidised Si nanowires for DNA sensing. Nanowires functionalised via UV-initiated
hydrosilylation exhibited enhanced FET characteristics and an order of 2 magnitude increase
in the sensitivity of the Si nanowires towards single-strand DNA. Masood and co-workers!®
fabricated Si FET sensors based on nanowires with triangular cross sections having {111}
surface facets, which were selectively functionalised by hydrosilyation. The use of {111}
surfaces is advantageous as alkylation on Si(111) yields higher quality Si-C monolayers with

low surface trap densities relative to other Si surfaces.

The nature of chemical grafting to nanowire surfaces plays a key role in determining
performance nanowire based sensors, but several factors influence nano-sensor sensitivity
and detection limits. As expected, the sensitivity can be increased with decreasing nanowire
diameter®®4, however the nanowire size is limited by lithography and down-sizing also rises
the cost of device fabrication. Ahn et al.’®® used a double gate Si nanowire FET sensor that
showed improved sensitivity compared to the conventional single gate devices. The presence
of a secondary gate (G2) allowed the conduction path in the nanowire to be independently
controlled. By applying a positive bias to G2 (Ve2 = 0.5 V), the threshold voltage increased,
making the device more sensitive to the presence of charged molecules are the nanowire

surface.
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Gao et al.'® investigated different operational modes to of Si nanowire FETs and found the
sensitivity to be strongly dependent on carrier screening length of Si (4si), taken to be ~1-2
nm for a hole density of ~10%8-10'° ¢cm, and the nanowire radius (R). In a high carrier
concentration regime, where 1si << R, the nanowire FET conductance (G) varies linearly with
Vg. In a low carrier concentration regime, where Asi >> R, the device works in a depleted or
subthreshold regime, where G varies exponentially with Vg. The longer carrier screening
length relative to the nanowire radius means that the surface charges can gate the whole
nanowire cross-section, leading to improved sensitivity and lower detection limits'®®. The
authors experimentally demonstrated that Si nanowire FET sensors displayed a 500-fold
increase in protein detection limits when operated in a depleted mode relative to a linear

regime.

A fundamental challenge for the integration of nanowire biosensors stems from the complex
make-up of physiological fluids, where factors such as high salt concentration, non-specific
binding and biofouling can be problematic. Stern et al.}”® fabricated a Si nano-sensor that
incorporates a microfluidic purification chip (MPC) and enables analysis from whole blood.
The role of the avidin-functionalised MCP is to first capture the desired biomarkers from
blood through antibody-DNA binding. After washing, the device is filled with sensing
buffers and then irradiated with UV light, resulting in the cleavage of a photolabile group that
binds the biomarker-antibody-DNA complex. The contents of the MPC are then transferred
to the sensor device consisting of Si nano-ribbons functionalised with secondary antibodies.
Biomarker detection requires the binding of 2 antibody receptors, thereby improving
selectivity and reducing the detection error.  Successful utilisation of this two-step
purification-sensing approach is highly promising for the integration of Si nanowire based

sensors for medical diagnostics.

Conclusions
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Several strategies have been devised for the formation of robust organic monolayers on Si
and Ge nanowires. Organic functionalisation layers provide an effective barrier to prevent
surface re-oxidation and enhance electrical performance of Si and Ge nano-electronic
devices. The report by Lieber and Cui in 2001 on the first Si nanowire sensor, sparked
huge interest into the area of nano-sening and there have been rapid advances in the
fabrication of such devices. The low dimensionality of nanowires makes their transport
properties highly responsive to processes occurring at the surface and allows for
ultrasensitive detection of target molecules. Many challenges remain with regard to the full
integration of nanowire based sensors; degradation of the functionalisation layer will
significantly reduce the sensing capabilities and the long-term stability of nanowire sensors is
not often reported. Furthermore, for highly selective detection of biomolecules in
physiological fluids to be realised, functionalisation with more complex assembles is
required. Despite these challenges, there are many potential opportunities for functionalised
Si and Ge nanowires such as biocompatible implantable devices for in vivo monitoring, lab-

on-chip devices and targeted drug delivery.

Grafting organic molecules onto the Si/Ge interface to alter transport properties could provide
an entirely different approach to conventional doping of semiconductor nanowires. Further
studies into the mechanism of how molecules induce changes to the transport properties,
through charge transfer, surface states, and molecular gating effects is essential. A key issue
to future applications is the stability of these molecular gates under device operational
conditions. Fully elucidating the role of molecular modification has huge potential for nano-
electronics such as improved FET performance and molecular memory storage devices.
While an enormous understanding of Si and Ge nanowire functionalisation can be gained
from the considerable work on 2D surfaces, nanowires also possess fundamental differences

and are inherently more complex systems than their bulk counterparts. Understanding the
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role nanowire curvature, surface facets, doping, the effect of the growth catalyst and how
these factors influence surface reactivity and stability on nanowires will enable selection of

the optimal nanowire modification to meet specific applications.
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