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Abstract
We have tested a range of imaging and spectroscopic techniques to address
their ability to locally explore the interplay between surface reactivity and
transport properties of the metal oxide nanostructure wired as a chemiresistor
and chemi-FET. In particular, we used scanning surface potential microscopy
(SSPM) to monitor the spatial and temporal particularities of the dc potential
distributions in an operating device. We also successfully implemented
synchrotron radiation-based photoelectron emission microscopy (PEEM) to
explore submicron lateral compositional and electronic (work function)
inhomogeneity on the surface of an individual nanowire sensor. These results
open new avenues to visualize and spectroscopically address the chemical
phenomena on an individual quasi-1D nanostructure both in real time and at
nano- and mesoscopic level.

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

1. Introduction

The recent tremendous progress in the synthesis, character-
ization and assembly of quasi-one-dimensional metal oxide
nanostructures such as nanowires, nanobelts, nanotubules, etc,
when added to their known responsive dependence on the
electronic properties from the surface processes make these
structures promising active elements to be used in chemical
and biological sensors, photovoltaic and nanoelectronic de-
vices and other applications (see [1–3] and references therein).
It is generally accepted that appreciable deviation from the
macroscopic 3D electronic (and therefore chemical) properties
for 1D semiconducting oxides will become prominent when
the effective diameter of the nanostructure becomes compa-
rable to the oxide’s screening length. For lightly and moder-
ately doped oxides this scale falls into the 10–100 nm range.
For such nanostructures the tiny changes in the chemical state
of the surface due to the presence of chemical or biological

agents can result in the depletion (or accumulation) of electrons
(holes) not only near the surface but in the entire volume of the
nanostructure with a concomitant change in its Fermi level po-
sition within the bandgap. Combined with the large surface-to-
volume ratio, this effective transduction provides the basis for
superior chemical sensor function by the oxide nanowire de-
vice [4–8]. From the surface chemistry perspective, the same
unique features make a nanowire’s conducting channel a sen-
sitive ‘antenna’ of surface catalytic processes [9–11].

Precious structural and compositional as well as dynamic
microscopic data on 1D nanostructures were obtained in
the past using transmission electron microscopy (TEM),
high resolution (HRTEM) and scanning transmission electron
microscopy (STEM) (see recent review [12] and references
therein). In spite of the apparent superiority in spatial
resolution and recent achievements in TEM chemical mapping
with electron energy loss spectroscopy (EELS), TEM- and
scanning Auger microscopy- (SAM-)based methods are
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primarily sensitive to the chemical composition rather than to
the chemical state of the surface atoms and routinely induce
significant radiation damage in the nano-object.

On the other hand, well-developed synchrotron radiation-
(SR-)based photo electron microscopy (PEM) methods such
as photoelectron emission microscopy (PEEM) and scanning
photoelectron microscopy (SPEM) recently demonstrated
steady improvements in spatial resolution passing the threshold
of 10 nm [13] and 100 nm respectively [14]. The latter are of
particular interest, offering superior sensitivity to the electronic
states of the surface atoms and remaining significantly less
destructive.

Therefore, it would appear that further exploration of
these phenomena will greatly benefit from the experimental
technique(s) which are sensitive to the local variations of the
Fermi level, surface composition and/or electronic structure
along the length of 1D nano-object. In electrically contacted
nanostructures these properties become inherently coupled
with electronic properties of the other parts of the nanodevice
(i.e., electrodes, gate oxide, etc). On the other hand, strong
variations of the measured parameters from one nanostructure
to another are common (due to different diameter (size effects),
facet orientation, stoichiometry, doping level, etc). Therefore
it is crucial for the measurements to be performed on the
individual well-characterized nanostructure (not on bundles,
arrays or films from the nanostructures). The latter imply that
the spectroscopic technique is also a microscopic one with
lateral resolution at least not less than the diameter of the
nanostructure. To explore these phenomena, surface sensitive
and adsorbate specific spectromicroscopic techniques must be
applied to individual 1D nanostructures wired as an active
element of the chemi-FET, chemiresistor or other device.

The surface chemistry is not the only factor determin-
ing the performance of nanowire sensors. In real world ap-
plications, the entire performance of the nanodevice can de-
pend on the electrostatic inhomogeneities and potential bar-
riers induced by electroactive elements inside the nanostruc-
ture (i.e. inherent defects), contact effects and dynamic elec-
trostatic processes taking place on support media (i.e. charging
effects) [15]. Scanning surface-potential microscopy (SSPM)
uses the scanning AFM cantilever to locally probe the spatial
distribution of the potential of the operating nanodevice and
therefore is an ideal tool to explore the influence of the latter
factors on the transport properties of the nanostructures [16].

In this paper, we describe experimental challenges and
demonstrate a few approaches to implement SSPM, PEEM
and potentially scanning photoelectron microscopy (SPEM)
to study the surface (and bulk) electronic properties of the
individual quasi-1D nanostructures mounted in nanodevices.
Using PEEM in UV and soft x-ray ranges, we demonstrated
the ability of electron spectromicroscopy to reveal submicron
lateral particularities in composition and in the core level
near edge x-ray absorption fine structure (NEXAFS) of the
surfaces of the individual metal oxide nanostructures wired as
a chemiresistor device.

2. Experiment

Pristine quasi-1D, SnO2, TiO2 and In2O3 nanostructures up
to 500 µm long were synthesized using vapour–solid (VS)

and vapour–liquid–solid (VLS) growth protocols close to
those described in [17, 18]. Indium catalyst particles were
used to grow In2O3 1D nanostructures, and activated carbon
was added into the crucible with TiO2 powder to facilitate
the growth of the titania nanostructures (i.e. carbothermal
route). Nanowires were collected from the alumina crucible
in which they were formed, and placed on either a Si/SiO2

wafer for SSPM and gas sensing measurements or on to
metallized pillars of the special micromachined dielectric
support for the PEEM studies. To preserve the nanostructures’
surfaces and the electrode’s area from contamination, no wet
processes (such as those used in resist-based lithography)
were used at any stage of the chemiresistor or chemi-FET
device fabrication. The PEEM measurements were conducted
at the Canadian Photoelectron Research Spectromicroscope
(CaPeRS) facility using a photoelectron emission microscope
(PEEM Elmitec GmbH) at the Synchrotron Radiation Center
(SRC, Stoughton, WI). The commercial SPM system (Veeco
MultiMode NS-IIIA, ORNL) was used to conduct spatially
resolved SPM-based dc transport measurements. The sample
stage was equipped with a custom-built sample holder, which
allows in situ biasing of the nanowire sample. SSPM
measurements were performed using Pt coated tips (NCSC-12
F, Micromasch) with typical lift heights of 200 nm. The current
through the nanostructure was imposed laterally across the
surface using vapour deposited Au/Ti macroscopic electrodes.
The SPM tip was used as a moving Kelvin probe, providing
a spatially resolved dc potential distribution image along the
nanostructure.

3. Results and discussion

Using a combination of scanning electron beam microscopy
(SEM), macroscopic transport measurements and scanning
surface potential microscopy of the SnO2 nanowire wired as
a chemi-FET, we were able to create and directly visualize the
influence of local electroactive elements, metal contacts and
field-induced mobile charges on the gate oxide layer, which
are capable of drastically influencing the sensitivity, stability
and response time of the single nanowire sensor.

To model the presence of the electroactive elements along
the length of the nanostructure, such as differently doped
heterojunctions, the single nanowire chemiresistor device was
illuminated locally with a focused electron beam (figure 1).
The evolution of the IDS(VDS) characteristics of this device
was measured as a function of dose (figure 1(e)). As can
be seen the conductance through the nanostructure drops
significantly upon exposure and then saturates at steady state
level. As simple carbonization of the spot would increase
the conductivity of the nanowire, we can rule out this
possibility because our results (see figure 1(e)) show the
opposite trend. We believe that formation of a heterojunction-
like area is a more plausible explanation. Due to electron
beam induced desorption primarily of oxygen from the SnO2

nanostructure (see as an example [19]), the illuminated spot
gains the concentration of oxygen vacancies thus forming the
additional donor states. This locally reduced area develops
as a n–n+–n junction in the middle part of the structure with
relatively shallow barriers which are responsible for a moderate
conductance drop. This picture is supported by scanning
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Figure 1. The comparison of topographic 40 × 40 µm2 (a) and
SSPM ((b), (c)—taken at opposite polarity) images of single SnO2

nanowire FET with e-beam fabricated local electroactive defect
(Z -scales: 2000 nm for (a) and 10 V for (b), (c)). (d) The simulation
of the spatial distribution of the electron beam-induced defects
formation in SnO2 nanowire based FET. The parameters used: SnO2

NW diameter 200 nm, electron energy 20 kV, normal incidence.
(e) Temporal evolution of IDS (VDS) of the SnO2 nanowire
chemiresistor under electron exposure (20 kV, 20 mA, rastering
2.4 × 103 µm2 area). The I (V ) curves were taken in situ
sequentially with about 1 min time interval between the scans.

Figure 2. 50 × 50 µm2 SSPM images of the surface potential
distribution on and around the biased nanowire (a) 10 min,
(b) 18 min and (c) 36 min after application of the negative potential
on the top electrode. The smearing of the potential contrast is due to
induction and mobility of the surface charges on the gate oxide.
L denotes the spatial extension of the charged areas.

potential microscopy data (figures 1(a)–(c)) which is sensitive
to the local inhomogeneities of the potential distribution in the
biased nanostructure. As shown, the exposure of the middle
point of the nanostructure leads to drastic changes in the SSPM
map (figures 1(b), (c)); however, no particularities can be seen
on the topographic AFM scan (figure 1(a)). However, this
simplistic model can be considered only as a preliminary one as
more detailed modelling of the interaction volume (figure 1(d))
reveals [20] the formation of a possibly reduced and charged
area in the gate oxide. The latter one in turn can induce the
additional parasitic gating on the nanostructure which could
also cause the reduction of IDS.

The environmental SSPM measurements revealed the
importance of the neighbouring gate oxide layer (and generally
speaking any support) for the electron transport (and therefore
sensing performance) of quasi-1D chemiresistors and chemi-
FETs. Figures 2(a)–(c) represent a sequential mapping of the
surface potential at the biased SnO2 nanowire chemiresistor
and neighbouring gate oxide area at 10, 18 and 36 min after

Figure 3. PEEM chemical contrast on In2O3 nanowires grown on In
catalyst particles: (a) hν = 400 eV; (b) hν = 5 eV. The diameter of
the nanostructures is about 300 nm. FOV is 100 µm.

the bias was applied. The observed gradual spreading of
the potential ‘halo’ is due to the induction and mobility of
the surface charges present on the oxide surface. Since no
resistance was used in our fabrication protocol, the charge
accumulation is related to the gate oxide surface. The effect
was found to depend strongly on humidity; an effect which
can only be eliminated via annealing or UV photodesorption
in vacuum. The origin of this effect arises from the
high polarizability and mobility of the water molecules
and/or hydroxyl species adsorbed on SiO2 film at ambient
conditions [21]. The latter is concomitant with predominant
mobilities of the negative charges from the areas of high
negative potential such as the top electrode and upper part
of the nanostructure (figure 2). As has been illustrated
(see as an example [15, 22] and references therein), these
surface charge effects manifest themselves in the macroscopic
transport measurements as a hysteresis response to the sudden
back gate bias and/or in the long term time-dependence of
I–V curves. Due to their parasitic electrostatic coupling
(gating) with the nanowire conducting channel, these surface
charges are able to strongly effect the chemical and biological
sensing performance of the FET configured nanowire-based
devices operating in real world wet or humid environment.
In fact, poorly controlled mobile charges are the primary
limitation of ambient dc transport measurements by SSPM.
These impediments can in principle be solved by carrying out
sensing and transport measurements at high frequency with,
for example, scanning impedance microscopy [23]. However,
the capacitance coupling with the gate electrode will limit the
applicability of this method and therefore the implementation
of new supports is required.

Due to its inherent sensitivity to the local variations
of the work function, PEEM is an invaluable tool to study
morphologically and compositionally inhomogeneous surfaces
of the nanostructures. PEEM techniques are especially
attractive for exploring the real time surface dynamic process
at nano- and meso-scales [24] as well as working electronic
microdevices [25]. In figure 3, a few In2O3 nanowires are
placed on a Si wafer (covered with thin native oxide) and
lightly sputtered then imaged in UHV on the same area but
at different photon energies. Figure 3(a) shows a photoelectron
image with 100 µm field of view (FOV) acquired at 400 eV
of soft x-rays. The protruding spots represent In nanoparticles
used as seeds during the nanostructure growth. The contrast
in the image is faint and shows mostly topographic features
because at this photon energy the absorption coefficients
of Si, In or O do not differ appreciably. In figure 2(b)
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Figure 4. The prospective robust platform for artefact free
spectromicroscopy on quasi 1D nanostructures. The width and the
distance between the pillars in the support shown is about 65 and
50 µm respectively. The white bar is 50 µm.

on the other hand, the energy of the light was tuned to
be just above In work function but a bit below that of
the photoemission threshold of In2O3 and SiO2 oxides. A
much stronger chemical contrast can be observed in the
latter case and In rich nucleation seeds can be clearly seen
due to the higher photoemission yield with respect to both
In oxide nanowires and Si substrate. These experiments
demonstrate the potential of the chemical selectivity of the
PEEM imaging of individual 1D nanostructures; such imaging
can be used for optimal surface functionalization strategies
and spectroscopic visualization of the adsorption/desorption
phenomena on individual nanostructured sensing elements
both in real time and at nano/mesoscopic level.

However, as shown above, in nanodevice application,
electron and synchrotron radiation-based spectromicroscopy
face a major experimental challenge due to charging problems
similar to those described in [26, 27]. We have tested
the prospective design of the support which allowed us to
work with complex nanostructures and have not experienced
problems with charging even under illumination of the sample
with defocused x-ray (UV) photon or electron beams. Taking
advantage of the high aspect ratio of 1D nanostructures is
the key solution to these experimental impediments, achieved
by using the suspended nanostructures where the dielectric
areas of the support, which are still able to store the parasitic
charge, are spatially and electrically decoupled from the
nanostructure. The principle of PEEM on suspended 1D
nanostructures is shown in figure 4. Instead of planar Si/SiO2

support, the substrate used is nonconducting micromachined
glass (Invenios Inc. [28]), which has a dense (about 100 up to
500 cm−1) array of high aspect ratio (∼10) fine micro-trenches.
The metallization of the top and inside of the microwalls
was made using two sequential depositions of Ti (100 nm)
and Au (1000 nm) while the substrate was tilted at a ±15◦
angle with respect to the metal flux direction. Under these
deposition conditions the metallization took place exclusively
on top and on the inside of each wall, thus preventing
the bottoms of adjacent microwalls from being electrically
connected. The latter design drastically cuts charging due to
high aspect ratio of the walls since neither primary photons
nor secondary electrons penetrate to the interior of the deep
nonconducting trenches. Due to high thermal stability of
the substrate, the imaging experiments can be conducted up
to 600 ◦C. In addition, this sample design is free from
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Figure 5. (a) 75 µm FOV PEEM image of the suspended TiO2

nanowire contacted by two metal electrodes. The image was taken
near the O 1s edge (534 eV) due to better contrast with respect to the
background. The marked area represents the region where Ti 2p
NEXAFS was collected. The reference spectrum was taken from a
similar area not containing NW. (b) Comparison of the normalized
(to the maximum of intensity) total electron yield Ti 2p NEXAFS
spectra taken from the individual TiO2 nanowire (filled spectrum)
and from the rutile TiO2 (solid line) crystal. The spectrum from the
reference area and featureless background (slope) were subtracted.

the parasitic gating effects (i.e., capacitive coupling with
the gate) which are commonly observed during impedance
measurements on traditionally FET wired nanostructures.
Using this support’s design we were able to acquire PEEM
images of semiconducting nano- and meso-wires and get
spatially resolved NEXAFS spectra from the individual TiO2

nanowire by varying the excitation energy of the soft x-
rays and using the greyscale (electron yield) signal from the
nanostructure for spectroscopy (figure 5). As can be seen,
not only can spin–orbit splitting of the 2p core states of the
individual nanostructure be resolved but also the splitting of
the final 3d states due to crystal-field interaction. The detailed
analysis of the observed spectral shift and intensity ratios will
be published elsewhere.

4. Conclusions

The surface chemistry of metal oxide nanostructures with an
effective diameter comparable or smaller than the material’s
Debye length (10–50 nm) strongly influences their electronic
and in particular transport properties. At diameters below 5–
7 nm the distinction between ‘surface’ and ‘bulk’ vanishes
and the nanostructure’s electronic (and chemical) properties
can be governed by individual bonding events and quantum
confinement effects. The fundamentals of this size-selective
surface ↔ bulk interplay are not only of academic interest
but are of key importance for the operation of prospective
chemical and bio-sensing, catalysts, optoelectronic and energy
conversion devices. In the latter case the progressive
reduction of the dimensions of the microdevices induces
stronger electronic coupling between an active nanostructure
and neighbouring elements of the circuit. To explore
these phenomena, surface-sensitive and adsorbate-specific
spectromicroscopic techniques have to be implemented for
individual 1D nanostructures wired as a part of the nanodevice.
In this work, using an array of imaging techniques we have
demonstrated a few experimental approaches to visualize at
the meso- and nanoscale the particularities of the transport
phenomena, charge redistribution, work function and chemical
composition of the oxide nanostructures relevant to the gas
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sensing. We have indicated a few experimental impediments
for electron and synchrotron radiation based microscopy
on individual nanostructures and proposed their solutions
through the use of micromachined supports. Using this
methodology for PEEM in UV and soft x-ray ranges, we
demonstrated the ability of photo electron spectromicroscopy
to reveal submicron lateral particularities in the composition
and core level NEXAFS structure of the individual metal oxide
nanostructures wired as a chemiresistor device. The tested
methodology of the ‘charge-free’ supports can be easily scaled
down to the 10–100 nm range using modern microfabrication
techniques.
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