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The electron beam induced electronic transportimary alkyl amine-intercalated Y05 nanotubes is in-
vestigated where the organic amine molecules apoyed as molecular conductive wires to an aminosi-
lanized substrate surface and contacted to Audigfiésted electrode contacts. The results demamstra
that the high conductivity of the nanotubes isteglato the non-resonant tunnelling through the amin
molecules and a reduced polaron hopping conduttimugh the vanadium oxide itself. Both nanotube
networks and individual nanotubes exhibit similarigh conductivities where the minority carriernsa
port is bias dependent and nanotube diameter amvari

copyright line will be provided by the publisher

1 Introduction

Molecular electronics is foreseen to be a vialilerabtive for inorganic semiconductor circuitryJJL,
where a drive to develop cost-efficient and repuoillle techniques to facilitate the demands of the |
dimensionalities required in the next-generationicks [3,4]. Desirable properties will depend oe th
ability to realize functional nanostructures withntrollable and superior electronic properties #mel
ability to withstand high current densities [5].\Mea@limensional nanostructures, such as chemically sy
thesized nanowires or nanotubes [6,7], are of denable interest as functional units mediating the
transport of electrons or optical excitations.

Here we present the controlled deposition and rdattproperties of alkyl amine-intercalated YO
nanotubes. The findings comprise the fabricatioprotessable hybrid organic-inorganic Y¥@anotube
conductive channel contacts and the determinatfidimeoelectronic transport characteristics of tibrid
organic-inorganic nanotubes compared to those enmgovanadate wires or ribbons, by an electron
beam induced current methodology.

2 Experimental
The synthesis of primary alkyl amine intercalate@, \Wanotubes by hydrothermal methods has been
outlined in detail elsewhere [8,9]. Briefly, \V(hanotubes intercalated with monoamines (octade-
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cylamine) were deposited on patterned device dreas a suspension in octanol. The substrates were
gold electrodes on SpOUtilizing the negative surface charge, individiv®, nanotubes can be depos-
ited onto appropriately modified Si/SiQGurfaces. For that purpose, the S#0rface is first treated with
3-aminopropyltriethoxysilane (3-APS) to create pwsly charged ammonium groups on the surface.
The ionic interaction then allows a controlled agson process [10]. Deposition of only a few smgl
VO, nanotubes was achieved by optimization of theceakentration (~18 mol dm® and adsorption
time (<5 s). The sub-micrometer channel lengthrditgtated electrodes (IDEs) were patterned by nano
imprint lithography (NIL) with an OBDUCAT Nanoimprter givingmetal stamps containing interdigi-
tated electrodes (IDEs) with parallel lines of coliéble spacingSpecific details on the imprinting
methodology can be found elsewhere [11,12].

Electrical properties were investigated in the direurrent (DC) regime using a Keithley Model
6517A Electrometer. Sample devices to be charaeignvere packaged in a Kryocera 16 LD S/B chip
carrier and wire bonded with gold wires using F&l€libtec Bondtechnik ultrasound ballbonder 5405.
Additionally, the complementary technique of elentbeam induced current (EBIC) was used to gauge
the electronic transport in V\Ghanotubes that were both bonded and sol depositeliperformed in a
Hitachi S-2500 SEM using a Matelect ISM-5 systemdignal detection. The induced current was re-
corded as a function of the position of a focusedteon beam using a lock-in amplifier and an ettt
beam modulated at 1.2 kHz by the beam blanker.

3 Results and discussion

Figure 1a shows the typical NIL processed IDExhSidevice areas can have inter-electrode spacing
ranging from several um down to 50 nm. The IDE smadin Fig. 1a is 100 nm. Solution deposited
nanotube networks were deposited on the aminogddnsubstrates using absorption times of several
minutes at sol concentrations <0.03 moldim octanol. Figure 1b shows a standard topologivalge
of the nanowire network. The room temperature kSponse of VQnanotubes on an IDE with 100 nm
inter-electrode spacing is shown in Fig. 1c, andildts nonlinear and symmetric 1-V characteristids.
contact resistance of 0.47-0.98 kvas derived by comparison between 2- and 4-profgsarements on
various nanotube network deposits. Since the éffecross-section of the samples is known (variable
with nanotube feature size), the corresponding aotindty ranges from 0.2 — 0.8 S &nat 300 K.

The conduction mechanism of vanadium oxide is gdlyeaccepted to be the hopping of electrons
between the transition-metal ions in different nake states (¥ and \?*). These charge carriers are
actually small polarons. As the electron-phononptiog is considerable, theddunpaired electrons are
trapped in their own polarization wells. Dependimy the preparation method, the amount 8t ¥an
vary; we previously determined that for nanotubssduin this work [13], ¥ constitutes ~45% of the
total quantity of vanadium atoms in the sample Wh#can order of magnitude greater that that tyfyica
found in \,Os sols [14].
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Fig. 1 (a) SEM images of IDEs fabricated by NIL with chahlengths of 100 nm. Scale bars = 10 pop)(and 2

um (bottom). (b) SEM image of the solution deposited M@notube networkirfset) the nanotubes spread across

several metal fingers. (c) I-V curve of the Y@anotube network on the interdigitated active ateaom tempera-
ture. (d) Temperature dependence of the nanotul@reresistance of the same sample area measufell i
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Temperature dependent measurements revealed ael@tlconductivity with decreasing tempera-
ture, consistent with thermally activated hoppirgnsport. The resistané®of the deposited nanotube
network is plotted in Fig. 1d as IR) versus reciprocal temperature in the range of-1300 K. This
plot is performed to analyze the data in the fraxfnhe general formula proposed by Mott [15] foradim
polaron hopping in transition metal oxides:

o= (voezc(l— C)Je('zm)e[_;aj
KTr

wherevy is the phonon frequencg, the concentration ratio™(V** + V°*) representing the fraction of
sites occupied by electrons or polarons, or thie cdtthe transition-metal ion concentration in thever
valency state to the total concentrati@ 0.45 in this case [13]),the average hopping distan&g the
activation energy, and is the rate of wave function decay. The nanotubfisvare composed of vana-
dium oxo-anions with either a neutral or negatitiarge. The presence of Vheutralizes this charge if
present; VV* does not. Consequently, the total anion chargghemanotube walls is a direct function of
the V** content. As the amine surfactant used in this werthe structural template and also cationic,
greater quantities of 4 results in an increased amount of surfactant hindis the associated electro-
static interaction is much stronger than dativedion between neutral ¥ sites and amine head groups
[16].

The nonlinearity of the IAYR) as a function of inverse temperature in Fig. dihiagreement with
previous observations [17]. This behaviour has beqgrlained by the temperature dependence of the
hopping activation energl, which includes a disorder energy contributioniladted to the random
structure of the material which in previous casesea from thick sol-gel samples. Approximating the
data in Fig. 1d by a straight line in the tempamttange 170 — 300 K gives an activation energy of
0.138 eV. This value is significantly lower tharepious reports for entangled nanowire networks of
V,05 and comparable to values reported for individugDd/hanowire contacts. The reason is two-fold:
firstly, even though the nanotubes are entangled dispersed array, each atomic layer of vanadium
oxide is effectively sandwiched between monolapérsonducting amines [18] which form a conductive
organic sheath around the metal oxide, improvirtgaitube transport compared to monolithigO¢
nanowires. Secondly, the smaller polaron hoppitiyaoon energy, reflecting the absence of sigaific
transport barriers at the nanotube contacts, @ falsilitated by interaction of conductive amine leio
cules. Indeed the conductivity of these nanotulteroris (0.2 — 0.8 S cf) matches and exceeds that of
single 405 nanowires (~0.5 S ¢ [19]. Thus, the amine intercalated nanotubes cim@pn alterna-
tive to complicated selective ordering steps asdedi with pure nanowires, due to the beneficial mo-
lecular conduction provided by the intercalatedaoig monolayers between every second layer of vana-
dium oxide, discussed further on.

EBIC measurements were conducted on individual el ag a network of organic-inorganic nano-
tubes in order to map the conductivity and eleétrér@nsport through the tubes and specificallthatr
contact point to the metal fingers of the IDEs. M@notubes were drop cast across the IDE, shown in
Fig. 2a. Devices were loaded into a scanning aactnicroscope (SEM) in which a focused electron
beam was scanned over the nanowire contacts whéleges in current were measured as a function of
the beam position. Voltage contrast resolutiorhisgame as for secondary electron imaging. Hence fo
an acceleration voltage of 30 kV, a resolution bé@ 20 nm may be expected. However, for thin
specimen such as a Y@anotube (~50 nm, perpendicular to the tubes kbig), a 30 kV beam only
weakly interacts with the sample. Lower voltagesmMeen 0.5 — 5 kV allow sufficient sample-beam
interaction. For voltages <1 kV and beam currentien 1 pA, we observed negligible degradation ef th
EBIC. Secondary electron and corresponding EBICyasaof the nanotube contacted electrodes can be
seen in Fig. 2b where we observe a uniform intgngipresenting metal-nanotube-metal current flow.
The height of the conductive channel was determiodae ~50 nm, and is similar to the cross-sectiona
diameter of a single nanotube. The n-type nanowdereverse biased to analyse the carrier kinatics
both contacts. For the Schottky contact, the eniergéectron beam locally generates excess minority
carriers (holes), which diffuse in the nanowire mafiel and are collected if they reach the contaftirbe
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recombining. The resolution for EBIC measuremeats30 nm for VQ nanotube-covered IDEs. Using
voltages up to 1 kV and beam currents up to 1 p@, Wanotubes did not exhibit measurable current
degradation through the nanotubes. For voltag@® &V and beam currents of 150 pA, the conductivity
of the nanotubes was observed to increase by other @f magnitude. The I-V characteristics (not
shown) of a single organic-inorganic nanotube-octtethbetween two metal fingers of the IDE exhibit a
linear I-V plot, confirming the advantageous cortéut effect of the intercalated amines: we observed
an increased conductivity (0.8 S &rand a much lower ohmic resistance of X% &n order of magni-
tude improvement over monocrystalline nanofibers\BDs with a Au-Pd overlayer to improve
nanotube-metal contact quality [19].
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Fig. 2 (a) Non-contact AFM image of the solution-depabitéO, nanotubes on an IDE. (b) Secondary electron
image fop) and corresponding EBIC imageoftom) of nanotube-channelled electrode fingers. Thetelde spac-
ing is 100 nm. (c) Semi-logarithmic EBIC line profiléom a Schottky contact at 5 kV for nanotube ditars of §)

75 nm (A) 200 nm. [nset) I-V curve of the reverse bias nanotube-electmm#act.

The increase in conductivity compared to the netvafrnanotubes (shown in Fig. 1) is directly due
to an increase in carrier concentration causedéyon-resonant tunnelling through intercalatechami
[20], a reduced polaron hopping activation energthe VQ, and a reduction in carrier depletion at the
nanotube-electrode contact. We analyzed the minoaitrier diffusion length by monitoring the raté o
decay of the EBIC along the nanotube long-axis a@nthe electrode contact, for two nanotubes of di-
ameters 75 nm and 200 nm, respectively, at thepetive Schottky contacts to the Au electrodes- Fi
ure 2c¢ shows that the EBIC decay constant of tip@mential does not change with accelerating voltage
(2 — 8 kV) but does so considerably with potentials indicating a dependence of the minority carrie
transport on the electric field within the electesd The dashed lines in Fig. 2c are fits to theertr
along the nanotube, which decays:e@&’?, whereL, is the minority carrier diffusion length amds the
distance along the nanotube. From the data inZeigthe minority carrier diffusion lengths were atet
mined to be 8& 7 nm and 9% 8 nm for nanotubes of diameters of 200 nm and mSespectively.
Such low values df, are essentially diameter invariant and are obseiwveemain in the range 80 — 100
nm for all nanotube diameters investigated (50 G- ).

EBIC analysis of the Schottky contact between thée-intercalated nanotube and the Au electrode
of the IDE was conducted using a two terminal rety0, nanotube diode. Figure 3a shows an SEM
image of the actual contact point with the assedi@&BIC image in Fig. 3b. The EBIC was acquired
along and perpendicular to the nanotube axis amdpsduced in Fig. 3c. The abrupt drop-off of the
signal away from the nanotube confirms that badksezad electrons do not contribute to the signél. O
importance is that the minority carriers are cd#ecat the contact before recombining. Some of the
variation of the minority carrier diffusion lengthay be due to the fact that surface band bendiag ex
cises less influence over carriers generated imiidelle of the nanotube as the diameter increases.
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Fig. 3 (a) Secondary electron and (b) EBIC images of desiM@, nanotube Schottky contact to a Au metal elec-
trode. (nset (a)) Band diagram where excess minority carriers diffiusthe space charge region and are swept to
the contact by the internal electric field. (c) iprofiles of the data in (b) taken along (solitelblack arrow) and
perpendicular (dashed line/dashed arrow) to thetale axis showing the signal decay.

Since VQ nanotubes are scrolls of stacked double bilaygds3] with a hollow core, all transport occurs
away from the tube center. Recombination at eitmine structural defects or ionized impurity center
in the vanadium oxide limits the hole diffusion dgin, confirming the invariance of the reverse bi&s
characteristics with nanotube diameter. In addjtgincel, does not vary with nanotube diameter, the
implication is that the surface recombination vélpés not constant. The reduced resistance rolytine
observed with an amine/Au contact is ascribed féeminces in charge transfer and wave function
mixing at the metal/molecule contact, includingeefs of nitrogen lone pair interaction with the dyol
which result in a hybrid wave function directedraidhe molecule bond axis. The details of the digeci
amine/Au conductive molecular junction will be prated elsewhere.

The findings serve as an important reminder thas@niconductor nanomaterials, control over the
surface chemistry is at least as important as cbotrer the bulk chemical properties, particularly
hybrid organic-inorganic nanostructures. For nartenls employed in next-generation photovoltaics,
for example, it is prudent to be able to vary aadtml the minority carrier diffusion length in sttures
utilized in devices to avoid compromising theirfpemance.

4 Conclusions

In summary, we have synthesized vanadium oxide wiemetworks via polycondensation on me-
tallic interdigitated electrode devices and invgesiied the minority carrier transport properties aefet-
tronic conduction. The electrical transport waslaixgd by the small polaron theory, employing the
multi-optical-phonon-assisted hopping model at High80 K) temperatures. Compared to the nanotube
networks, the individual nanotubes are charactdrinea reduced hopping activation energy, reflectin
the absence of transport barriers at the inter-tdrgacts by conduction facilitated by non-resonant
charge tunnelling through intercalated amine mdécat the contact point. Minority carrier diffusics
observed to be controlled by the variable surfammmbination velocity within the hybrid organic-
polyvalent nanotube material and the minority eardiffusion length is nanotube diameter invariant.
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