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Surface plasmon polaritons are a central concept in nanoplasmonics and have been exploited to develop ultrasensitive
chemical detection platforms, as well as imaging and spectroscopic techniques at the nanoscale. Surface plasmons can
decay to form highly energetic (or hot) electrons in a process that is usually thought to be parasitic for applications,
because it limits the lifetime and propagation length of surface plasmons and therefore has an adverse influence on the
functionality of nanoplasmonic devices. Recently, however, it has been shown that hot electrons produced by surface
plasmon decay can be harnessed to produce useful work in photodetection, catalysis and solar energy conversion.
Nevertheless, the surface-plasmon-to-hot-electron conversion efficiency has been below 1% in all cases. Here we show
that adiabatic focusing of surface plasmons on a Schottky diode-terminated tapered tip of nanoscale dimensions allows for
a plasmon-to-hot-electron conversion efficiency of ∼30%. We further demonstrate that, with such high efficiency, hot
electrons can be used for a new nanoscopy technique based on an atomic force microscopy set-up. We show that this
hot-electron nanoscopy preserves the chemical sensitivity of the scanned surface and has a spatial resolution below
50 nm, with margins for improvement.

T
he coupling of electromagnetic waves and electrons at the
surface of a metal produces surface plasmon polaritons
(SPPs). As a result of their intrinsic electromechanical

nature1, SPPs can overcome both the optical diffraction limit and
the mean free path of electrons in metals. SPPs provide an effective
way to guide, localize and concentrate energy at the nanoscale2–7,
offering the possibility to control fundamental energy transfer
processes. It has been reported previously that hot electrons,
highly energetic electrons created by the decay of surface plasmons,
can generate a photocurrent in Schottky diodes composed of plas-
monic nanoantennas supported on a semiconductor surface8,9.
However, the quantum efficiency of the conversion of surface
plasmons to electrons for photocurrent generation is much lower
than in conventional photoexcited p–n diode cells. This is due to
the intrinsic suppression of the Schottky current imposed by
linear momentum conservation for smooth Schottky contacts.

This suppression can be drastically reduced if the surface of
the Schottky diode is rough, leading to a higher quantum effi-
ciency for the plasmon-to-photocurrent conversion10. Recently,
a plasmonic solar water splitter11, where hot electrons play a
crucial role, has been demonstrated, and the fact that the
surface was nanostructured improved the water splitting effi-
ciency substantially although hot electron generation remained
low, at below 1%.

In this Article we report a surface plasmon-to-hot electron
conversion efficiency of �30% at three different wavelengths. In
particular, we generate a Schottky current through adiabatic
compression of plasmons in a nanocone12,13 set in contact with
the semiconductor, and we take advantage of this highly efficient
conversion to introduce a novel scanning nanoscopy technique.

Because the Schottky current is inherently sensitive to the differ-
ence in Fermi energies between the metal of the nanocone and the
semiconductor surface, our nanoscopy set-up is sensitive to the type
of semiconductor, its doping and surface impurities. A significant
advantage of using an adiabatic concentration of SPPs14–16 in the
Schottky configuration is the decay rate of the SPPs, which is inversely
proportional to the taper radius R of the plasmonic nanocone15 when
R is less than or equal to the plasmonic skin depth, which in the case of
gold is �25 nm (see equations in Supplementary Section 8). A tapered
waveguide, because of its favourable conditions for high energy con-
centration and broad wavevector and momentum exchange, efficiently
transforms a propagating SPP wave into a quasi-static local field and
into hot electrons. This is the underlying principle for the high con-
version efficiency of the proposed nanoscopy.

We performed three different experiments to prove the hot
electron contribution in the Schottky junction configuration. In
the first, we measured the maximal photocurrent generated by
the SPPs using gold as metal and GaAs as a prototype semicon-
ductor sample, both through photovoltaic and purely hot electron
conversion. In the second, we measured the I–V curves of the
Schottky diode in the dark and for three wavelengths above and
below the GaAs bandgap (Egap ≈ 1.45 eV). In the third experi-
ment we used the SPP-generated photocurrent to image either a
locally patterned oxidized or an ion-implanted conductive GaAs
surface as a proof-of-concept demonstration of scanning probe
nanoscopy based on hot electrons.

Plasmonic concentrator set-up
Recently, it has been shown that SPPs can propagate to and concentrate
adiabatically at the apex of tapered plasmonic waveguides15–18, thus
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offering the potential to guide and localize optical energy with accepta-
ble losses. Furthermore, by appropriately tuning the surface roughness
and structure geometry, it is possible to efficiently promote specific SPP
damping channels19–24, moving from radiative losses25,26 to the gener-
ation of hot electrons as a primary decay channel.

To quantify the contribution of hot electrons in the detectable
current, we developed an atomic force microscope (AFM)-
based plasmonic concentrator that allows mapping of the photo-
electric signal with nanoscale lateral resolution (in the same
length range as the tip contact diameter) and a spectral
bandwidth limited only by the high-gain current amplifier.
All measurements were performed in contact mode. The set-up,
illustrated schematically in Fig. 1 and Supplementary Fig. 8,
consists of an AFM customized with a high gain bandwidth
(GBW) trans-impedance current amplifier (GBW ≈ 1 × 1013) and
an optical layout adequate to properly promote the adiabatic SPP
compression. The present set-up allows the morphological profile
and the current generated across the Schottky barrier to be
recorded simultaneously.

To estimate the plasmonic performances of our device we simu-
lated the full three-dimensional structure (gratingþ cone) of
Fig. 2a, as shown in Fig. 2b (see Methods). The chosen metal was
gold, and the surrounding medium was air. Numerical calculations
were performed at different wavelengths. Figure 2b shows the
results for infrared radiation (l¼ 1,060 nm) and for an incidence
angle of u≈ 36.5o with respect to the normal of the surface (as
defined by the geometry of the optical set-up). The AFM tip has a
pyramidal shape with an octagonal base (height 15 mm) and 408
full-angle aperture, and the height and base of the cone are 2.5 mm
and 300 nm, respectively. The tip radius was set to 25 nm, equal to
the measured value. Details about the numerical simulation are
given in Supplementary Section 1.

In Supplementary Section 11 we report additional experi-
mental results for cantilevers without engraved gratings, as well as
for cantilevers with chromium as a non-plasmonic metal
coating. We performed these controls to further elucidate

the role of the material, the illumination geometry and the
device architecture27,28.

Photocurrent measurement
The dominant effect in our device was enhancement of the internal
photoemission (IPE; for details on other terms contributing to the
I–V characteristic see Supplementary Section 7). It is known that
the point contact geometry at the nanoscale strongly departs from
the one-dimensional Schottky barrier model29,30 (Supplementary
Section 6), even for moderately doped semiconductors. The localiz-
ation of the photoconversion process close to the contact leads to a
specific I–V characteristic that reflects the local electronic structure
on the spatial length scale of the contact. In a rather simplified
picture, the unique characteristic of a Schottky contact, compared
to the classical p–n junction, is that the photocurrent can be gener-
ated by the direct electromagnetic field absorption in the metallic
active layer—the IPE process. This can also happen when the SPP
quantum energy exceeds the Schottky barrier height, hn≥ eFb,
where e is the electron charge (Fig. 2c). In particular, when the
excited electrons at the interface pass over the potential barrier, pro-
vided they have enough energy and eventually the appropriate
momentum, they enter the depletion region of the semiconductor
and then relax to lower states of the conduction band. These elec-
trons can eventually be collected as a photocurrent, even with no
reverse bias (electrons move from tip to semiconductor) or a
direct bias voltage Vbias , hn 2 eFb. The optimal thickness of the
metallic layer, in terms of IPE current production, is a tradeoff
between the number of excitable electrons, which is proportional to
the thickness of the metallic layer, and the electron mean free
path in the metal itself, typically a few tens of nanometres for
gold31,32. Normally, the collection efficiency of electrons in the
Schottky photodiodes is severely limited by the availability of
sufficient kinetic energy in the direction normal to the interface.
This efficiency generally corresponds to �1% of the typical photo-
voltaic contribution, thus hindering the practical utility of the
present system as a photovoltaic cell. Nevertheless, Schottky
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Figure 1 | Schematic of experimental set-up. a, Complete optical layout. Vertically polarized continuous-wave laser excitation at 670 nm, 980 nm or

1,060 nm (�10mW of optical power on the coupling grating) was amplitude-modulated by a mechanical chopper wheel at �500 Hz and focused on the

structured AFM tip. Additional elements, as indicated, were used to monitor (photodiode, PD) and manage the polarization, intensity (neutral density filters,

NDs) and beam profile of the incident radiation. M1–M7 are mirrors; BS, beamsplitter. b, Close-up sketch of the sample configuration. c, Basic circuit scheme: a

transimpedance amplifier (TIA) FEMTO, gain¼ 108, bandwidth¼ 50 kHz performed the junction current amplification. An external bias voltage circuit was used

to polarize the junction, and a lock-in amplifier SR830 and a NI6366 data acquisition board were used to acquire and record the signals. d, A confocal CCD

(charge-coupled device) allows real-time monitoring of the scanning and illumination states. The optical spot at the cone apex is a result of the radiative decay of

the SPP when the device is illuminated by a laser with a wavelength of 670 nm. One of the twin images is the reflection from the GaAs surface. For further

details on additional components see Supplementary Section 3.
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photodetectors are appreciated for their fast response due to their
one-carrier current character as well as for their low photon-
energy detection capability33.

Photoexcitation was performed at three laser wavelengths:
l1¼ 670 nm (1.85 eV . Egap), l2¼ 980 nm (Egap . 1.26 eV .

eFb) and l3¼ 1,060 nm (Egap . 1.17 eV . eFb), s-polarized in
the normal plane of the grating grooves (Supplementary Fig. 8c).
For GaAs illuminated at l2 and l3, only the IPE process contributes
to the detected photocurrent, because direct photoabsorption in the
semiconductor (photovoltaic contribution) is not energetically
allowed. To improve the sensitivity we modulated the laser ampli-
tude on–off with a square wave with a frequency that was lower

than the typical thermalization timescale in semiconductors. The
tip-to-sample current, under illumination and in dark conditions
(Ion and Ioff , respectively), was obtained either via lock-in detection
or retrieved via post-processing software analysis (for details about
the data acquisition and subsequent analysis procedure see
Supplementary Section 3). In Fig. 3a–c we report a representative
set of tip-to-sample current temporal profiles (GaAs–Au tip
junction illuminated at l1, l2 and l3), together with the synchron-
ism signal of the laser pulses. Each temporal sequence clearly
reveals the SPP photoinduced nature of the measured signal.
In Fig. 3d we also report the cantilever deflection signal in ‘on’
and ‘off’ states as a check on the temperature dependence
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Figure 2 | Plasmonic structure and scheme of SPP generation. a, SEM images of grating and cone fabricated on an octagonal pyramid. b, Grating

parameters at l¼ 1,060 nm; pitch P¼ 2.43 mm; groove size d¼ 365 nm; groove depth h¼ 140 nm. The cone height is 2.5mm and the base diameter is

B¼ 300 nm. A fully 3D simulation was used for calculating the coupling efficiency of the laser with grating. For clarity, we reported in the insets the 2D

projection of the x-component of the electric field amplitude along the grating and at the tip apex (xy plane). c, Band diagram at the metal/semiconductor

interface showing the energy of the hot electrons (generated by SPP decay) with respect to the Fermi level of the metal and the energy of the semiconductor

gap, Egap, in the case of hn≥ Egap. Fm and xs are the metal workfunction and semiconductor susceptivity, respectively, r is the depletion radius, and Ec and Ev

are the energy of the conduction band edge and valence band edge, respectively. d, Scheme of SPP generation at the tip junction Au/GaAs interface. The

hemispherical depletion region is generated by the point contact configuration of the cone apex. ‘Coupled energy’ refers to the laser energy fraction that the

grating delivers to the nanocone as SPPs for hot electron generation.
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induced by the illumination and its hot electron current
generation. In Supplementary Section 9 we simulate the dependence
of temperature on laser illumination. The results show that
the temperature increase is negligible (less than 10 K) at our
illumination power.

Characteristics of the tip junction Schottky barrier
To elucidate the hot electron contribution to the photocurrent (with
respect to the photovoltaic contribution), we measured several I–V
characteristics of the n-type GaAs–Au tip junction between the
breakdown and conduction regime (typically in the bias range
between 26 V and þ4 V). Figure 4 shows representative I–V
characteristics of the Schottky diode with the laser (wavelength l3)

respectively on and off (corresponding I–V curves at l1 and l2
are reported in Supplementary Section 4).

Based on the thermionic emission, the I–V characteristics of the
Schottky barrier, for a diode operated at V . 3kT/q, are described by
the equation33,34

IF = S · A∗∗T2 exp
qFB0

KT

( )
exp

q V − IFRS

( )
nKT

( )

where IF is the forward current, S is the area of the gold contact, A∗∗

is the effective Richardson constant (8 A cm22 K22 for our n-type
GaAs; ref. 35), T is the absolute temperature, K is the Boltzmann
constant, q is the electron charge, FB0 is the barrier height
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Figure 5 | Three-dimensional hot-electron maps of specific custom-realized locally patterned samples. Topography and photocurrent maps show both

locally oxidized surfaces and ion-implanted conductive samples, respectively excited at l1 and l2. a,b, High-resolution AFM topography and height profiles of

a continuous oxide pattern deposited on GaAs made by a top-down fabrication technique through high field discharge in water (�40% ambient air

humidity). The pattern was written using the same plasmonic tip with þ4 V sample bias at 4 mm s21 writing speed, in contact mode (set point 10 nN).

Topography map and profiles (indicated by yellow lines in the map) are not deconvolved for the tip profile. c, Photocurrent imaging overlaid on

three-dimensional topography, showing simultaneously the achieved current and topographic resolution. d, Single line photocurrent intensity profiles indicated

with a yellow line on image c. The photocurrent measure was performed by scanning in AFM contact mode with a 908 angle to the patterned surface,

under a N2 atmosphere. The zigzag profile allows a direct check of experimental resolutions from line profiles (ii) of b and d. e, SEM image of Ga ion-

implanted GaAs sample. f,g, Topography and plasmonic hot-electron maps, generated at 980-nm laser excitation, acquired in the region indicated by a black

rectangle in e. The pattern was fabricated by a focused ion beam process as single grid lines (40 pA, 100 ns point21, 30 keV, single pass).
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between Au and GaAs at zero applied bias, n is the ideality factor, V
is the applied bias voltage, and RS is the series resistance.

FB0, n, RS and the onset voltage Von, extracted by fitting the
measured I–V characteristic (Supplementary Table 1) with the
current equation, reflect the point contact geometry of the tip and
the presence of an oxide layer with a thickness of �0.7 nm (expected
from room-temperature oxidation conditions)36.

The breakdown value is around 25.5 V, about a factor of two less
than the corresponding value for a planar macro electrode, expected
to be 212 V at our doping level. This confirms a nano point contact
electrode configuration at the tip junction.

A substantially different behaviour in the I–V curve with laser on
and off is found for reverse bias. The inset of Fig. 4c shows the extra
current plot (Ion2Ioff ), which agrees with the hot electron current
calculated from the theory reported later in this Article. In this
case, the level of extra current is consistent with the tip junction geo-
metry and an interfacial oxide layer that gives an extra potential
barrier of �3 V, which bends under reverse bias (Fig. 4a), allowing
the extra current injection saturation at about 24 V. This value is
compatible with the hot electron energy generated at l3.

Equivalent results for hot electron photocurrent generation were
also obtained for the silicon semiconductor, despite its higher
surface sensitivity to oxidative environmental conditions
(Supplementary Section 11).

Hot-electron nanoscopy
We exploited SPP-generated hot electron photocurrent in a
Schottky diode formed from an adiabatic plasmonic cone as a
basis for the new scanning probe imaging technique. The sample
morphology and hot electron current map were acquired simul-
taneously using an AFM combined with the experimental set-up
presented in Fig. 1, in a lock-in detection configuration.

To demonstrate the imaging quality at the nanoscale, we acquired
high-resolution topography and photocurrent maps (Fig. 5) at l1
and l2 for two different substrates. In the first case (at l1,
Fig. 5a,c), the topography/current maps were obtained on GaAs,
locally oxidized with a nanometric pattern using a high field dis-
charge technique37,38 (as described in Supplementary Section 2),
providing a profile thickness of less than 1 nm. The continuous
and long-lasting line detection profile demonstrates the stability,
reproducibility and control of the scanning probe technique39

used in the detection of conductive features of nanometric scale,
with an average (unconvolved) spatial resolution below 50 nm
easily recognizable approaching the vertices in the designed pattern.
The representative scanning lines (i), (ii) and (iii) in Fig. 5b,d
contain all the quantitative metrological information about the line-
width, height and current intensity needed to locally characterize
the sample. The second experiment (Fig. 5e,g) was performed at
wavelength l2 on locally Ga ion-implanted GaAs. This sample
shows an increased conductivity due to 30 keV focused implanted
ions. It shows further that imaging by hot electrons can efficiently
work with very low contrast topography (Fig. 5g) with both oxide
and conductive nanopatterned structures. We observe that the photo-
current map measurements show linewidths slightly larger than the
patterned lines. The metrological difference (�30 nm) is due to the
chemical sensitivity of the hot electrons and the effective ion
implanted area. In fact, as a result of ion scattering, the linewidths
become larger than the directly exposed structures. In
Supplementary Section 2 we further present maps of ion-implanted
GaAs at a higher dose where it is possible to recognize a non
uniform ion implantation process combined with surface ion milling.

We note that the present experimental set-up can be further
improved in terms of resolution and photocurrent generation effi-
ciency. In particular, the nanotip can be fabricated with a radius
of curvature below 10 nm. This would mean a strong improvement
in terms of energy concentration, linear momentum exchange to
hot electrons, and further confinement of the depleted volume.
Our conservative choice of using a 25 nm radius of curvature was
driven by the aim to provide a convincing and robust proof of
concept, and better reproducibility of the experimental results.

Theoretical model
In Supplementary Section 8 we introduce a specific model to treat
hot electrons generation by adiabatic SPPs for the case of a
conical geometry. In this case, the transfer efficiency—that is, the
probability for a hot electron generated from the SPP decay to be
transferred across the Schottky junction from the metal into the
semiconductor—is given by a modified Fowler formula40

h =
hn− eFB
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where EF is the Fermi energy of the metal coating of the tip
(SPP taper).

Equation (1) is obtained under the assumption of the conserva-
tion of electron linear momentum in the plane of the junction. If
such conservation is relaxed by the roughness of the junction,
then the probability of the electron transfer is increased signifi-
cantly. The corresponding expression has the form
(Supplementary Section 8)

h = hn− eFB

2hn
(2)

The responsivity r of the Schottky junction and the total current J
across this junction can be written as

J = rP (3)

where P is the optical SPP power. The calculated electron transfer
efficiency h and responsivity r for the case of a gold n-type GaAs
substrate as functions of wavelength l (ref. 41) are shown in
Fig. 6a,b. We set eFb¼ 0.42 eV and EF¼ 5.53 eV.

In Fig. 6a the calculations for l1, l2 and l3 refer to the two
regimes of momentum exchange of equations (1) and (2). We
note that the calculated values of diode responsivity are in qualitat-
ive and quantitative agreement with those measured in all three
experiments. In the photocurrent experiment (Fig. 3a–c) with Ion
for all the wavelengths, Ion(l1) ≈ 35 nA, Ion(l2) ≈ 1.5 nA and
Ion(l3) ≈ 5.5 nA.

In the I–V experiment, the extra current value measurement
(Fig. 4b) gave Iextra current ≈ 3 nA. In the nanoimaging experiment
(Fig. 5b), Imap(l1) ≈ 4 nA and Imap(l2) ≈ 1.5 nA. Notice that in
this case the imaging was performed to optimize the long-term
current and signal stability, and is more suitable for a wider
variety of samples.

In Fig. 6b we report the pure hot electron contribution to the
current when equation (1) (dotted blue line) or equation (2) (solid
blue line) is considered in the calculations. The continuous red
line is the sum of photovoltaic and hot electron contributions.
The former is estimated by a diode model in spherical symmetry,
taking into account the strong localization due to the tip
(Supplementary Section 7).

Conclusions
The present study aims to demonstrate, as a proof of concept, the
relationship between SPPs and the generation of hot electrons,
particularly for surface imaging with local chemical sensitivity. In
fact, because of the high level of generated photocurrent (in the
range of nA) and the intrinsic high spatial resolution of the adiabatic
nanocone, this approach allowed us to obtain topographic and
photocurrent maps of patterned GaAs samples with both thin
oxidized nanostructures and ion-implanted lines.

The present results are important for the integration of SPPs with
a conventional AFM set-up, including those operating in a wet
environment. By exploiting the efficient local conversion of SPPs
to hot electrons (above 30%) a new generation of nanoimaging tech-
nique can be conceived, with intrinsic spatial and chemical resol-
utions falling in the nanometre range.

We finally note that this nanoscopy is fully compatible with
scattering-based spectroscopies such as surface-enhanced Raman
spectroscopy and surface-enhanced infrared spectroscopy. The
combination of optical and electrical excitation will render SPP con-
version of interest in nanoscale investigations.

Methods
The plasmonic structure was fabricated on a commercial AFM cantilever (m-masch
CSC38) as reported in Fig. 2 (and Supplementary Fig. 2). The device consists
essentially of a grating coupler and a tapered nanocone. The structure is gold-coated

and includes a grating coupler designed to optimize SPP generation at the
downstream cone. Low-spring-constant cantilevers allow real-time photocurrent
measurements across the metal tip–semiconductor junction, preserving the tip
profile during scanning on the semiconductor sample, as shown in Fig. 1d.

For SPP generation, the laser light was focused solely on the grating. Figure 2a
presents a scanning electron microscope (SEM) image of the complete plasmonic
structure, the fabrication of which involved focused ion beam milling27, electron-
beam-induced deposition28 and a gold evaporation process.

In Supplementary Section 11 we report current measurements on silicon in
order to further demonstrate hot electron photocurrent generation even with a less
cooperative surface (silicon suffers from quick native oxide layer formation). Indeed,
from an experimental point of view, the use of silicon is not the best choice for a
proof of concept due to its surface sensitivity to environmental conditions. This is
one of the considerations that guided us to use a GaAs surface, it being more stable,
therefore enabling us to show the role of hot electrons. Beyond these additional
difficulties, the results for silicon are compatible with hot electron generation
in GaAs.

The I–V characteristics of the tip junction in Fig. 4 were obtained by applying a
slow (0.5 Hz) symmetric sawtooth ramp, with increasing amplitude up to 20 V
(peak-to-peak), and repeating it to obtain temporal characterization of the junction
(Supplementary Section 3). All measurements were performed while the laser power
was routinely modulated on and off.

To manage unwanted drift effects due to mechanical instabilities, we modulated
the laser amplitude with a square wave at non-resonant frequencies, specifically
317 Hz and 571 Hz, with a duty cycle of 50%. These frequencies represent a quasi-
d.c. modulation compared to the typical thermalization timescale occurring in
semiconductors and to the data-sampling frequency (200 kHz). This modulation is
still fast enough to overcome the effect of slow drifts and most acoustic excitations
typically affecting scanning probe measurements.

We further characterized the GaAs samples with absorption and
photoluminescence measurements (reported in Supplementary Section 10). The
results demonstrate that the measured photocurrents are not attributable to the
excitation of impurity or defect midgap states (even at a longer wavelength of
l¼ 1,060 nm), but are due to the conversion of plasmon polaritons to hot electrons.
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