
Hot Electron Nanoscopy and Spectroscopy (HENs)

Item Type Book Chapter

Authors Giugni, Andrea; Torre, Bruno; Allione, Marco; Perozziello,
Gerardo; Candeloro, Patrizio; Di Fabrizio, Enzo M.

Citation Giugni, A., Torre, B., Allione, M., Perozziello, G., Candeloro, P. and
Di Fabrizio, E. (2017) Hot Electron Nanoscopy and Spectroscopy
(HENs), in Conductive Atomic Force Microscopy: Applications
in Nanomaterials (ed M. Lanza), Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany. doi: 10.1002/9783527699773.ch15

Eprint version Post-print

DOI 10.1002/9783527699773.ch15

Publisher Wiley

Journal Conductive Atomic Force Microscopy: Applications in
Nanomaterials

Rights This is the peer reviewed version of the following article:
Giugni, A., Torre, B., Allione, M., Perozziello, G., Candeloro,
P. and Di Fabrizio, E. (2017) Hot Electron Nanoscopy and
Spectroscopy (HENs), in Conductive Atomic Force Microscopy:
Applications in Nanomaterials (ed M. Lanza), Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. doi:
10.1002/9783527699773.ch15, which has been published in final
form at 10.1002/9783527699773.ch15. This article may be used for
non-commercial purposes in accordance With Wiley Terms and
Conditions for self-archiving.

Download date 23/05/2023 20:01:19

http://dx.doi.org/10.1002/9783527699773.ch15


Link to Item http://hdl.handle.net/10754/626184

http://hdl.handle.net/10754/626184


319

15

Hot Electron Nanoscopy and Spectroscopy (HENs)

Andrea Giugni1, Bruno Torre1, Marco Allione1, Gerardo Perozziello2,
Patrizio Candeloro2, and Enzo Di Fabrizio1,2

1SMILEs Lab, Physical Science and Engineering Division (PSE), King Abdullah University of Science and

Technology (KAUST), Ibn Al-Haytham Bldg., Thuwal 23955-6900, Saudi Arabia
2Departement of Experimental Clinics, Bionem Lab, University Magna Graecia, Campus “Salvatore Venuta”

Viale Europa, 88100 Germaneto-Catanzaro, Italy

15.1 Introduction

�e fields of plasmonics [1] and nanoelectronics [2] have attracted the interest
of a wide audience over the past two decades triggered by the disclosure of many
fundamental scientific breakthroughs. New ideas have led to fascinating experi-
mental results in many fields in physics and biology, pushing to a new level the
knowledge and control on the processes that rule optoelectronic devices and life
science at the nanoscale [3, 4].
Scanning probe microscopy (SPM) has greatly improved since its first

implementation [5], now offering several specialized techniques that can reveal
important insights into the topographical, mechanical, electronic, and magnetic
properties of materials at the micro- and nanoscale [6].
At the same time, Raman spectroscopy can be combined with SPM setup [7]

reaching the sub-diffraction limit resolution and providing detailed molecular
information, in some cases supplementing those obtained by other techniques,
and in others adding original insights into the study of materials [8].
In the field of surface plasmon photonics, a plasmonic device is a tool that,

taking advantage of enhanced interactions of light with metallic nanostruc-
tures, shows some new special abilities. In particular, due to their intrinsic
electromechanical nature [9] the so-called surface plasmon polaritons (SPPs)
can overcome both limits in the fundamental optical diffraction (Rayleigh
criterion) and in the energy transport mean free path of the electrons in the
metal. �is provides an effective way to guide and concentrate energy at the
nanoscale, where specific energy transfer processes take place. �anks to field
intensification [10] and nonlocal effects, efficient plasmonic substrates have been
proposed for enhanced spectroscopies [11] and selective photodetection [12].
Beside the photonic generation channel, an SPP can decay in hot carriers (hc),
which can be used for transport measurements in parallel with optical char-
acterization. Energy confinement and an effective hot charges generation rate
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have driven plasmonic-assisted chemical catalysis [13] and offered new tools
in material characterization [14]. �e strong coupling, polarization sensitivity,
and nonlinearities [15] in plasmonic devices made possible applications in
lasing media [16], beam shapers [11, 17], and ultrafast devices [18] as well as
metamaterials [19].
In the past years, quantum mechanical nature of SPPs and medium was

included in the theory, getting new insights into the description of the prop-
agation and scattering processes of electrons and phonons. �is allows, in a
quantum mechanical framework, the description of the decay process into
charge pairs, known as hot electrons (he−) and hot holes, in a confined space [20]
and in bulk media [21], where energy distribution, decay channels, relaxation
times, and mean free paths can be retrieved by ab initio calculations [21, 22].
First principle quantum description allows accounting for material-specific
features, like interband transitions in noble metals, which are precluded in
simplified jellium model, thus providing insight into the dynamics of plasmonic
hc generation.
From an optical point of view, the property of localized plasmons and SPPs gen-

erates the near-field light, with wavelength well below the diffraction limit, with a
local field enhancement [23, 24] that has opened theway to spectroscopic analysis
of tiny amounts of matter, down to the single molecule detection limit [25].
In this context, we have recently proposed a multi-spectroscopy scanning

probe apparatus [14] for the simultaneous investigation of chemical, structural,
and charge transport properties at nanoscale, exploiting synergic phenomena.
�ese are the low-loss propagation through adiabatic plasmonic compression of
the SPPs that induces a field enhancement (energy focusing) [23, 26] with maxi-
mal momentum transfer at the interface, and the effect of quantum confinement
on the he− generation rate (improved responsivity). All these terms allow the
control of the extraction rate of hot charges in a nanometric confined space.
�e functional element is a plasmonic device fabricated on an atomic force

microscopy (AFM) probe, composed of a photon to SPP coupler (a grating or a
photonic cavity) and a final conical tipwhere energy compression and charge gen-
eration occur. �e injection direction, along the normal to the interface between
the tip and the sample, provides the maximal photonic contribution to the hc
momentum exchange and increases the SSP conversion rate at the nanostruc-
ture apex. �e energy confinement in a small volume (<10 nm in depth) at the
tip–sample interface maximizes the hot charges production rate and their injec-
tion probability before their thermalization in themetal. At the interface between
the nanometric tip apex and the semiconductor, the momentum conservation
rule relaxes, allowing the hot electron to access the required phase space for
crossing the barrier. Further, the observed radiative scattering at the tip apex gen-
erates a sub-diffraction optical probe, which can be used with the hot electron
current source for combined transport and optical spectroscopy. Such a config-
uration does not require any voltage bias for the injection of the charge through
the Schottky barrier (SB) and benefits from the reduced depletion region (a few
nanometers linear length and depth) that is jointly responsible for the high spatial
resolution and current sensitivity.
�e surface of the tip is made of gold, also ensuring good stability and biocom-

patibility. �e customized tip is fully compatible with all AFM cantilevers and
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can be used in many of the operational modes of the instrument. In particular,
the transport of hcs with high localization and collection efficiency through an
SBwas first accomplished in contact mode. An ultimate efficiency exceeding 30%
and a lateral resolution of 3 nm for a Schottky Au–GaAs junction is reported. In
the present contribution, we include our updated results on hot electron AFM
nanoscopy.
We have organized the chapter to include a brief description of different laser

couplingmethodswith guided SPPmodes at the surface of a cone.We show some
devices, their electromagnetic simulations, and their optical characterization.
A theoretical section illustrates the optical and quantum description of the hot
charge generation rate as obtained for the SPP propagation along the nanocone
in adiabatic compression. We also show some experimental results concerning
the application of the hot electron nanoscopy and spectroscopy (HENs) in the
so-called Schottky configuration, highlighting the sensitivity and the nanoscale
resolution of the technique.�e comparison with Kelvin probe and other electric
AFM techniques points out the intrinsic advantages of the HENs. In the end,
some further insights are given about the possibility of exploiting HENs with a
pulsed laser at the femtosecond time scale without significant pulse broadening
and dispersion.

15.2 Coupling Schemes

According to their dispersion relations, there is a momentummismatch between
the photon and the SPP having the same energy, as shown in Figure 15.1a.
Several coupling configurations have been proposed to couple the freely propa-
gating photon with the SPP, fulfilling the energy and momentum conservation
rules for the interaction process. �e first constraint fixes the frequency, while
the second determines the amount of momentum that must be provided, once
the frequency-dependent SPPwave-vector dispersion is known [27]. An effective
coupling is also responsible for an efficient hot electron generation.
As SPP launchers [28], we consider two methods: a diffraction grating con-

sisting of a periodic modulation of the surface of the metallic device, based on
the phenomenon named after W. Wood, and a photonic cavity of proper sym-
metry. Other configurations are possible, such as the use of a high-index glass
prism, commonly used in the Kretschmann–Raether [29, 30] or the Otto [31]
configurations.
�e complete device consists of an AFM cantilever where a grating, acting as

a coupler, is engraved by means of a focused ion milling process. �e coupler
is placed in the proximity of a micrometric metallic cone whose apex can be
fabricated with a radius of curvature down to 5 nm, as shown in Figure 15.3b.
According to our scattering geometry, which fixes the incident angle �in ∼ 36

∘

with respect to the normal of the grating surface, we calculated the grating period
P allowing to compensate the momentum mismatch (Figure 15.1a) from
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Figure 15.1 (a) The graph shows the momentummismatch KSPP − KPh between the dispersion
curve of an SPPmode and photon at a fixed angular frequency!. (b, c) Represent, respectively,

the grating coupling geometry and the corresponding EM simulation. There are indicated the

four meaningful parameters for the optimal coupling and the monitor position used for the

energy flow analysis described in the text. The free parameters are the groove-pitch P, the
height h, the widthw, and the incidence angle �in. (d) The E field amplitude in the
propagation-induced adiabatic compression of a TM0 mode along a plasmonic taper.

being � the free space wavelength, KSPP
Z

and K
Ph

Z
the wavevector of the plasmon

and of the photon along the Z propagation direction, respectively, and "m and
"d the frequency-dependent permittivity of gold and the dielectric material,
respectively.
A 2D numerical simulation for six equally spaced grooves, performed using

the COMSOL Multiphysics finite element method software, allowed us to
optimize all the three significant parameters of the grating, that are, the period
P, the height h, and the width w of the grooves for the geometrical configuration
[34, 35]. �e coupler, sketched in Figure 15.1b, was then realized on the flat sides
of the tip, as shown in Figure 15.3b and c. Our simulations in Figure 15.1b show
that about 10% of the incident radiation transfers to the propagating SPPs. We
evaluated by means of Poynting vector analysis the efficiency of the coupling as
the ratio between the energy flowing along the metal surface and the incident
one, as indicated in Figure 15.1c. To estimate the propagation of SPPs to the tip
apex, we performed a complete 3D electromagnetic simulation of the whole
device, with the optimal parameters calculated for a wavelength of 670 nm
(P= 1550 nm, h= 150 nm, w= 220 nm). We considered a Gaussian beam with
E0 = 1 V/m on the axis, and the whole device was immersed in a dielectric
medium of refractive index n= 1. We inserted five layers of perfect matching
layers (PMLs) around the simulation volume, far away from the metal structures
to avoid spurious effects between the evanescent waves and the PML. �e
electromagnetic simulation allows estimating the amplitude of the electric
field at the apex (tip curvature ∼12 nm, as the experimental value of the tip
used for the measurement reported in Section 15.5) of the conical structure
extending about 2.5 μm over the AFM pyramidal tip. �e cone promotes the
axial symmetric TM0 propagating mode, a transverse magnetic mode with a
radially polarized electric field with respect to the cone axis [36]. �e result,
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reported in Figure 15.1c as a zoomed image of the tip, reproduces the so-called
adiabatic compression phenomenon, which describes the slowing down to zero
of both group and phase velocity of the SPP proceeding along the cone toward
the tip apex, with a temporal logarithmic dependence [23].
Another possible coupling configuration, favorable from an experimental point

of view, relies on the use of a photonic crystal (PhC) slab cavity coaxial with the
cone and in contact with its base [37]. In this case, the cone can be fabricated
directly on a tipless AFM cantilever. Optimal coupling for the TM0 mode along
the cone surface can be obtained with the use of a so-called PhC-H1 structure,
a PhC cavity with a hexagonal periodicity of holes in the dielectric and with a
single missing hole that defines the optical cavity center. �is PhC-H1 selects
a radial mode when illuminated with linear polarized light, for example, through
a microscope objective, as shown in the drawing in Figure 15.3a.
In Figure 15.2a–e we report the electromagnetic simulation of the cavity

proposed in Ref. [37] when illuminated with 633 nm, while in Figure 15.3a is the

(a)

(d)

(f)

(b) (c)

(e)

250 nm

(g) z
E Celd

[V/m]

Z

X

Ex - TM0 Ex - HE1

Radial pol.

Cone base

Cone base

1

0

Azimuthal pol.y
[V/m]x

+4
+2
0

1.5

Group velocity

Refractive index

E
ra

d
 C

e
ld

1

0.5

0

−0.5

−1

−1.5

−2500 −2000 −1500 −1000 −5000 0

(nm)

−2
−4

Gold cone

Figure 15.2 (a) Total electric field at z= z0 (slab thickness) for the photonic crystal slab of
Figure 15.3a supporting radial modes at �= 633 nm. (b) Vectorial plot of the electric field at z0
evidencing the radial TM0 structure of the mode. (c) Full SPP propagation and field calculation

for a silver nanocone on H1 radial cavity (d, e) radial component of the electric fields of TM0

and HE1 modes propagating along the conical tip. Only for the TM0 case is observable the

focusing and the progressive reduction of the effective wavelength. (f ) Simulated Er field for a
TM0 mode in adiabatic compression, there are graphed also the group velocity, with respect

to light speed in vacuum, and the effective refractive index (10×). (g) Coupling scheme of a

radial polarized mode at the cone base. (a–c) Reproduced with permission from [37], copyright

OSA 2011. (d–g) Reproduced with permission from [33], copyright IOP 2014.
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Figure 15.3 Devices promoting adiabatic compression and corresponding possible coupling

geometries. (a) SEMmicrograph of PhC-H1 realized on a silicon AFM cantilever used to

generate an axially symmetric mode. Using the illumination geometry indicated, the H1

photonic cavity allows to couple a nanocone with laser beam, squeezing the spot dimension

below the diffraction limit. (b, c) SEMmicrographs of devices for non-local excitation of the tip
apex mediated by a grating coupler. Alternative configurations for maximal sample optical

accessibility are displayed. In the pictures, the black arrow in correspondence of the objectives

specifies if they are for excitation detection or both. From polarization considerations the

configuration in (b) is to be preferred. (a) Reproduced with permission from [32], copyright

NPG 2010. (c) Reproduced with permission from [33], copyright IOP 2014.

scanning electron microscopy (SEM) image of a PhC example. In this case, the
material was silicon with a refractive index n633nm = 3.917+ i 0.0122.�e period-
icity was P= 290 nm with hole radius R= 0.4*P and slab thickness z0 = 162 nm.
�e finite difference time domain (FDTD) simulation (CST package) of the
devices clarifies the symmetric structure of the sustained pure radial mode. In
particular, the electric field distribution of a TM0 mode is shown in Figure 15.2a
and its vectorial structure in Figure 15.2b. �e simulated cone is made up of
silver, "=−14.469+ i 1.094, and has a base diameter of about 300 nm and a
height of 2.5 μm. For a PhC-H1, the field has a pure TM0 structure, both at the
base of the cone, where the SPP is launched, and at the apex. Figure 15.2d and
e shows the value Ez of the electric field along the cone when either a radially
polarized source or a plane wave impinges on the base of the cone. For both
cases, the direction of propagation of the illumination is parallel to the axis of
the metallic cone, and the laser spot size matches the cone base. As expected,
the final field of the SPP and its mode strongly depend on the source symmetry.
�e plane wave generates an HE1 mode that does not show any compression.
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(a) (b)

(c) (d)
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Figure 15.4 Scanning electron micrographs of three different devices used for non-local

excitation of the tip apex. (a) SEM image illustrating the fabrication of the grating for back

propagation of SPPs at the wavelength 670 nm, as in Figure 15.3c. (b) SEM image of the sharp

cone grown on a suspended thin Si3N4 membrane. (c, d) One of the devices and the detailed

image of its apex used for the hot electron imaging reported in this paper. The devices were

prepared by focused Ga+ ions beammilling and electron-induced deposition, preceded and

followed by gold sputtering. (c, d) Reprinted with permission from [14], copyright NPG 2013.

Figure 15.2f shows the characteristic effective wavelength, the group velocity, the
refractive index, and the radial electric field of an SPP that undergoes adiabatic
compression in the material.
For both structures, after successful coupling, the SPP propagates with a neg-

ligible back reflection and dissipation with a progressive enhancement of the
electric field and an increase of the wave vector while approaching the apex of
the cone.
In the optical configuration shown in Figure 15.3a, it is also possible to directly

illuminate the edge–base of the cone with a radial polarized beam. In this case,
the cone can be fabricated on a tipless AFM cantilever, as shown in Figure 15.4b.
�e same edge relaxes the wavevector matching conditions, while the shape of
the optical mode and its polarization symmetry match directly the cone geome-
try and the field symmetry constrains, as shown in its optical characterization in
Figure 15.7.
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15.3 Plasmonic Device and Optical Characterization

When the size of our plasmonic devices approaches the bulk skin depth, the

size that defines the geometry of the device becomes the only important length

scale parameter. At this point, the SPP localization depends only on our ability to

manufacture small objects. �e theoretical picture at the base of this concept is

detailed in Section 15.4.

�e fabrication of the devices, reported in Figure 15.7, required a focused Ga+

ion milling (focused ion beam (FIB)) at 30 keV to fabricate the coupling grating

and the photonic cavity, followed by an intermediate gold/silver coating process

and a subsequent electron-beam-induced deposition at 5 keV, to grow the cone

using a Pt-C precursor gas.�e final step consisted in a noble metal deposition of

∼50 nm on the device by sputtering, with a custom procedure that maintains the

tip apex radius in the range of a few nanometers. �ese steps provide an effec-

tive coupling between tip and cone. �e control of the groove width is ±5 nm,

while the depth was realized with a reproducibility of ±15 nm. SEM images of

some examples of the final devices obtained for different coupling geometries

are reposted in Figure 15.3 and 15.4.

Important aspects to control are the symmetry of the apex, the homogene-

ity of the coating, the final radius of curvature, and the lack of asperities, which

act as unwanted scattering centers in the proximity of the tip apex. Moreover, a

smooth connection between the grating launcher, usually fabricated on a side of

the commercial tip, and the base of the cone has to be obtained to minimize the

impedance mismatch along the SPP propagation direction. Finally, the tip shape

has to be preserved during scanning; therefore, the cone hardness and the metal

coverage at the apex, which are the elements that define the Schottky contact [38],

have to be realized with high uniformity and control over material growth. For

the same reason, the use of very low spring constant cantilevers, about 0.1 N/m,

is suggested, since lower loads are more easily achievable while working in con-

tact mode.

Once these parameters have been optimized, it is possible to reach a final

efficiency very close to the theoretical limit, around 30%, and he− responsivity in

the order of nA/μW, with a very good scanning stability, comparable to the one

obtained with commercial probes used in other electrical mode configurations.

An optical characterization follows the fabrication phase. To routinely check

the optical performances, we have built up an ad hoc setup constituted by three

optical microscopes along X, Y , Z orthogonal axes, all imaging the same spa-

tial volume where a tip can be positioned (Figure 15.5f ). �e tip stage has six

degrees of freedom (X, Y , Z, �, �, �) and the laser illumination, with tunable

polarization, is aligned coaxially with one of the optical paths. Each microscope

has a calcite displacer to image the two polarizations of the scattered light at the

same time. In general, a calcite displacer should be avoided in white-light imag-

ing, since it acts as a dispersive prism for the displaced beam. Nevertheless, the

use of monochromatic excitation maintains the same focal plane, resulting in a

parallel acquisition of the two different polarizations for the image, and thus pro-

viding a good solution for the polarization analysis of the light scattered from
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Figure 15.5 (a) SEM image of a grating coupler realized on a nose-type tip for top

illumination. Direction and polarization of exciting laser is also shown. (b–e) Refers to the test

of the grating coupling on nose-type tip (Nanosensors ATEC-contAu cantilever) for �= 633 nm

top side illumination. (b, c) Optical images of the tip as seen from the front and analyzed for

two hortogonal polarizations as indicated by yellow arrows. (d, e) Side views of the tip. A

background far field white light illuminates the overall tip and cantilever profiles. (f )

Photograph of the optical setup; inset shows the sample area.

the device. In Figures 15.5 and 15.6, we report the SEM micrographs and opti-
cal characterization of two devices similar to the ones used for the experiment
reported below.
Figure 15.7 illustrates the excitation of the axially symmetric SPP mode with

647-nm laser on a silver cone realized on suspended Si3N4 membranes. In this
case, a specific optical setup for the control of the polarization of the incident
beam and the nanopositioning of the cone has been realized; it is illustrated
schematically in Figure 15.7d. �e large apertures on both sides of the metal act
as diaphragms for the focused impinging beam, allowing to locally optimize the
radial mode profile matching the cone base edge (Figure 15.7c). By changing the
polarization of the incident beam, it is possible to move continuously from pure
radial to pure azimuthal polarization, while monitoring at the same time the SPP
propagation along the cone by imaging the tip plane, as shown in Figure 15.7f–h.

15.4 Theoretical Section

�e absorption of a photon by a metal surface, as described, can generate an SPP
[39]. An SPP is defined as a nonequilibrium collective electron gas excitation in
the metal, oscillating at the electromagnetic frequency, that propagates confined
along the metal–dielectric interface for tens of micrometers before some scatter-
ing event damps it, allowing for its decay into energized charges or a new photon.
Due to the nature of the coupling, the optically generated SPPhas intrinsically low
momentum resulting in a nonfavorable condition for the SPP he− scattering.�is
gives to SPPs an exceptionally long mean free propagation length, compared to
the one of a single electron.
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(a) (b)

(c) (d)

27.5 nm (cs)
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5 μm 5 μm

Figure 15.6 (a) Full device structure fabricated considering optimal value of the simulated

parameters for a wavelength of 633 nm and illumination direction as depicted in (c, d). (b)
Detail of the apex of the cone of (a). (c, d) Optical characterization showing, respectively, the

horizontal or the vertical polarization in excitation and in analysis at the wavelength of

633 nm, as indicated by the arrows. Different scattering intensities reflect the prevailing

mechanism for the two polarizations: scattering in (c) and coupling in (d). A background

far-field white-light illumination allowed capturing the overall tip profile. The vertical

excitation, correctly, induces a strong scattering from the apex, confirming the SPP

propagation described in the text. The device shown here was realized on Micromash CSC38

cantilever. The cone apex has an estimated radius of curvature <15 nm.

Coupling, propagation, and damping of an SPP are ruled by complex dynamics,
strongly depending on the intimate nature of the medium. �e intrinsic nature
of SPPs physically bridges different length scales, from the micrometric to nano-
metric: by nanostructuring the specimen at those length scales, it is therefore
possible to show different aspects of this complexity to underline the huge rich-
ness of phenomena and valuable experimental potential for different applications.
�edynamic processes that regulate hc generation in noblemetals, their propaga-
tion, and possibly their extraction are attracting an increasing interest in both the
theoretical research and applied fields. Furthermore, another important emerg-
ing research technique is the realization of a multi-spectroscopies probe, with
improved efficiency for the investigation of the matter at the nanoscale.
Despite very significant experimental and theoretical efforts, a comprehensive

description of the processes that determine the measure of a net photocurrent is
still not clearly given at the tip of the adiabatic nanocone. Here we recall classical



15.4 Theoretical Section 329

(a) (b)

Gold

Si3Ni4

Silver

coating

1 μm

(i) (ii) Base focal plane

Tip focal plane Rad. pol.

Az. pol. Phase shift

(c)

(f)(e)

(h)(g)

(d)
Single-mode

polarizing Cber

λ = 457–648 nm

Beam expander

Beam splitter

50%

Raman spectrometer

Microstage

Radial

polarizer

A

Nanostage

Linear polarizer

White
 lig

ht

CCD

Z

X

X

Y

Y

Y

Y

X

X

Z

Z

X

Y

T
ilt

 ±
 4

5
°

O
B

J

Figure 15.7 (a) SEMmicrograph of a silver cone, fabricated by FIB and sputtering techniques,

on Si3N4 membrane (500-nm thick) and supported by Si wafer promoting adiabatic

compression. (b) Corresponding coupling geometry. Direct coupling at the base requires the
dimension matching between spot and cone base diameters. In (d), we report the mechanical

design of the optical setup used to excite SPPs along the cone by means of direct illumination

with a radial polarized optical mode. The main optical elements are indicated in the picture.

The system allows converting continuously a linear polarization into a radial or azimuthal one.

A fine nano-position of the sample allows checking the robustness of this type of coupling.

Two nonpolarizing beam splitter cubes accommodate the optical path for a charge-coupled

device (CCD) imaging system and a 50× objective allows focusing light on the back of the

cone. A second objective collects the images from the bottom, facing the tip of the cone, as

shown in (c, e–h). (c, e) The focal planes, collected in white light, at the base and top of the

cone. (c) The characteristic donut intensity profile of the circularly polarized spot at 647 nm in

its focal plane. (f–h) The scattered light pattern as can be collected from the tip focal plane.

When radial polarization is used, the coupled SPPs propagate adiabatically to the apex

originating a point source useful for spectroscopic applications.

and quantummechanical descriptions that are relevant to the explanation of the
phenomena [20, 21, 23, 40–50].

15.4.1 Semiclassical Considerations

A classical electromagnetic model (EM) assumes the continuity of the medium
and describes a noblemetal in a jellium framework as a free-electron-like system,
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with a parabolic dispersion curve for the conduction electrons. �e adoption
of experimental complex frequency-dependent dielectric function allows for the
description of the interaction between the electromagnetic field and the metallic
guide, introducing geometrical factors.
�e EM description of a tapered plasmonic guide, terminating with apex

dimension of a few nanometers, has led to the so-called adiabatic nanocompres-
sion idea, introduced for the first time in a pioneering work by Stockman [23]
in 2004. Such a transport mechanism determines the concentration of the SPP
energy at the tip, with a corresponding local field enhancement by about three
orders of magnitude. �e spatial confinement breaks the diffraction limit and
opens up the experimental capability to harvest energy along the nanostructure,
in the form of SPPs, and to bring it up to the very tip apex with negligible
losses. All these phenomena cooperate to realize a sensor, which is capable
of probing materials at the apex by means of both electromagnetic field and
electronic transport.
We can assume, in general, that the creation of N electron–hole pairs along

the taper, resulting from the damping of SPPs can be described by means of its
rate [23]

Ṅ = dN∕dt = 2k′′
P

ℏ!
Δz (15.2)

where ! is the angular frequency, k′′ is the imaginary part of the complex wave
vector k, and P is the optical power of the SPP. Δz is the distance of the electron
mean free path, ∼20 nm in our case (gold in the near-infrared range (NIR)). For
a taper with a nanoscale radius k0R≪ 1, k0 being the plasmon wavevector on a
flat surface, the SPP dispersion relations are well described by the analytically
approximated formula

k = k0n(R) ≈
1

R

[
−
"m

2"d

(
ln

√

−
4"m
"d

− 

)]−1∕2

(15.3)

where R is the radius of curvature of the tip, "m and "d are the metal and air
dielectric functions, respectively, and  is the Euler constant. It is then possible to
predict that the generation rate increases asR−1 in the last few tens of nanometers
close to the tip apex.
Equivalently, we can evaluate the SPP attenuation length in a metallic conical

structure at the tip. �e skin depth, lskin, that reflects the evanescent nature of
the SPP at the interface in the perpendicular direction to the metal surface, is
commonly expressed for a Drude metal by the formula

liskin =
�0

2�

(
−"2
i

"m + "d

)−1∕2

(15.4)

where the index i=m and d accounts for the metal or the dielectric material.
Considering that |"m|≫ 1, this expression leads to a great concentration of

the SPP near the interface. Recalling that "= n2 for �= 1, neglecting absorp-
tion and using the expression of k, the penetration depth at the tip apex can
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be expressed as lmskin ∼
�0

2�

(
1

−"m

)1∕2
=

�0

2�n(R)
≅ R, which states that an additional

strong confinement takes place, reducing the penetration of the SPP to only a few
nanometers below the surface.
Within a bulk picture for the electron scattering, we assume that each elec-

tron of the metal can be excited from any level of the conduction band with
the same probability and that the he− are generated isotropically. Under this
hypothesis, the probability for an he− to be transferred from the metal into the
semiconductor is

� =
1

2n ∫
�∕2

0

d� sin � ∫
"F

0

d"�(")Θ((" + ℏ!)cos2� − ("F + e�b)), (15.5)

where � is the angle to the normal to the junction through which the electron
is emitted (Figure 15.8d reports a schematic represetation of how such angle is
determined), " is the initial energy of the electron, �("), and "F are the density of
states and the Fermi energy of themetallic coating of the tip, respectively (i.e., SPP
taper), e�b the height of the SB (see Figure 15.8b), andΘ is theHeaviside unit-step
function. �e factor one-half takes into account that only half of all the hot elec-
trons propagate through the junction, while the second half does not contribute
to the Schottky current as they propagate in the wrong direction. �is equation
states that only a part (" + ℏ!)cos2� of the energy of electrons (the motion in the
direction of the junction) is to be compared with the height of the SB.
Taking into account that in the NIR range e�b, ℏ! ≪ "F , some useful approxi-

mations can be done, the density of states can be taken at the Fermi surface, that
is, we can set �(") ≈ �("F), and we can write down for the electron energy " and

the incidence angle � the inequality cos � ≥ 1 −
ℏ!−e�b

2"F
. In this limit, the prob-

ability distribution can be integrated to obtain the efficiency � for the electron
transport through the Schottky junction as

� =
(ℏ! − e�b)

2

4"Fℏ!
⋅ Θ(ℏ! − e�b), (15.6)

which has the same quadratic dependence on electron energy as the well-known
Fowler formula [51]. �e previous result is obtained under the assumption of
the conservation of the electron momentum in the plane of the junction. If such
conservation is relaxed at the junction by roughness and curvature at the very tip
of the nanostructure, then the probability of the electron transfer is significantly
increased. In this case, we have

� =
1

2n ∫
�∕2

0

d� sin � ∫
"F

0

d"�(")Θ(" + ℏ! − ("F + e�b)) (15.7)

�e integration now is trivial, and we obtain

� =
ℏ! − e�b

2ℏ!
⋅ Θ(ℏ! − e�b), (15.8)

which ismuch greater with respect to the one of Eq. (15.6), since 2"F ≫ ℏ! − e�b.
Finally, responsivity � and the total current J across the Schottky junction can

be related as

J = e�Ṅ = �P (15.9)
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evaluated for different accessible electron wavevectors as a function of the energy. At about

2.1 eV, the interband energy indicates the onset of a characteristic linear dependence with the
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efficient generation of energetic electron with energy around 1 eV (green data). (d) Fermi

sphere for the free electron model (blue). Schottky barrier (green plane) and the maximal
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of the interface is also displayed (dotted red line). Panel a adapted with permission from Ref.
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From these, we calculated the electron injection efficiency � and responsiv-
ity � at the tip by considering the two distinct experimental regimes described
in the momentum exchange relations (15.6) and (15.7). As in the experiments,
we considered a sample of n-GaAs (Nd = 3.6*10

16 cm−3), the Fermi energy level
"F = 5.53 eV of gold, and the dielectric function from Ref. [52], resulting in an
SB eΦb = 0.865 eV. �e radius of curvature of the tip and the electron mean free
path were set to a conservative value of R= 20 nm andΔz= 25 nm, the SPP opti-
cal power to 1 μW, deriving from a 10% of the laser power.�e calculated transfer
efficiency and responsivity are shown in Figure 15.12 as functions of wavelength
�0, proving the quantitative agreement with the experimental values. Dotted and
continuous blue lines in Figure 15.12a and b are pure he− contributions to the
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current when either the relation (15.6) or (15.7) is considered in the calculations,
while the continuous red line in Figure 15.12b accounts also for the photovoltaic
contribution.We estimated the last term in the so-called point contact geometry
limit that, departing from the planar model, describes the nanojunction in spher-
ical coordinates and retrieves a depletion region extension as a spheroid with a
remarkably shorter radius than the extension of the classical depletion region
commonly used for an extended contact.

15.4.2 QuantumMechanical Considerations

Experimental [53] and theoretical [21, 22] results show that the decay of SPPs
with energy lower than the interband threshold in gold leads to the generation
of long-living hcs with long isotropic mean free paths of up to 40 nm and energy
within the 1–2 eV range above "F . Moreover, promoting an SPP (<2 eV) of wave
vector of about 1/10 of the Brillouin zone (BZ), as could be obtained from the
expression of k reported above, we could expect a maximum in the efficiency for
hc generation with an energy above 1 eV, that are well suited for he− scanning
probe instrumentation, as can be deduced from Figure 15.8c.
Commonly, optically generated SPPs have wave vectors of 1/1000 of BZ. For

them a decay process in hcs is highly unfavorable. Adiabatic propagation of a
TM0 mode along a conical structure can easily increase plasmon momentum by
a large factor while approaching the apex.�is compression mechanism strongly
depends on the last few tens of nanometers from the apex of the cone. For this
reason, a proper fabrication procedure is crucial to obtain a sharp tip shape, as
suggested by the theoretical model.
An important aspect in the adiabatic compression process is that the SPP skin

depth reduces proportionally with the cone radius, meaning that at the apex a
strong confinement is expected at the surface, with a behavior quite different
from that observed for plasmonic thin films. �e bulk SPP skin depth (13 nm at
�= 670 nm for gold) can rescale several times down to a few nanometers reaching
the apex.
Even if commonly called free electrons, highly energetic carriers in noble met-

als are not completely free, but Bloch waves and their energy and momentum
must fulfill the dispersion relation specific to the particular material and its band
structure. As has been proposed for gold, phonon scattering contributes primar-
ily to SPP decay in low-energy he− (<2 eV) [21], differently from the common use
of the Augermodel. A similar behavior has been proposed for other noblemetals.
�e study of the band structure of gold, calculated in Ref. [50] using ab initio

many-body perturbation theory (MBPT) compares several possible schemes in
the approximation of the GW framework (G stands for the single particle Green’s
function and W for the dynamically screened Coulomb potential) including all
relativistic effects, at least for the single particle.�e quasiparticle self-consistent
GW (QSGW) scheme, when taking into account all single-particle relativistic
effects, particularly the spin-orbit (SO) coupling introduced on top of the
scalar-relativistic approach, provides a theoretical band structure that better fits
the experimental findings. �is MBPT model results in optimal agreement with
experimental data from different techniques like the angle-resolved ultraviolet
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photoelectron spectroscopy shown in Figure 15.8a [50]. �is QSGW-SO model
lowers the 5d bands, and globally achieves a considerable opening of the 5d–6sp
interband gap up to 0.8 eV, minimizing the discrepancy with the experiment.
�e QSGW-SO results are reported in Figure 15.8a along with experimental
values. For our purpose, this work quantifies the band structure of gold and
supports the interpretation of ab initio MBPT calculation on SPP decay and
energy spectrum of the generated hcs, as previously discussed.

15.4.3 Quantum Confinement

Here we consider the effects of quantum confinement on the energy distribution
of hcs [20] and on the injection across an SB.�is contribution is considered fun-
damental in the description of experimental data for isolated nanoparticles and
small clusters. For example, it can explain the enhanced photovoltaic effects, the
Plasmon-induced H2 dissociation by catalytic effect of hcs [13], the size depen-
dence of fluorescence and energy spectrum of hcs in quantum dots [54], and
nanorods [55, 56]. For this reason, we do not exclude its effect on the metal at
the nanosized apex of the device. It is plausible that SPP spatial confinement also
relaxes the wave vector constraint under a quantum mechanical point of view,
that is, the wave vector of the hot electron particle can access a larger phase space.
�is fact contributes to match with the momentum requirement of 1/10 BZ, that
is possible for about a spatial confinement of Δx∼ 3 nm. In this case, the occu-
pation probability will change in favor of high-energy electrons.
�e work of Govorov et al. [20] shows how an efficient generation of hcs can

be obtained in small nanocrystals (≤20 nm) due to quantum confinement. In
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this case, energy andmomentum distributions for hcs shift toward higher values,
largely improving the extraction yield. �is work shows that photoexcited large
nanocrystals produce a large number of low-energy hot electrons (few meV) and
only a relatively small number of highly energized charges (>1 eV), resulting in a
not favorable condition for current extraction. Differently, an efficient generation
and the subsequent injection of high-energy hcs can be realized exciting small
nanocrystals, in particular when the optically induced electric current is along
the smallest dimensions and it is normal to the collecting barrier interface.
�ese results are in agreement with those obtained for the bulk from ab initio

calculations [21, 22], that is, also in the case of localized SPPs in nanocrystals,
intraband transitions appear to be preferable for the generation ofhe− dominating
the absorption for �> 600 nm, while interband transitions preferably generate
energetic holes. �is implies significant differences in the carrier generation and
absorption spectra, as shown in Figure 15.9.
All these contributions together increase the final quantum efficiency of the

device with respect to a bulk or to a classical nanowire.

15.5 HENs Measurements: Plasmon-Assisted Current
Maps and Ultimate Spatial Resolution

Details about the experimental setup and the current to voltage I–V characteri-
zation of an Au/n-type GaAs nanojunction can be found in Refs [14, 33]. Here,
we briefly recall the experimental setup architecture: we modulate the amplitude
of the laser light while scanning in contact mode, as shown in Figures 15.10 and
15.13, measuring simultaneously the tip–sample current. �erefore, it is possi-
ble to discriminate and acquire at the same time the classical conduction and
the he− map, for any arbitrary polarization of the junction, being the hc signal
the only one synchronous with the laser. Here, the hcs generated by plasmon
damping enhance the internal photoemission (IPE) [58], a process that improves
largely the signal-to-noise ratio with respect to the case of conventional micro-
junctions. �e sharp apex of the cone determines a scanning nanocontact that,
electrically, is correctly described by the so-called point contact geometry [59,
60].While reducing the contact size, this three-dimensional description of charge
transport increasingly deviates from the one-dimensional SB model, already at a
modest doping level in the semiconductor.�e corresponding I–V curve reflects
the specific dependence on the size and shape of the junction, while the thickness
of the barrier no longer depends solely on the doping level. For these reasons,
the current follows the local electronic structure on a spatial length of the same
order. A characteristic length, to be compared with the diode size d, is Lc = (2"r"0
(V built-in +V bias)/eN e−)

1/2 = 106 nm for our case, that marks the transition from
the classical (microscale) to the point contact geometry regime (nanoscale) [60].
In particular, there are two peculiar phenomena of general character that

control the charge transport in a nano-sized junction that have to be taken into
account. First, the full depletion approximation is no longer valid [61], since
in this case the depleted volume, responsible for charge screening, tends to a
spheroidal shape centered at the contact point. Consequently, this space charge



336 15 Hot Electron Nanoscopy and Spectroscopy (HENs)

AFM head

CCD

TIA
20× OBJ

Signal

Lasers

Laser

M6

Rf

TIA

Tip

Point contact

deplection

Region (strong

conCnement)

Ohmic

contact

M4
Synchronism signal

PD2M3
Chopper

NDs
Sampler

Power monitor

PD1

M1 M2
Pol

M5

G
N

D

BS

λ/2

λ/2

t

e−

e−

Semiconductor

V
b

ia
s
(t

)
+

(a) (b)

Figure 15.10 Experimental setup for photocurrent imaging. (a) Complete optical layout.

Vertically polarized CW laser excitation at 670, 980, and 1060 nm (about 10 μW of optical

power on the coupling grating) is amplitude modulated with a mechanical chopper at

∼250 Hz and focused on the AFM tip. Additional elements are used to control the intensity and

the polarization of the incident radiation. A transimpedance amplifier (TIA) amplifies the

junction current. An external circuit is used to bias the junction to obtain the I–V curves, while

a lock-in amplifier and a data acquisition (DAQ) board are used to acquire and record the

signals. A confocal CCD allows a real-time monitoring of the scanning and illumination

conditions. Inset: close-up image of the sample area. (b) Basic circuit scheme.

limited regime modifies deeply the field potential and controls the dynamic
current performances. �e second critical point concerns the assumptions of
charge distribution continuity and homogeneity in the depleted region. Here,
the meaningful length scale is the average distance among dopants, Nd

−1/3.
In the cases reported below, Nd is ∼1.15 10

17 cm−3, (referring to measures in
Figures 15.11 and 15.13) we calculate N e−

−1/3 = 23 nm, resulting to be in the
same scale of the point contact.
From an instrumental point of view, this localized charge transport enhances

the sensitivity of the measure down to a single dopant component.

15.5.1 Hot ElectronMapping

In Figure 15.11 we report the results of Ref. [14] that show the topography and
corresponding photocurrent maps on two different surfaces obtained by local
anodic oxidation and ion implantation in an n-type GaAs sample, excited at
647 and 980 nm. �e oxide pattern is written by AFM local anodic oxidation
in air using high field discharge at room temperature at controlled humidity
(∼40% RH, +4 V sample bias and at 4 μm/s writing speed), in contact mode
(set point <10 nN). Topography and he− intensity maps are simultaneously
recorded with the same plasmonic tip and are shown in the overlaid 3D measure
in Figure 15.11c.�e photocurrent image is obtained in contact mode and under
N2 atmosphere (∼5% RH). �is measurement allows extracting the resolution
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Figure 15.11 HENs maps of locally oxidized and ion-implanted patterned samples. (a, b)

High-resolution AFM topography and height profiles of a continuous oxide pattern deposited

on GaAs. The profiles (indicated by yellow lines in the topography map) are not deconvolved

for the tip shape. (c) Photocurrent imaging overlaid on the 3D surface reconstruction shows

simultaneously the current and topographic resolution. The zig–zag profile allows a direct

check of experimental resolutions from line profiles (ii) of (b, d). (e) SEM image of the GaAs

sample after implantation of Ga+ ions. The black rectangle indicates the area relative to the

topography and plasmonic he− maps, generated at 980 nm laser excitation (EGAP >
1.26 eV> eΦb), shown in (f, g). Reprinted with permission from [14], copyright NPG 2013.

and sensitivity of the technique that can be routinely achieved, as can be inferred
from the line profiles in the map. �e reproducibility of the profiles in trace and
retrace demonstrates the stability of this scanning probe technique. Figure 15.11f
and g shows the topography and photocurrent maps of the GaAs substrate
reported in the SEM micrograph of Figure 15.11e. In this case, we implanted
Ga+ ions in the surface by FIB, creating a grid pattern (40 pA, 100 ns/pt, 30 keV,
single pass). Using these fabrication parameters, the minimal dose of ions is used
to locally modulate the electrical conductivity, with a negligible modification of
surface topography, which remains essentially flat. �e measure in Figure 15.11g
reveals a conductance cross section of the implanted line, which reflects the
typical spreading of implanted dose.We remark that thismeasure was performed
at 980 nm (1.26 eV), for which a photovoltaic contribution for the GaAs is not
expected, being the excitation energy smaller than the bandgap (EGAP ≈ 1.45 eV,



338 15 Hot Electron Nanoscopy and Spectroscopy (HENs)

Si doped n-type GaAs, Nd ∼ 10
17 cm−3). Finally, we stress that for both samples

the standard conductive electric map does not reveal any special feature within
the sensitivity limits of the technique.

15.5.2 Hot Electron Resolution Limit

To quantify the ultimate spatial resolution and sensitivity of the technique we
have prepared an ad hoc sample. An n-type GaAs substrate was spin coated with
a thin poly(methyl methacrylate) (PMMA) layer (<40 nm) and subsequently
patterned by means of electron beam lithography in aligned lines of variable
width (from 70 to 100 nm), and interdistances of 30 nm. An overexposure and
a controlled developing process allowed obtaining a polymer thinning over the
whole area. �e process resulted in a resist coverage with randomly dispersed
nanometer-sized holes generally less than 1 nm in depth, where the substrate
is accessible. �is sample allows testing the experimental resolution limit by
measuring the point spread function for hot electron injection through a SB.
�e sample was scanned in small areas at high spatial resolution. �e he− map

of Figure 15.13d clearly reveals repeated lines and holes features. To test the
reproducibility, the he− current was acquired both during trace and retrace pass
while scanning the surface.
To correctly estimate the ultimate spatial resolution achievable at usual speeds,

we switched from a lock-in amplifier (LIA) detection scheme, requiring an aver-
age over several optical cycles (introducing an additional broadening �LIA = 30ms
∼9 optical cycles), to a post-processing analysis of the current data recorded at a
high sampling rate. After a spectral analysis, we applied a digital infinite impulse
response (IIR) low-pass filter with about 1 kHz bandpass to remove spurious
high-frequency noise from the signal. �en, as shown in Figure 15.13b and c,
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the current was reconstructed point by point as ⟨Ion⟩− ⟨Ioff⟩, for each optical
period. �e use of this matched filter allows for a further increase in S/N ratio,

maintaining the time resolution and giving the true spatial resolution while scan-

ning at a reasonable speed. We selected the values to be averaged (colored point
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events (red lines). The yellow line, reported for the sake of comparison, is the output signal of

the lock-in. (c) Few optical cycles of acquisition time. Here we have indicate the data points

selected to calculate the Ion (blue) and Ioff (red) local values as described in the text. The blue
broken line connects consecutive points from averaged cycles, demonstrating the optimal

reconstruction of the temporal profile even for high-dynamic signal, differently from the
slower LIA detection procedure. (d) ⟨Ion⟩− ⟨Ioff⟩ surface reconstruction. Blue and red lines
display AFM trace and retrace, demonstrating a correct agreement. The first (L1) and the last

(L21) lines of this reconstruction are indicated. (e) Detail of the spatial reconstructed signal of

line L18, in terms of number of he
− per pixel. The detail of the first and second peaks, reported

in (f ), allows the direct estimation of the ultimate experimental resolution, as FWHM of peak 1

or as 10–90% of the rising front of peak 2, which is 3 nm.
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in Figure 15.13c) by excluding the transient regimes in the signal, synchroniz-
ing it with the modulated laser intensity. In this way, we were able to pin down
a point every 0.4 nm, cutting out almost all the noise contribution while pre-
serving the maximal part of the signal. Figure 15.13e and f demonstrates an ulti-
mate full-width-at-half-maximum (FWHM) resolution of 3 nm, preserved over
repeated lines during both trace and retrace.

15.6 Kelvin Probe, HENs, and Electrical Techniques

In this section, we compare the technical advances proposed byHENs in terms of
chemical sensitivity and spatial resolution, also in comparison with other electri-
cal applications of AFM microscopy, such as scanning Kelvin probe microscopy
(SKPM), sensitive to the same parameters, and conductive AFM. Further refer-
ences to these last techniques can be found in more detail in a dedicated chapter
on the topic.

15.6.1 SKPM Theoretical Frame: a Short Introduction

�e most diffused technique providing a direct measurement of the contact
potential between two surfaces is referred to as Kelvin probe, after its inventor
Lord Kelvin, who first postulated this method in 1861. �e first implementation
on an AFM setup, by employing a metallic tip at the end of a cantilever, dates
back to 1991 [62], when a nanometric spatial resolution (50 nm) with a remark-
able sensitivity (0.1 V) was first demonstrated. Since then, continuous efforts to
improve both parameters to their ultimate extent have been made.
�e built-in electric field between a sample surface and a reference electrode

depends on many physical properties of the materials. A major contribution is
given by the chemical potential mismatch resulting from the difference between
the Fermi and the vacuum level in the two materials when they are electrically
connected to create a junction.
�e energy required by electrons to be extracted from a material is given by

� = EVac − "F (15.10)

where EVac is the vacuum. At thermal equilibrium, the Fermi levels of two elec-
trically connected materials pair, giving origin to a potential difference

− eΔVCPD = �1 − �2 = EVac1 − EVac2 = −e(V1 − V2) (15.11)

which represents thework done to bring an electron fromone side of the junction
to infinity and back to the second side.
By adding an external voltage Vext = VDC + VAC(!el), it is possible to measure

the capacitive coupling between the two electrodes, synchronously measuring
macroscopic properties such as the transport current or the electrostatic force.
Minimal coupling will occur when VDC = VCPD, therefore, by externally tuning
a DC bias, it is possible to measure the contact potential between the two elec-
trodes. In AFM, the cantilever already provides an extremely sensitive force sen-
sor [63], which can be used to measure the capacitive force.
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�e measurement technique relies on the following strategy: line by line the
surface is scanned two times. During the first pass, a topography map is acquired
in AC mode to get the morphology of the surface. In the second one, the same
line is repeated at a different height z′(x, y) = ztopo(x, y) + Δz while applying V ext
to the tip.
�e resulting tip–sample force is

Ftot(z
′, t) = k(z(t) − z′) sin(!t) − FPauli − FvdW −

1

2

dC

dz
(Vext − VCPD)

2

(15.12)

where FPauli and FvdW are the short-range repulsive (topography) and long-range
attractive van der Waals forces, respectively, and k(z(t)− z′) is the with-
drawal force due to the cantilever elastic constant k for an oscillation amplitude
A= z(t)− z′.�e last term is the capacitive coupling given by the total tip–sample
voltage, which brings in the contact potential. During the second pass, the tip
voltage is modulated by VAC to induce a tip oscillation at a frequency !el (usually
slightly different from the mechanical resonance frequency of first pass) with
oscillation amplitude Ael that can be remarkably different from the first pass one.
A proper second pass elevation Δz allows to cancel the Pauli contribution and to
maximize the sensitivity to the capacitance coupling with respect to the van der
Waals forces at the same time.
�e capacitive force can be rewritten as

−
1

2

dC

dz
(Vext − VCPD)

2 = −
1

2

dC

dz

[
(VDC − VCPD)

2 + 2(VDC − VCPD)

× VAC sin(!elt) +
VAC

2

2
[1 − cos(2!elt)]

]

(15.13)

�is has three main components in the force frequency spectrum, one DC,
one at frequency !el, and one at 2!el. An additional feedback loop adjusts
VDC =VCPD to cancel the force component at !el point by point, providing
a local measurement of the contact potential. At the same time, the capac-

itive coupling −1∕2
dC

dz
V 2
AC

can be also measured from the second harmonic,

obtaining the scanning capacitance signal, which is a widely used technique in
microelectronics to estimate surface oxidation states.
For a direct comparison with HENs, we have performed a measurement that

provides the resolution achievable with SKPM on a sample like the one used for
the data in Figure 15.11.
A new GaAs (n-type Nd = 10

16) substrate was freshly cleaned in HCl 37%
before the nano-oxidation procedure. We used commercial PtIr-coated Asylum
electrilever (K = 2 N/m, nominal tip radius= 30 nm, 75 kHz) on an Asylum
MFP-3D AFM microscope. Writing parameter and experimental condition
were 9 V sample bias, oxidative current 3 nA, and writing speed 500 nm/s in
environment humidity of 45%. �e oxidized pattern was then read by scanning
at 90∘ the surface. �e results of topography and SKPM potential map 5× 5 μm2

area are reported in Figure 15.14c and d, with details of a smaller scan in
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Figure 15.14 SKPM characterization of an oxide-patterned GaAs sample (n-type Nd = 10
16)

with nanoxidtive regime at 9 V sample bias and oxidative current 3 nA in relative environment

humidity of 45%. (a, b) Detail images of the topography and SKPMmaps shown in (c, d). Here

topography reveals features not accessible with SKPM. (e, f ) The graphs report the line profiles

indicated with white lines in the zoomed area.

Figure 15.14a and b. From the line profiles of Figure 15.14e and f, corresponding
to the high-resolution zoomed areas Figure 15.14a and b, it is possible to evaluate
the spatial resolution of the technique with respect to the topography one. �e
not deconvoluted topography reveals features as large as 46 nm, measurable
between markers in Figure 15.14e, while SKPM results are limited to a line
resolution not better than 200 nm.
�is technique has many drawbacks and implications:

1) �e sensitivity of the measurement strongly depends on the distance Δz set
during the second pass. For best resolution and sensitivity, since the closest
tip–sample distance should be Δz−Ael > 0, Ael is usually by far lower than

Atopo, and both tip radius R and z depend through the relationAel =
VAC

2k

dC(R,z)

d
,

the optimal distance has to be tuned during the measurements, also
with Δz< 0.



15.6 Kelvin Probe, HENs, and Electrical Techniques 343

2) A remarkably high resolution and surface sensitivity can be achieved in fre-
quency modulation mode. �is is due to the reduced oscillation amplitude
allowing a second pass a few nanometers off the surface. �is is commonly
performed in an ultrahigh vacuum (UHV) environment where such a tech-
nique is more stable [64]. However, the UHV environment is usually less com-
patible with biological samples, reducing the field of application for this tech-
nique.

3) A tip modification, usually occurring during first pass due to the contact with
the sample, changes its surface potential. �is affects the final results in three
different ways:
a) �e tip can pick up tiny amounts of materials from the sample (mostly
occurring for soft/organic specimens), changing sensitively the reference
work function during a scan.

b) Due to environmental humidity and the applied voltage, the tip can oxidize.
c) �e tip can modify its shape by plastic deformation or material loss. �is,
again, affects the results by changing tip radius, that is, capacitance, and, to
aminor extent, by redefining local work function due to different geometry.
�is effect can be important in case of heavy damage to coated tips, when
the metal is peeled off, leaving the silicon substrate exposed.

4) As discussed, C depends on z and R in the first approximation. To be more
precise, one should consider the true shape of the electric field between tip
and sample giving F(x,y,z)=−eE(x,y,z)= e∇V , whichmore properly accounts
for the tip and sample geometries and compositions.�e shape of the electric
fieldE gives the effective resolution and sensitivity, worsened by the spreading
of the field at the sample surface.

5) �e material of the tip also technically plays an important role: aside from
high conductivity, geometrical and chemical stability imposes main require-
ments on the tip. For these reasons Pt-, PtIr-, PtSi-, or Ir-coated silicon tips
are widely used, ending up with a tip radius usually around 30 nm. For sharper
doped Si tips, the additional oxidation effects have to be taken into account.
For biological materials, a good choice would rely on hydrophobic tips, such
as conductive PtC-coated ones, that are less prone to material pick up due to
hydrophobic/hydrophilic repulsion.

6) Moreover, SKPM is an inherently surface-sensitive technique. �e depen-
dence on surface contaminations and charge distribution cannot be neglected.
Due to the presence of fixed surface charges in trap states or embedded in
native oxide on top of the sample surface, an additional potential appears
as an offset on the VCPD as Vq = qNF tins/"ins. Here, q is the elementary
charge, NF is the charge density, tins is the thickness of the insulating layer
separating the tip from the substrate, and "ins is the average dielectric
constant. Assuming a surface charge in the order of NF = 10

10–1011 cm−2,
values which are commonly achieved for high-quality microfabrication oxide,
one gets Vq = 5–50 mV which is a relatively high value for the offset in the
measurements.

7) Tip oxidation and contamination have to be considered. Pre- and
after-measurement calibrations on a reference sample, such as freshly
cleaved highly oriented pyrolytic graphite, have to be routinely employed for
accurate measurements [65].
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15.6.2 HENs

As introduced before, HENs is a charge transport AFM technique performed in
contact mode.�e net charge transfer is strongly dependent on the initial photon
energy, on the metal of the tip, and on the local electronic properties of the sam-
ple at the nanometer scale. Here we compare HENs to different AFM electrical
modes in terms of spatial resolution, sensitivity, and dynamics.

15.6.2.1 Spatial Resolution

HENs provides a contrast on the local Fermi level of the tip and the conduc-
tion band of the sample and its local modification due to adsorbed materials,
surface charge, and doping, but with a remarkably higher spatial resolution. �e
reason is that while in SKPM the final resolution is affected by the second pass
elevation Δz giving the relatively high broadening of the electric field at the sur-
face, in HENs the final resolution is practically limited just by the area of the
junction. In contact mode, the effective tip–sample contact can be limited to a
few nanometers in diameter, similar to the case of conductive AFM and scan-
ning tunneling microscope (STM) in air. �e main difference is that no external
polarization bias is needed to drive the current since the plasmon compression
gives the energy and the momentum to overcome the SB at the interface. In con-
tact AFM or STM, an external bias of a few Volts can easily generate an electric
field exceeding the dielectric breakdown of nanomaterials at the interface [66],
and induce oxidation and/or metal electromigration from the tip. �is results in
both tip and sample modification, as well as junction instability, phenomena fre-
quently occurring while operating under environmental conditions. Apart from
these practical aspects, adiabatic compression of evanescent plasmonic modes
provides a strong localization of the electric field at the tip, stronger than the
quasi-static field other electrical AFM modalities rely on. �e electromagnetic
simulations in Figure 15.15 show how in a plasmonic tip the electric field is dis-
tributed around the apex. Here the field is naturally concentrated in a spatial
region limited to a few nanometers around the tip, different from the quasi-static
case, where a relatively high broadening is given by E=−∇V . �en in HENs, the
point contact area is further localized in the junction region once the contact is
established.

15.6.2.2 Sensitivity and Specificity

In HENs, the generated hot electrons bring the SPP momentum associated
to the adiabatic compression. �is allows them to be selectively injected into
the semiconductor with efficiency depending on crystallographic directions.
Another important difference is in the energy distribution of the carriers
involved in the process. In conductive AFM and STM/STS spectroscopy, for
instance, by applying an external voltage the Fermi level of the tip is aligned with
different energy states of the substrate. �e current comes from the facing of
occupied states on the tip and empty states on the sample or vice versa, allowing
tuning the current and its direction by means of an external bias. By increasing
the bias, the number of states entering in the conduction process increases,
involving states even many electronvolts far from the Fermi level, whose number
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is given by the integral of the occupancy probability over the allowed energies

P(E)∝D(E− eV )f (E− eV ) (D and f are the density of states and the Fermi

distribution). Since the density of states in metals is described by a quite broad

distribution, the number of electrons contributing to conduction increases

with V as the integral over the states. �e two current spectroscopies, I–V and

the more energy-resolved dI

dV
, allow to evaluate the bandgap, the energy levels

distribution, and the gaps between the highest occupied and lowest unoccupied

molecular orbitals inmaterials andmolecules by probing themwith a continuum

of energy states of the tip up to the Fermi level. Similarly, the applied voltage

in SKPM mode is optimized to adjust the Fermi levels in the two materials (tip

and sample), providing the measure of the contact potential. In both cases, the

electrons at the Fermi level, which by definition is an equilibrium state, play a

key role in the measurements. On the other hand, HENs relies on hcs, which by

definition are nonequilibrium (excited) states in electronic distribution. In this

process the decay of a plasmon produces hcs in excited states, whose occupancy

probability and energy distribution P(E) can be calculated following the work of

Gong and Munday [57] as

P(E) ∝ D(E − EPh)f (E − EPh)D(E)f (E) (15.14)
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According to this formula, an electron in the half-filled band can be excited up
to an energy E which is set experimentally by the light source. �is produces a
hot electron-hole pair, whose energy distribution is reported in Figure 15.9 for
the most commonly used plasmonic metals and energies.
�ese results allow for some considerations:

1) Selecting the external energy, that is, laser wavelength, it is possible to con-
trol the hc energy density in the metal to have a sharp peak overcoming the
junction barrier. In this case, only a narrow distribution of excited states con-
tributes to the electronic transport and probes the energy states of the sample.
�is goes toward a highest energy resolution for spectroscopy studies and
energy-resolved imaging.

2) �e basic process of charge transfer can occur at zero bias. �is allows testing
energy levels without an external DC electric field that, for standard conduc-
tive sharp tips very close to the surface, can easily exceed an electrical field
of 109–1010 V/m. �is is believed to be a great advantage for many samples,
such as thin oxidation layers, heterojunctions, and biological molecules since
no perturbation or shrinking is induced.�is is a very promising aspect when
Ramanmeasurements are combined with current transport measurements in
a multiprobe configuration.

3) In HENs, the addition of a small modulation voltage can be used to refine
the local density of states measurement of the sample by tuning the energy of
the hot charges. �is technique therefore could be used in parallel with other
electrical modes such as SKPM or STS.

4) As shown in Figure 15.9 and further explained in the literature [21, 57], the
transport is due not only to hot electrons but also to hot holes, since the plas-
mon decays into a carrier pair. According to the material and the incident
photons, either hot electron or hot hole current can prevail. �is second case,
for instance, occurs for Cu and Au for both excitation wavelengths of �= 700
and 400 nm and for Ag at �= 400 nm [21]. �is opens up additional possibil-
ities for spectroscopies.

5) A shaping of electron density can be achieved in HENs also with the combi-
nation of different excitation wavelengths at the same time.

6) In the classical electrical mode, the detectable dynamics is usually quite
limited (well below megahertz range). HENs process is triggered by laser
excitation and the mechanism underneath is intrinsically a nonequilibrium
one, hence the dynamics can be pushed to the very limit of the state-of-the-art
detection systems for current acquisition (trans-impedance amplifiers).

7) According to recent literature [57, 67], new material can be explored to real-
ize plasmonic tips, offering the possibility of optimizing and tuning HENs
for different applications. Remarkably, most of them offer mechanical prop-
erties similar to the ones commonly used for electrical tip coatings (Young
ModulusEY ≈ 60–130GPa), appearing thereforewell suited for contact probes
fabrication.
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15.7 Fast Pulses in Adiabatic Compression for Hot
Electron Generation

One of the trends that has emerged in recent years among the applications of
SPP adiabatic compression in plasmonic nanocones is the use of these tools in
combination with pulsed lasers to access a faster dynamic. Pulsed laser sources
are already fundamental in many fields of research as well as in many indus-
trial, medical, and biological applications. Nevertheless, their use in microscopy-
and microscopy-related applications remains limited by diffraction phenomena
when combined with far-field focusing tools as microscope objectives. Coupling
withmodes that experience adiabatic compression in a plasmonic taperedwaveg-
uide is certainly a promising strategy to overcome this limitation. �is type of
application has already been explored in literature and the possibility of cou-
pling ultrashort laser pulses in metallic cones squeezing the optical excitation
to a nanometric-sized spot has been previously demonstrated [68, 69].
�e interest in this particular application, due to the fact that it is possible

to achieve nanometric-size excitation, derives from the possibility of hav-
ing both high peak intensity and time-resolved excitation, hence leading to
the long-searched-for goal of a coherent control of electromagnetic field at
nanometer-large and femtosecond-limited scale [70].
Amajor concern which arises while dealing with ultrashort laser pulses in opti-

cal media, is the time broadening and pulse reshaping due to group delay dis-
persion that different frequencies accumulate over propagation in any dispersive
medium. �is does not seem to be a major concern in plasmonic propagation
in the adiabatic compression regime, since an electromagnetic pulse propagat-
ing along a metallic nanocone experiences modest group velocity dispersion and
hence travels with an almost unperturbed temporal profile [68, 69].
Particular attention, in this case, has to be paid to the coupling mechanism. In

previous paragraphs, we described the main excitation techniques that we use to
convert photons into surface-bounded plasmons.�e different techniques would
provide different results in the case of ultrafast excitation for both what concerns
coupling efficiency and for what concerns the time dispersion. Direct coupling of
radially polarized light beams at the base of a metallic cone seems to be a promis-
ing way to control pulse distortion.�ismethod is weakly sensitive to wavelength
spreading, resulting in being weakly affected by the broad spectrum of the light
source. Simulations on this kind of structure indicate a substantial preservation
of the laser pulse after propagation along a 10-μm gold cone [33] and that this
coupling efficiency can be extremely effective, even approaching 90% [71].
Coupling through a grating, on the other side, has a natural limit, as it

is intrinsically wavelength dependent. Many authors, anyway, explored this
kind of configuration, since it happens to be the most practical one in many
experimental arrangements. �ey managed to find interesting solutions to
compensate for the large spectral range covered by these excitation sources,
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mostly based on the use of linearly chirped gratings [68, 72]. Nevertheless, it
has been demonstrated that coupling of 10-fs laser pulses onto a gold nanocone
via a normal nonchirped grating preserves substantially unchanged the pulse
time-frequency profile. Also, in this case, numerical analysis demonstrates the
poor distortion introduced by the grating itself, and the authors were able to
measure directly the frequency-resolved autocorrelation of the plasmonic pulse
at the apex of the nanocone [69].
Applications of nanofocusing of pulsed lasers are still at a very early stage.

Efficient nano-localized second-harmonic generation [68], nonlinear optical
measurements [73], and high-harmonic generation in tapered metallic hollow
conical waveguides [18] have already been demonstrated. �e possibility of
extending time-resolved techniques down to nanoscale opens up countless
potential applications.
Another outcome is the inherent enhancement of the electromagnetic field at

the cone apex, which triggers promising applications of nonlinear optics in fields
such as nanoimaging and nanocharacterization. Tip-enhanced electromagnetic
field with high spatial and temporal resolution has already demonstrated to pro-
vide insight into infrared molecular spectroscopy [74]. �e application to non-
linear Raman [75–78] of adiabatically compressed pulsed excitation will certainly
represent a significant improvement to imaging techniques at the nanoscale, par-
ticularly in the field of biology and bio-imaging.
With respect to hc generation, application of pulsed laser to metallic cones

represents an interesting perspective from different points of view. From one side
the possibility of performing time-resolved nonlinear characterization in parallel
to hc measurements and optical spectroscopies, such as enhanced Raman,
paves the way for parallel multiprobe nanosized characterization of the sample.
Time-resolved hc injection could have interesting applications in understand-
ing important phenomena like zitterbewegung in two-dimensional material
[79, 80] and nonlinear plasmon-induced photocatalisys [81]. Moreover, the
possibility of obtaining free-space electron emission from excited cones in
adiabatic compression, exploiting multiphoton absorption of ultrashort pulses
to overcome the metal work function has been recently demonstrated [82].

15.8 Conclusion

In this paper, we revised our recent results on hot electron SPM showing also our
ultimate spatial resolution limit of 3 nm and compared them with the literature
to give perspectives and possible additional implications. In our research, we are
aware of the unicity of our approach and having in our hands a novel multipur-
pose method for investigating materials at nanoscale and to femto-attosecond
dynamics. In the past years we demonstrated the full compatibility of adiabatic
compression with AFM techniques. Now our effort is devoted to merge AFM
force spectroscopy, light-enhanced spectroscopy, and hot electron spectroscopy.
Applied to molecules, we foresee the possibility of obtaining novel structural
information in a wide range of environmental conditions never explored before.
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