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Abstract: This paper gives an overview over the fundamental research
in nanosciences at the Institute of Electronics, Microelectronics and
Nanotechnology (IEMN). We present some highlights from the numerical
simulation of the electronic structure of nanowires and nanotubes, the charge
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spectroscopy of Si nanoparticles and C nanotubes, the scanning tunnelling
spectroscopy of semiconductor quantum dots, to research in surface science for
bio-screening.
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AFM; nano-electrodes.
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1 Introduction

The Institute of Electronics, Microelectronics and Nanotechology (IEMN) has been
engaged for more than ten years in advanced research in nanoscience and
nanotechnology. These activities take advantage of the proximity between physicists,
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chemists and researchers in microelectronics, between theoreticians and experimentalists,
allowing to combine long-term fundamental studies and more applied research.
On the more fundamental side, IEMN’s activities are engaged along several directions:

e growth and physics of heterostructures and nanostructures of semiconductors

e optical spectroscopy, scanning tunnelling microscopy (STM) and spectroscopy,
detection and spectroscopy of charges in nanostructures

e physics of surfaces for bio-screening

e molecular electronics

e growth, characterisation and simulation of high-k dielectrics and ferroelectrics
e physics of waves in micro- and nano-structured materials.

The objective of this article is to present a selection of recent works which illustrates
these activities and which has been undertaken by the researchers of the Physics Group of
the institute. This selection includes four contributions:

the theory and the numerical simulation of one-dimensional (1D) nanostructures
e the charge spectroscopy of nanostructures
e the STM spectroscopy of semiconductor nanocrystals

e recent activities at the interface between physics and biology, in collaboration
with partner laboratories.

2 Theory and numerical smulation of one-dimensional (1D)
nanostructures

One-dimensional nano-objects like nanotubes (C, BN) and semiconductor nanowires [1]
receive increasing attention due to their potential applications in electronics,
opto-electronics and sensors. We review in this section recent theoretical works we have
performed in this field, illustrating the capabilities of ab-initio and semi-empirical
methods to simulate the electronic and optical properties of nano-objects. Two systems
will be considered in the following, Si nanowires and BN nanotubes.

One interest in semiconductor nanowires (SNWSs) is the possibility to control their
electrical properties by doping [2,3]. But, from experiments, it is not clear how the
electrical conductivity of SNWSs depends on the doping level. Most of the works showing
good transport properties concern highly doped SNWs, above the metal-nonmetal
transition. Otherwise, there are indications that the conductivity of the SNWs is
extremely low [3]. Therefore the problem of the doping efficiency in SNWs has to be
carefully considered.

In bulk semiconductors, the physics of shallow impurities is described in textbooks.
The impurity gives rise to bound states in the energy gap but the impurity potential is
strongly screened (dielectric constant £~ 10-20) and the ionisation energy is only of a
few hundredths of an electron-volt so that the impurity is ionised at room temperature.
We will see that the situation is different in a wide range of wire sizes because the
ionisation energy of the impurities is greatly enhanced.
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We calculate the electronic states of donors and acceptors in Si nanowires (SINWSs)
using a tight binding (TB) method. TB allows the study of shallow impurities in bulk
semiconductors [4] and is very well adapted to semiconductor nanostructures. The TB
Hamiltonian is written as H = Ho + Uiy + £ Where Ho is the Hamiltonian of the perfect
wire [5]. Uin is the potential induced by the impurity. It is obtained as the solution of the
Poisson equation in which the system is represented by a cylinder of radius R and of
dielectric constant &, embedded in a medium of dielectric constant &,. We use the
bulk experimental value &,=11.7 which is fully justified when R>2nm [5].
The last term X in the TB Hamiltonian is the self-energy potential which represents the
interaction between the carrier and the surface polarisation charges induced by its own
presence [5].

We present in Figure 1 the ionisation energy E; of donor impurities located at the
centre of free-standing SINWSs (& = 1). High values of E, are predicted, even for large
SiNWs (R> 5 nm) in which the effect of quantum confinement is weak (see the shift of
the conduction band edge due to quantum confinement, dashed line in Figure 1). Similar
results are obtained for different positions of the impurities and also for acceptors [6].
E, is enhanced due to the so-called dielectric confinement which appears when there is an
important dielectric mismatch between the wire and its surroundings. At the impurity site,
the nucleus charge (+€) is strongly screened (=€/g,), but the remaining charge
[+e(1 - 1/g,)] is repelled at the nanowire surface close to the impurity while it is at
infinity in the bulk case. Thus the Coulomb interaction is strongly enhanced in a
nanowire compared to the bulk. Figure 1 shows that the doping efficiency at 300 K of a P
impurity at the centre of a SINW is below 50% for R<9nm and below 0.1% for
R <2 nm when the nanowire is in vacuum. We also obtain that E, strongly depends on
dielectric constant of the surrounding materials, becoming smaller at increasing &u.
We conclude that the transport properties of SNWSs strongly differ from those of the bulk
materials because donor and acceptor impurities may be electrically inactive.
The transport properties also depend on the dielectric environment of the SNWs [6].

Figurel lonisation energy E; vs. the wire radius R for donor impurities (P = +, As = X, Sb = 3)
located along the axis of a free-standing SiNW. The bulk values are equal to 45 meV
for P, 54 meV for As and 39 meV for Sh. Dashed line: shift of the conduction band
edge due to quantum confinement. Doping efficiency (diamond): probability of
ionisation towards the conduction band for a P impurity (300 K)
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As an example for the calculation of optical properties of 1-dimensional nanostructures,
we present our recent work on boron nitride (BN) nanotubes. BN nanotubes are
isoelectronic to carbon nanotubes but have a uniform large band-gap (>6eV).
First predicted in 1994 [7] and produced in 1995 [8], BN nanotubes are now commonly
produced in gram quantities [9]. In France, an important production site is the LEM,
Onera, Chétillon. Like carbon nanotubes, BN tubes are frequently characterised
by optical spectroscopy such as Raman spectroscopy and optical absorption.
For the interpretation of the spectra, we have performed ab initio calculations (using
density-functional theory) which yield the energies of vibronic excitations (phonons) and
electronic excitations (excitons) as a function of the nanotube diameter and its chirality.

The phonon calculations [10] enabled us to compare with the experimental Raman
spectra obtained at LEM. The position of the dominant high-frequency peak in the
spectra depends sensitively on the curvature of the tubes and allows to unambiguously
distinguish between the spectra of tubes and of hexagonal BN-particles in the BN
nanotube samples [11].

The interpretation of optical absorption spectra of BN nanotubes [12] is considerably
more involved (see Figure 2). In the simplest approximation (the so called Random-Phase
approximation, RPA), a photon is absorbed by an electron transition from the valence to
the conduction band with energy ., = hv.

Figure2 Sketch of the different levels of approximation for electronic excitations:
(a) independent electron transitions (random-phase approximation); (b) enlargement
of the band-gap due to electron-electron correlation and (c) formation of a bound
exciton by electron-hole interaction

In many materials, however, this simple picture breaks down due to two effects:

e The band gap is usually not well described by density-functional theory [13]
(which is a valid approximation only for the ground-state). Self-energy effects
(electron-electron correlation) lead to an enlargement of the band-gap. This effect is
particularly pronounced in low-dimensional nanostructures [14] where the excited
electron interacts with its self-image charge on the surface of the structure.

e The excited electron interacts with the hole in the valence band through a screened
Coulomb potential W. This can lead to bound excitonic states in the band-gap.

Using the techniques of many-body perturbation theory for the inclusion of
electron-electron correlation [13] and of electron-hole interaction [13], we have shown
that the spectra of bulk hBN and of the tubes are dominated by strong excitonic effects
(see Figure 3). Furthermore, comparing the spectra of bulk hBN, of a single-sheet
of hBN and of BN tubes, we have demonstrated the effect of the dimensionality: with
reduced dimensionality, the binding energy of the excitons increases considerably
(from 0.7 eV in bulk BN, via 2 eV in the 2-dim. single sheet to more than 3 eV for the
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1-dim. tubes) [15]. At the same time, however, electron-electron correlation increases the
quasi-particle band-gap [13] (calculated through the GW-method). The two effects
(increased exciton-binding energy and increased band-gap) almost cancel each other.
The dominant absorption peak remains therefore constant in position. The resulting
optical gap (i.e., the onset of absorption) therefore remains constant as well as was indeed
observed in recent EELS experiments [16].

Figure3 Comparison of the spectra of: (a) bulk hBN; (b) a single sheet of hBN and (c) different
BN-nanotubes. In the left panel, we show the spectra calculated in the random-phase
approximation. In the right panel, we have included the effects of electron-electron and
electron-hole correlation. Solid lines: spectra calculated with a broadening of 0.01 eV,
dashed lines: broadening of 0.1 eV (for colours see online version)
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3 Electrostatic for ce microscopy of nanostructures

We have developed experiments aiming to probe the local electronic properties of
nanostructures on insulators. Such experiments are based on the use of an atomic force
microscope (AFM) operated in one of its electrical modes: Electrostatic Force
Microscopy (EFM), Kelvin Force Microscopy (KFM), etc ... In this section, we review
results based on charge injection and EFM experiments applied to OD and 1D
nanostructures such as silicon nanoparticles and carbon nanotubes.

Experimentally, the tip of the EFM cantilever is used to address a single
nanostructure, and inject charges when pressed with a few nN force and biased with
respect to the substrate at an injection voltage Vi, [17]. In this process, charges are
transferred (in most cases from the EFM tip into the nanostructure). We then use the
set-up in the EFM mode as described in Figure 4, in order to detect the presence of
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charges. EFM data consist in the shift of the resonance frequency f, of the cantilever,
when biased at a detection voltage Verm. EFM frequency shifts are proportional to the
gradient of the electrostatic force acting on the EFM tip, and can be split into three
components:

e acapacitive contribution proportional to V.,,, which comes from the attraction
between capacitive charges on the tip and on the substrate

e animage charge contribution between the stored charge Q and its EFM tip image :
this force gradient is proportional to Q? and does not depend on the EFM tip bias
VEFM

e across-term proportional to Vegm % Q, corresponding to the interaction between the
stored charge Q, and capacitive charges at the tip apex.

These interactions have been dissociated experimentally [18] in the case of single
nanoparticles separated from a conductive substrate (in practice, p-doped silicon) by a
ultra thin (1-2 nm) tunnel oxide. In this configuration, the stored charge Q is screened by
conductive substrate, and rather appears in electrostatic experiments as a surface dipole,
of magnitude Q x h/g, where h is the nanoparticle height, and ¢ its dielectric constant.
Therefore, the three electrostatic force contributions described above correspond to

e charge-charge interactions proportional to V%,

e dipole-dipole type image charge contributions proportional to Q

e dipole-charge contributions proportional to Verm X Q.

Figure4 (a) 3D atomic force microscopy picture of a silicon nanoparticle with 40 nm height;
(b) schematics of the sample topography acquisition in tapping mode and
(c) electrostatic force microscopy data acquisition during which the EFM cantilever
is biased at Very and moved over the substrate plane, and its frequency shifts are
recorded
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We show in Figure 5 that these contributions can be dissociated using EFM experiments
on charged nanoparticles. EFM frequency shifts are displayed in Figure 5(a) as a function
of Vegrm for a nanoparticle prior to charging, as well when positively and negatively
charged. EFM data of the positively and negatively charged nanoparticle are shown in
Figure 5(b) after subtraction of the EFM data of the uncharged nanoparticle, and show a
linear behaviour corresponding to the charge contributions proportional to Vgrm X Q
and Q% The image interaction is then measured (see inset) at the substrate surface
potential, and shows a weak negative frequency shift, irrespective of the sign of the
stored charge Q. To unambiguously identify this EFM frequency shift as stemming from
dipole-dipole interactions, the spectroscopic analysis of Figure 5(a) and (b) has been
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conducted on the same nanoparticle, but with a charge Q between —200e and +200e
(effective surface dipole Q x h/ebetween —400.10° and 400.10% Debye). Q has been
tuned in practice by changing the injection bias Vi, in the -6V <V; <6V range.
The EFM frequency shift at the surface potential is shown in Figure 5(c), and shows the
attractive character (i.e., negative frequency shift) and a quadratic behaviour as a function
of the stored charge Q, which demonstrates the dipole-dipole character of this
contribution.

Figure5 (a) Cantilever frequency shift &f; + &fq as a function of Veey — Vs (Vsis the surface
potential here Vs = +0.55 V) before (full line) and after charging at a bias Vi, = -5V
and +5 V (dotted and dashed lines respectively). Data were recorded within 40 s after
charging. Lines are a guide to the eye. (b) Linear charge EFM signal &fq, obtained
by subtracting the EFM signals &f; + &fq after and before the charging experiment.

The solid line is a fit to the experimental data with slopes —2.7 Hz/V (Vi = -5 V) and
+3.7 Hz/V (Viyy = +5 V). This corresponds to an injected charge Q = —140e (Vi,j = -5 V)
and Q = 200e(V;y = +5 V), i.e., a total nanoparticle charge Q, + Q = -170eand +170e
respectively, taking into account the Q, = —30e native charge contribution of the
nanoparticle. Inset: zoom around the surface potential (vertical dotted line), evidencing
the image force gradients: —1.5 + 0.3 Hz for Qy + Q =-170eand —-0.95 + 0.3 Hz

for Qy + Q = +170e. (c) Points: Frequency shift associated with dipole-dipole
interactions, plotted as a function of the surface dipole momentum (Q + Q)/U associated
with total stored charge Q + Qq. Dashed line: numerical calculation of the dipole-dipole
interaction frequency shift as a function of Q + Qg
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Other aspects of our research on 0D nanostructures have focused on developing an
analytical modelling to measure accurately the amount of stored charges from EFM
signals, and in arbitrary tip-nanoparticle geometries [19]. Also, to investigate the
charging mechanisms in single silicon nanoparticles: dissociation between surface
and volume charging from the hysteresis behaviour of the charging characteristics
Q(Vinj) [20]; Schrédinger-Poisson calculations of the nanoparticle charge states in the
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form of a 2D electron gas located at the nanoparticle-substrate interface during the
charging experiment [21].

We now turn to the case of one-dimensional nanostructures such as carbon nanotubes
(CNTSs), in which delocalised charge patterns can be observed following a local charge
injection (see Figure 6(b) and (c). Nanotubes deposited on 200 nm-thick SiO, layers can
carry linear charge densities A~ 10 — 10> e/um for Vi, = 1 V, and exhibit continuous or
abrupt discharge mechanisms on nanotube structural defects [22]. Another key-feature is
also the observation the emission of electrons from the CNTSs to the SiO, layer, which
appear as residual charges trapped on the oxide layer. This is visible from Figure 7(c),
where the CNT is seen to be surrounded by a bright halo in the EFM image recorded after
discharge. In this image, it is also clearly seen that the charge emitted by the CNT is
enhanced at its two caps. This effect is attributed to a field-enhanced electron emission
at the CNT caps, is analysed statistically in Figure 7(d) as a function of the CNT
diameter. The cap enhancement is visible for CNT diameters below 25 nm, but vanishes
for low-diameter (single-walled) nanotubes [22].

Figure6 (a) Atomic force microscopy image of MWNT of 19 nm diameter on a 200 nm silicon
dioxide surface; (b) EFM image (Verm = —3 V) acquired before charging (10 Hz colour
scale) with a tip-substrate distance z= 100 nm; (c) EFM image taken in the same
conditions, after a charge injection performed at the point indicated by an arrow in (a),
using Vip; = =5 V for 2 min and (d) cross-sections of the EFM scans in (b) and (c).

The position of the cross-section is shown by the horizontal bar in (b). The full width
at half minimum of EFM signals before and after charging (resp. 100 nm and 440 nm)
is marked by triangles as a guide to the eye

Figure7 (a) Topography image of a 21 nm diameter MWNT; (b) EFM image (20 Hz frequency
scale) before charge injection; (c) same image after charge injection (Vi,; = 5V during
2 min) and the MWCNT discharge. It shows an enhanced charge emission near both
caps (+3 Hz frequency shift) in comparison with the charge emitted along the nanotube
(+1.4 Hz frequency shift) and (d) ratio lc,/lsig. Of the emitted charge intensities at the
CNT cap compared to the CNT side, as a function of the CNT cap diameter. The inset
shows a zoom of the data for SWCNTSs with diameter <1.6 nm
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4 Scanning tunnelling spectroscopy of quantum dots

Different methods to growth or synthesise low dimensional semiconductors allow the
fabrication of small objects where the dimensions can widely vary, leading thus to
quantum size effects. As the sizes of the semiconductor structures are in the nanometer
range, specific tools are required to observe these nano-objects and characterise
simultaneously the quantum size effects. Scanning tunnelling microscopy offers the
possibility to image the surfaces of individual nanostructures and, when used in the
spectroscopic mode, can probe the electronic structure of single objects. While this
technique has been extensively used to study metallic objects [23] or surfaces states of
semiconductor surfaces [24], it has been proven more recently to be well suited to
determine the electronic structure of semiconductor nano-objects, if their surface states
are lying far from the band edges [25,26].

In this paper, we show the results of spectroscopic measurements obtained on two
types of semiconductor nano-objects. Although variations of their size modify
significantly their electronic structure, others effects must generally be taken into
account to interpret the tunnelling spectra, such as the electron-electron Coulomb
interaction. However, in this paper, the electron-electron Coulomb interaction
is turned off, either by working with a small tunnelling barrier between the
nano-objects and the substrate where they are lying onto, or by choosing a very
low current set-point, what corresponds to a thick tunnelling barrier between the tip
and the nano-object. Thus, the experiments are all conducted in a regime, called
shell-tunnelling regime, where the electron levels of the nano-object are occupied
by a single electron.

As a first example of semiconductor nano-objects, we consider InAs quantum
dots (QDs) grown on a GaAs substrate in the Stransky-Krastanow growth mode.
These QDs exhibit a three dimensional confinement with a &-function-like electronic
density of states. In recent years, scanning tunnelling spectroscopy (STS) has
provided an unique mean to obtain not only the electronic spectra of low dimensional
structures but also the localisation of the spectral features. The observation of the
charge densities was for example achieved in artificial structures like the quantum
corral [27] or even at room temperature on natural scattering centres like surface
steps [28]. As a result, the probability density of electrons in InAs QDs can be
investigated by STS.

The InAs quantum dots were grown by molecular beam epitaxy on a (001)
oriented GaAs substrate, with a residual p-type concentration. The active part of the
samples consists of 15 arrays of InAs boxes separated by 15nm GaAs barriers.
The whole structure is covered by a 140 nm GaAs overlayer. In order to build
each dot array, an InAs coverage of 2.3 monolayers, slightly higher than the
1.7 monolayer required for the transition between a layer-by-layer growth mode and
a layer-plus-island growth mode, were deposited on the GaAs layer within 20s at a
temperature of 520°C. They were immediately buried with GaAs. With these
growth conditions, the density of dots is as high as 10*° cm™ in the (001) plane. As cubic
zinc-blende-structure compound semiconductors cleave easily along their nonpolar (110)
planes, a large number of InAs QDs cross-sections are observed with the STM.
When the cleavage is achieved in ultra high vacuum after thinning back the rear side of
the sample, defect-free surfaces are usually obtained and since these surfaces are
electronically unpinned, tunnelling spectroscopy allows the determination of the bulk
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electronic properties, such as the band gap or the electron subbands of quantum
wells [29]. To investigate the electronic structure of a dot, tunnelling current
voltage curves were acquired simultaneously with the topographic image above
individual quantum dots.

On Figure 8, the topography image clearly shows the lens shape of the QD.
The differential conductivity images allow to visualise the density of states associated
with the 1s electron ground state (peak at the energy E; in the dl/dV vs. V spectrum) as
well as the first 2p electron excited state (peak at the energy E, in the di/dV vs. V

spectrum).

Figure8 Tunnelling spectroscopic measurements acquired in the centre of a QD at a temperature
of 77 K. Inset: Differential conductivity images obtained for the QD, shown in the
topographic image (T), with its boundaries outlined by a white line. E; and E,
correspond to the electron ground and first excited states. The feedback parameters

were Vs=+1.5V and I, = 100 pA
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As a second example of tunnelling spectroscopic measurements on semiconductor
nanostructures, we investigate cadmium selenide (CdSe) nanocrystals made by colloidal
chemistry and deposited onto a gold surface by a simple drop casting method
(in collaboration with D. Vanmaekelbergh, Debye Institute, University of Utrecht).
The peaks measured in the conductance spectrum (Figure 9) at positive bias correspond
to the injection of a single electron into the empty states of the CdSe nanocrystal
conduction band. In the present case, three peaks are clearly observed above the
threshold, corresponding to the 1s, 1p, and 1d states, respectively, as expected by the
theory for these nano-objects often considered as artificial atoms [30]. The same type of
results has been recently obtained on PbSe nanocrystals, shedding light on the quantum
confinement effects in IV=VI semiconductor nanostructures [31].
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Figure9 Differential conductivity spectrum of a 6 nm-CdSe nanocrystal measured
at a temperature of 5 K. Inset: STM topographic image of CdSe nanocrystals
deposited on a gold surface. The scale bar is 10 nm
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5 Surface science for bio-screening

One key step in the preparation of miniaturised high-throughput systems for
bio-screening is the immobilisation of biological probes on a solid support
for the sensitive and specific capture of soluble receptors. To increase the sensitivity
of the detection methods, we elaborate new nanostructured supports based on
functionalised patterns at the nanometer scale, semiconductor nanowires and nanogaps.
On these supports, generally consisting of a Si substrate, we characterise the
immobilisation of biological probes, which are linked by chemioselective methods
developed at the Institut of Biology in Lille (IBL) [32]. Along with these
characterisations, we understand the physical mechanisms ruling the behaviour of a liquid
in nanostructured supports and find out solutions in the design of new nanostructures
which enhance the optical signal emitted by the optical biological receptors adsorbed on
the Si supports [33-36].

Here, we illustrate the electrical detection of immunoglobulin G (IgGs) from
human serum using a nanogap-based biosensor. Human serum was chosen as a
complex biological mixture because it contains 60-80 mg of protein/ml in
addition to small molecules including salts, lipids and sugars. It is estimated that
up to 10,000 proteins may be present in serum, 1gG is one of the most abundant protein in
human serum with normal levels between 8-17 mg/ml in adult blood. The detection
method relies on the capture of IgG molecules by a probe immobilised between
gold nanoelectrodes of 30-90 nm spacing [37,38]. The captured IgGs were further
reacted with secondary antibodies (Ab") labelled with gold nanoparticles (Ab" — GNPs,
GNP =gold nanoparticle), protein A (pA) compared to goat anti-murine antibodies

(goat-Ab).
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Protein A (2.4x102mM), goat anti-mouse antibodies (1.7 x10™*mM) and
phosphate buffered-saline (PBS) were printed onto the nanoelectrodes using a
piezo-driven non-contact printer (Packard Biochip Arrayer, volume 1nl) after
appropriate dilution in PBS. The diameter of the spots was typically 370 um. Samples
were then incubated during 6 h in a humid chamber (60% relative humidity).

Samples were washed successively with PBS containing 0.05% of Tween® 20
(by vol), water and ethanol. Substrates were then incubated for 1 h at 37°C in human
serum diluted to 5% (by vol) with a PBS Tween® 20 0.05% BSA 2% buffer. Incubations
were performed using a CMT™ hybridisation chamber (Corning).

After washing again with PBS Tween® 20 0.05%, water and ethanol, samples were
incubated for 1 h at 37°C with goat anti-human secondary antibodies labelled with
25nm gold nanoparticles that were concentrated 10 fold (final concentration
~3.3x 10 GNP/ml) by centrifugation starting from the commercially available
suspension. Samples were then washed successively with PBS Tween® 20 0.05%, water
and ethanol and dried under N,. SEM (Zeiss 820) analysis was carried out and combined
with electrical measurements, performed in a low pressure vacuum chamber
(0.2 mbar, H,O and O,<0.1ppm) at room temperature with a picoamperemeter
HP4140B. The applied voltage ranged from -5V to +5V with 500 mV steps.
The principle of the detection is described in Figures 10 and 11 gives SEM image of the
GNP layer around and between the nanoelectrodes after incubation of human serum and
Ab'" — GNPs with pA (a) and goat-Ab (b) as probes.

On bare electrodes, the measured current with an applied voltage ranging from -5 V
to +5 V is below 102 A and exhibits a random shape. After incubation with the serum
and the Ab"-GNPs, an increase in current ranging from 10™* A to 10" A was generally
observed with pA and goat-Ab. After incubation with the serum and the Ab"-GNP,
non-linear 1(V) curve attributed to the presence of GNPs into the nanogaps, with
a threshold voltage of the order of 2 V, are observed.

Figure 10 Schematic illustration of the electrical detection of 1gGs
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Figure 11 SEM image of the GNP layer around and between the nanoelectrodes after incubation
of human serum and Ab" — GNPs with pA (a) and goat-Ab (b) as probe

200 GNP/jum® | 20 GNP/um?

(@) (b)

We performed a non-linear regression analysis of the I1(V) data using a third
order polynomial expression, characterised by the so-called multiple correlation
coefficient r? (cut-off value ri=0.4776 at a 1% significance level). We consider
the proportion of nanogaps for which | and V are correlated after incubation with
Ab"-GNPs (see Figure 12, lower part). For pA and after incubation with serum and
Ab"-GNPs, 38 of 56 gaps (68%) were found to be correlated and exhibited intensities at
V =5V ranging from 4.4 x 10™ A to 1.7 x 10~ A (current gain from ~17 to 1.3 x 10°).
For the non-correlated nanogaps (32%), current was lower than 2 x 10™ A. For the
goat-Ab, only 3 of 25 gaps (12%) were found to be correlated with an associated
current of a few pA. Finally, no nanogaps were correlated for PBS. Secondly the
current gain observed at 5 V for the correlated nanogaps (ratio between the current at 5 V
after incubation with Ab" — GNPs and the current measured for bare electrodes) is
also given in Figure 12 (upper part). According to these observations, large changes
in conductance were observed after incubation with Ab"-GNPs with pA or goat-Ab
as probes.

Finally, a quality factor combining both data and corresponding to the product
of the percent of correlated nanogaps and the average current gain at V=5V
was calculated and led to a quality factor of 5123 for pA, 11 for goat-Ab and 0 for PBS.
The quality factor is greatly dependent upon the GNP density on the surface
as determined by SEM analysis and reflects the specific capture of human antibodies
from serum.

Using a complex biological fluid, we thus show that electrical detection based
on the use of nanogaps and Ab"-GNPs enable us to distinguish between different
probes. Future studies will focus on demonstrating the reliability of the method.
Ideally, the signal should scale with the concentration of IgGs in the sample.
Consequently, the detection limit must be determined in order to assess the future
use of our system.
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Figure 12 Intensity of the detected current at V =5 V after spotting with the human serum

and incubation with the Ab"-GNPs with pA, PBS and goat-Ab as probes (upper part).
Associated correlation coefficient r* (lower part)
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