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Abstract

Electric field is a powerful instrument in nanoscale engineering, providing wide functionalities for control in various
optical and solid-state nanodevices. The development of a single optically resonant nanostructure operating with a
charge-induced electrical field is challenging, but it could be extremely useful for novel nanophotonic horizons. Here,
we show a resonant metal-semiconductor nanostructure with a static electric field created at the interface between its
components by charge carriers generated via femtosecond laser irradiation. We study this field experimentally,
probing it by second-harmonic generation signal, which, in our system, is time-dependent and has a non-quadratic
signal/excitation power dependence. The developed numerical models reveal the influence of the optically induced
static electric field on the second harmonic generation signal. We also show how metal work function and silicon
surface defect density for different charge carrier concentrations affect the formation of this field. We estimate the
value of optically-generated static electric field in this nanoantenna to achieve =10°V/m. These findings pave the way

for the creation of nanoantenna-based optical memory, programmable logic and neuromorphic devices.

Introduction

Electric field is a powerful tool for nanodevice engi-
neering in solid-state nanoelectronics. It is applied to
control logic operation by spin-orbit torque switching® or
ferromagnetism switching®, and to combine memory and
logical operations in a single platform®. Moreover, electric
field-controlled field-effect transistors are realized
through quantum tunneling®, ferroelectricity’, self-
heating plateau®, dynamic ionic gradients of metallic
nanoparticle films’, and others.

While the technological progress of modern devices
tends to the miniaturization and transition from opera-
tions with electrical signals to optical ones. This leads to
the creation of integrated optical chips, which are a
multicomponent photonic device on a single substrate®.
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The speed of information processing is mainly deter-
mined by the material response time. Thus, building
elements (single nanoantennas) of potential optical chips
can be modulated with pico and femtosecond time
scale”™!, which makes such concept very promising in
terms of computing speed. For this reason, the search for
new approaches for fast optical signal processing deter-
mines the vector of modern research in photonics
remaining for many yearsu.

In nanophotonics, local electrical field can be con-
sidered as a key to discover a wide range of nanoantenna
features, originating both from solid-state material and
optically resonant propertieslg_m, Such nanoantennas
with double optical/electrical functionalities are vital for
future nanophotonic processors and pave the way for
nanoantenna-based neuromorphic devices. Therefore, the
next challenging step in the development of nanopho-
tonics is the controllable generation of electric field inside
a single resonant nanoantenna.

In bulk semiconductors, an effective way for the crea-
tion of a static electrical field is using an interface
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(e.g., semiconductor-oxide or metal-semiconductor) for
redistribution and separation of oppositely charged car-
riers. The impact of such a static electric field becomes
obvious even in centrosymmetrical crystals such as silicon
(the symmetry breaking occurs on the crystal surface),
providing modulation of the effective value of second-
order susceptibility y® through the interaction with the
third-order one y®'”'®, And materials with a non-zero
)(gf) makes it possible to create optical frequency con-
verters based on it, which performs the function of
operating and controlling nonlinear optical signals (e.g.,
second harmonic one) for creation of high-speed recon-
figurable nonlinear optical components of nanophotonic
devices.

Currently, electric-field-induced second harmonic gen-
eration (EFISH) effect has been successfully used for
ultrafast dynamical control over SHG signal behavior in
various materials (2D materials, polymer, ZnO, etc.)'*"’
and geometries’®*’ by means of external bias vol-
tage20’22’23. However, one point is that this SHG control
by a bias voltage cannot take place on an ultrafast scale,
because a current becomes unsustainable at high oper-
ating frequency under required high voltage®***

Moreover, to reveal the full potential of advanced
optical devices (e.g., optical chip), it is desirable to
manipulate the SHG response on the pico-second and
shorter time scale by the all-optical control***’ through
the optical-induced charge separation®®. The achieved
results make it likely that the huge potential of the EFISH
effect can be discovered in a single resonant nanoobject.
The design of such a resonant nanosystem is complicated,
as it should include a source of electrons, interface for the
charge accumulation forming a static electric field, and a
centrosymmetric system providing a significant modula-
tion of the effective value of y®.

Here, we develop a nanoantenna with a built-in opti-
cally generated static electric field. For this, we design a
resonant  metal/high-refractive-index  semiconductor
nanostructure (MSN) with a pronounced metal-
semiconductor interface, at which optically generated
electrons create a static electric field. The nanoantenna
geometry is tuned to switch off the resonant enhancement
of the SHG signal originating from the silicon nano-
particle volume. Therefore in the proposed nanosystem,
the SHG signal serves like a probe, being time-dependent
and demonstrating a non-quadratic signal/excitation
dependence when the static electric field is present. This
unusual SHG behavior is explained by the influence of
optically-induced static electric field, which is supported
by theoretical calculations. To estimate the value of static
electric field and influence of metal work function and
surface density of silicon on the charge carrier con-
centration, we carry out theoretical studies. Our work
demonstrates for the first time the creation and probing of
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optically-induced electric field in a single resonant
nanoparticle. The presented results are highly promising
for the creation of various nanoantenna-based systems for
optical nanotransistors, memory and programmable logic
devices.

Results
EFISH effect theory

In centro-symmetric materials (Si, Ge, WSe,, etc.), the
second-order nonlinear susceptibility y® of the bulk
crystal is zero in the dipole approximation due to the
symmetry of the crystal structure. Thus, the SHG effect in
these materials is forbidden. Therefore, to generate sec-
ond harmonic signal in such a crystal, symmetry breaking
is required. The crystal symmetry can be broken by
introducing one of the following elements®: (1) crystal
surface or interface, (2) crystal tension, or (3) static elec-
tric field. In the first*®®' and second®® cases, only a
quadratic dependence of the SHG signal on the excitation
intensity is observed. The dependence of the SHG signal
on the excitation intensity becomes non-quadratic when
the system is exposed to a static electric field E,; 7182833

The electrical-field-induced second harmonic genera-
tion (EFISH) effect allows modulation of the effective
value of second-order nonlinear susceptibility x* through
non-zero elements of the fourth-rank cubic nonlinear
susceptibility tensor x® as indicated below:

It (20) = [¥*) + Y Eac/ I (@) = B I (@) (1)

where I, and Isyg are the intensity at the laser excitation
frequency w and the SHG signal intensity at 2o,
respectively.

The part of the expression in the modulus of Eq. (1) is
usually called the effective second-order nonlinear sus-
ceptibility x'2) = 2 + x®Eq,. From this expression, we
can conclude that in order to obtain a pronounced EFISH
effect, it is necessary to choose materials with a low bulk
x? and a relatively large x®, like in centro-symmetric
crystals. Due to this, a x; depending on the static electric
field will make the major contribution to the formation of
the SHG response. These conclusions made it possible to
formulate a criterion for a material search and the
nanosystem design based on the EFISH effect.

Currently, two methods exist for the creation of a static
electric field in bulk samples: it can be induced by bias
voltage®® and photo-generated free charge car-
riers'”'?%%%  In the latter case, for semiconductor
nanoscale systems, the static electric field is created by
charge separation due to transport difference for electrons
and holes (for example, potential barrier, mobility, etc.).
The static electric field is formed if the pump photon
energy is high enough for the photo-generation of free
charge carriers. This static electric field also depends on
the concentration of the photo-generated carriers, and the
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crystalline silicon. e Array of the MSN

Fig. 1 Laser-induced nanomechanics for the fabrication of MSNs. a Schematic of the processes defining the gold component modification. SEM
images b initial hybrid nanoparticle, ¢ MSN (scale bar of 200 nm). d Raman spectra of the hybrid nanoparticle before (violet curve) and after (pink
curve) laser irradiation. Colors of the silicon component in the images indicate their crystalline state: violet means amorphous silicon, and pink
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Raman shift (cm™)

field strength depends on the excitation intensity Eq. =
flexc)- Thus, the EFISH effect provides a non-quadratic
behavior of Isyg=fU.) dependence (n=2) in semi-
conductor nanostructures. To facilitate the approxima-
tion of experimental data, Eq. (1) can be simplified and
expressed as an nth-order polynomial function and an
amplitude B. Surface/interface carrier traps additionally
affect the static electric field formation'®, The trapped
charges create a space charge on the surface, which has a
long lifetime (tens of seconds) compared to the recom-
bination time of electron-hole pairs. This effect is mani-
fested as a time-dependent SHG signal intensity, with
saturation time of tens of seconds, which depends on the
excitation intensity””.

Thus, in Si structures, there are two conditions for
demonstration of the EFISH effect: (1) generation of free
charge carriers in Si due to absorption of photons with
energy higher than the Si bandgap and (2) carrier transfer
through the potential barrier at the semiconductor-
insulator interface. These conditions can be fulfilled due
to the multi-photon absorption of radiation with wave-
length less than 800 nm'®?*, Therefore, for Si nanos-
tructures with a thin oxide layer (for instance, a
nanosphere®’) under fs-laser illumination at a wavelength
higher than 800 nm (for instance, 1047 nm), EFISH effect
cannot be realized. The non-quadratic behavior and the
time dependence of the SHG signal intensity can be used
to reveal the presence of a static electric field.

Fabrication of Mie-resonant hybrid MSNs

Design of a nanoantenna with built-in optical-induced
electric field should include elements for efficient
absorption of light inducing charge carriers and their
transfer across an interface for charge separation.

Therefore, in our experiments, to fabricate hybrid
nanoantennas, we used metal-semiconductor nano-
particles (NPs) created with a combination of different
lithography techniques (see the details in “Methods”).
This approach allows the creation of ordered arrays of
NPs consisting of gold nanodisks placed on the top of
truncated silicon nanocones (Fig. 1a). It should be noted
that the applied lithography methods are suitable for the
creation of uniform arrays or hybrid NPs, but due to
fabrication features, the dielectric components of the NPs
are made of amorphous silicon. In turn, the presence of a
nanocrystalline multigrain structure in Si NPs provides a
well-developed net of interfaces, which enhances the SHG
signal due to the dipole surface sources induced at
interfaces between the grains®**®. To crystallize the sili-
con component, the hybrid NPs can be irradiated by fs-
laser beams in pulsed mode. This method has proved to
be efficient for selective crystallization of amorphous
silicon NPs>.

To crystallize the Si component after the lithography
stages, we used a Ti:Sapphire fs-laser (800 nm, 100 fs,
Avesta Project) focused by an objective (x50, NA = 0.75)
to a spot of 1.3 um with a pulse repetition rate (RR) of
50 Hz. The array of hybrid NPs was irradiated in a point-
by-point mode to carefully reconfigure each element. As
expected, this fs-laser modification significantly changed
the shape of the metal-semiconductor NPs: the Au
nanodisk transformed into a nanosphere (NSph) and the
NSph became partially detached from the nanocone, see
the colored SEM images in Fig. 1b, ¢, e and the corre-
sponding original SEM images in Fig. S1.

The process of metal NPs’ detachment (or jump) under
irradiation by intensive laser pulses was observed and
described for triangular gold nanostructures on a highly



Sun et al. Light: Science & Applications (2023)12:237

orientated pyrolytic graphite substrate®®. Such a jump is
related to a fast transformation of the surface energy (Es)
into kinetic one (Ey;,) and an upward shift of the center of
mass in NPs during their shape modification (Fig. 1a). The
change in the surface energy AEs of a flat gold disk as it
turns into a detached droplet can be written as:

AEs =y, ((1 — cosO)mr? + 27rd — 47R?) (2)

where y;, is the liquid-vapor surface tension of Au
(1.15N/m)*’; @ is the contact angle of liquid Au on glass
(140°)*; r and d are the radius and thickness of the initial
nanodisk structure (95 and 20 nm), respectively; and R is
the radius of the detached droplet. If we neglect the
evaporation process (ie, V=dm* = %T[R?’), the kinetic
energy Ey, of a droplet with velocity v can be expressed
as:

d
Evin = %p\ﬂ (3)

where p is the density of Au (19.3 g/cm® for solid and
17.2g/cm® for liquid*'). Assuming that the conversion
ratio from Es to translational Ey, is around 20%>%, the
droplet velocity v can be written as:

1 \/O.4ylv((1 — cosO)r? + 2rd — 4R?) @
r dp

From Eq. (4), we estimate that a gold droplet created
after irradiating a hybrid NP with a fs-laser has a speed of
38m/s. For this estimate, we used the following para-
meters of the hybrid NP: y;, = 1.15N/m, cos 6 = —0.766,
Faisk =95nm,  dgigc=20nm,  Ryroplet =50 nm, and
p =17,200 Kg/m®,

In our case, despite the high speed the Au droplet
develops, it is held in place (on the nanoantenna) by a
chromium interlayer. This thin (2nm) Cr interlayer is
usually added to improve the adhesion between metal and
semiconductor materials during lithography. Despite being
thin, the Cr interlayer affects the heating process in the
nanoantenna. Indeed, at a wavelength of 800 nm, the light
penetration depth into Au is about 13 nm (the absorption
coefficient a,(800 nm) = 7.7089 - 10° cm™*)*2. Therefore,
only the Au nanodisk is heated by laser radiation directly,
while the underlaying Cr layer and the truncated Si
nanocone are heated by conduction. Moreover, the three
components of the hybrid nanoantenna are made of
materials (Au, Cr and Si) with different melting tempera-
tures (1064, 1907 and 1414°C)*' and thermal con-
ductivities (317, 93.7 and 148 W/m°K)*'. For the jump
process, an Au NP is heated to a temperature higher than
its melting point, and it can even reach the boiling point
(2856 °C)*®, which allows the droplet to detach from the
surface with a high speed. Such a fast detachment prevents
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the silicon component from overheating. Indeed, the SEM
images show that the shape of the Si NP does not change
under the selected irradiation conditions. In turn, Raman
studies demonstrate a crystallization of Si component (see
Fig. 1d). A typical broadband Raman peak of the amor-
phous Si, namely, a transversal optical (TO) phonon mode
centered around 480 cm ' is observed (Fig. 1d, violet line)
for the hybrid nanoparticles before laser irradiation. After
irradiation, a sharp peak at 520 cm ™', which corresponds
to a TO phonon mode of poly-crystalline Si, is observed
(Fig. 1d, pink line). Besides, a much lower full width at half
maximum (Ae, = 10.4 cm ') is observed in the crystalline
phase, compared to that of the non-irradiated hybrid
nanoparticle (Aw, =68.7cm ). These facts suggest that
the temperature reached under irradiation is higher than
the Si crystallization threshold (around 650 °C)* but
remains lower than the Si melting point. In turn, the Cr
layer partially melts and stretches between Au and Si,
reducing the heat delivered from Au to Si and the bond
between the Au and Si components in the hybrid nano-
system after fast cooling. Thus, the proposed fabrication
approach is an efficient way for the creation of a hybrid
nanosystem with a distinctive metal-semiconductor
interface and components supporting Mie resonances.

In this metal-semiconductor nanoantenna, there are
two main effects defining the second harmonic generation
process related to the dimension choices. The first one is
related to the metal-semiconductor interface contributing
to the EFISH effect (for details, see Supporting Informa-
tion, Fig. S8). The second one consists in the electro-
magnetic field concentration within the silicon cone
volume due to the excitation of Mie resonances. Indeed,
second harmonic generation signal was demonstrated to
be increased by Mie resonances if their wavelength mat-
ches the excitation and/or the SHG signal wavelengths™.
To minimize the SHG signal from the silicon volume, two
criteria should be met: (1) non-resonant pumping of the
system and (2) reduction of the Mie resonance impact on
the silicon cone at the SHG wavelength. And to enhance
the impact of the metal-semiconductor interface (i.e., of
the static electric field generated by electrons) on the SHG
process, the gold component of the nanoantenna should
efficiently localize the field at the contact.

Therefore, to utilize the resonant properties of the MSN
components to study the SH signal in subsequent
experiments, we slightly tune the geometry of the
nanostructures (Dpo; =270 nm, /eone ~ 110 nm) and per-
form fs-laser processing under the identical conditions.
The scattering cross sections of the hybrid nanoparticle,
obtained experimentally by confocal dark-field micro-
scope (blue solid line) and numerically (gray dot line)
in CST Microwave Studio, are demonstrated in Fig. 2b.
The obtained spectra are in good agreement. Importantly,
after the gold element transforms into a sphere, the
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Fig. 2 Design of a hybrid metal-semiconductor nanostructure for EFISH probing. a Numerical simulation of the scattering cross section of the
Au nanosphere with a radius of 40 nm. b Experimental cross section (from dark-field spectrum) and the numerical scattering cross section of the MSN
under oblique incidence of 68 degrees. Green lines in (a, b) indicate the wavelength of the SHG signal. ¢ Monitoring the damage threshold of the
MSN under fs-laser excitation through the dark-field spectra modification at 560 nm. d Typical SHG signal for the MSN at an excitation intensity close
to the damage threshold. e Dependence of the SHG signal intensity /s;g on the incident fs-laser intensity /o for the MSN, silicon nanosphere and a-
Si:H thin film on a log-log scale. Solid lines: approximation of the experimental data by polynomial functions of the nth order (see the corresponding
equation in inset of e). Triangles with numbers denote the slope of the approximating line in the log-log representation. f Polarization pattern of the
laser beam and the MSN

resonant properties of the hybrid nanostructure are
mostly determined by its silicon component™, In this
case, resonant enhancement of the SHG from the Si
component volume is avoided, which helps to highlight
the EFISH effect from the hybrid nanoparticle. The
resonance of the plasmonic component at ~523 nm (see
Fig. 2a) localizes the electromagnetic field at the metal-
semiconductor interface**, which enhances the SHG sig-
nal similar to previously considered hybrid systems™”.

Thus, the designed hybrid nanoantenna uses Mie
resonances to provide an efficient field localization at the
Au/Si interface and avoid enhancement of the SHG signal
from the silicon cone volume.

SHG in hybrid MSNs

We studied the SHG effect for the MSN, using a reso-
nant Si NP (125 nm in diameter) and a thin Si film (a-Si:H,
thickness of 100 nm) as reference samples. We measured
the SHG under the same excitation conditions as before,
using the beam of a fs-laser operating at 1047 nm in the
transmission geometry (see details in “Methods” and
Supplementary Information, Fig. S2).

The SHG signal at 523 nm obtained from the MSN near
its damage threshold is plotted in Fig. 2d. The SHG
spectra of the MSN under increasing fs-laser excitation
power are presented in Fig. S3a. We determined the
damage thresholds of the MSNs by observing the changes
in their scattering spectra while increasing the incident
intensity step by step. The scattering spectra remained
unchanged until the fs-laser intensity reached 95 GW/
cm?, and at higher intensity values, they were dramatically
modified (see the intensity difference at 560 nm in Fig. 2¢
and the original spectra in Fig. S3b). A similar approach
was applied for the resonant Si NP. For the thin silicon
film, the damage threshold was determined by visually
observing the surface modifications in the area under
irradiation. Thus, we found the damage thresholds for the
MSN, Si film, and resonant Si NP to be 95, 15 and 35 GW/
cm?, respectively. The damage threshold corresponds to
thermal overheating of the structure*® due to heat accu-
mulation and consequent melting of the sample, while
before the threshold no modification in optical response is
observed. This is because fs-laser heating saturates in a
picosecond time-scale and does not undergo significant
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changes on a second time-scale. Thus, we can conclude
that the contribution of temperature to the SHG time-
dependence observed in the experiment is negligible. The
Isyg = fllex) dependence for the thin Si film has a stan-
dard quadratic dependence. For a more comprehensive
comparison, we have repeated the same SHG experiments
for a polycrystalline Si NSph fabricated by fs-laser ablation
of a-Si:H film on a silica substrate at room conditions (for
fabrication details, see article®®). The printed Si NSph
possesses a pronounced magnetic dipole resonance at the
SHG wavelength (see Fig. S4a). As Fig. 2e shows, Si NSph
has SHG with a quadratic dependence, as predicted.

On the contrary, the Isyg = fll..) dependence for the
MSN (see Fig. 2e) is non-quadratic. The fabrication
method presented in this work enables reproducible fab-
rication of MSNs with an acceptable deviation from the
average geometric parameters (see Fig. S5a—f). The
repeatability of the fabrication and the non-linear SHG
response are confirmed by SEM images and optical
experiments. To prove this, five MSNs were chosen (Fig.
S5b—f). The SHG signals were collected from each single
MSN independently (see Fig. S5g). The SEM images and
optical experiment show that the MSN shapes and the
SHG signals are well-reproducible (as well as the non-
quadratic behavior of the SHG). Also, in the case of our
experiments we have checked the stability of the MSN
morphology upon excitation of the SHG signal via the
changes of a dark-field scattering signal. Indeed, the geo-
metry and material properties of a nanostructure affect
how it scatters light. Therefore, changes in the morphol-
ogy of the MSN can be traced in the dark-field scattering
spectra. The measurement cycles of the same MSN are
demonstrated in Supplementary Materials (please see
Supplementary Information, Fig. S13: the time stability of
the SHG signal under the constant excitation intensity as
well as repeatability of the SHG signal/excitation intensity
dependence with time-delay are demonstrated). The
represented data shows that the MSN morphology is
preserved during the generation of the second harmonic at
the excitation power stopping short of the 70 GW/cm?.

The SHG polarization pattern from the MSN is com-
pared with the laser one in Fig. 2f. The MSN polarization
pattern has two symmetrical lobes with linear polariza-
tion. These lobes are similar to those of the laser radiation
at 1047 nm, but they are rotated by a small angle of 12.7°
with respect to the incident beam polarization. The
polarization patterns for different MSNs demonstrate a
similar rotation (see Fig. S6). This effect is likely to ori-
ginate from the multi-grain structure of the Si component
of the MSN. The same polarization dependence of the SH
signal was comprehensively studied for all the angles of
crystal lattice rotation in single zinc sulfide nanowires®’.

Consequently, our MSNs demonstrate a distinctive
intense SHG signal, and its intensity has a non-quadratic
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dependence on the pump power. Such a behavior is
typical for the EFISH effect®®. Thus, the developed hybrid
nanoantenna is an effective system for the detection and
research of the EFISH effect.

Probing the EFISH effect in MSNs

The capture of free charge carriers on traps with an
inherent characteristic lifetime directly affects the opti-
cally generated static electric field. For this reason, the
field value and, as a consequence, the SHG intensity are
time-dependent, which can be used as the second way to
detect the field existence (the first one is non-quadratic
SHG behavior).

In MSNs, the SHG response is time-dependent at a
fixed pump intensity: the SHG signal increases for tens of
seconds and then saturates (see Figs. 3a and S7 for dif-
ferent excitation intensities). A similar effect was observed
and studied for a bulk intrinsic Si(001) sample with a
defect layer (silicon oxide, thickness less than 5 nm) under
fs-laser pumping in the wavelength range of
750-810 nm'”. According to this work, such a time-
dependence is explained by trapping and detrapping of
free charge carriers at the defect interface rather than
changes in the linear properties of the structure, thermal
or recombination processes. The SHG signal dynamics in
the MSN can be described by an adapted equation for the
time dependence of the SHG process in bulk silicon'” as
follows:

Isn(20) = C+ |a+1 - exp(— ;).2 (5)

where a is a time-independent dimensionless term that
indirectly contains the initial density of trapped charges, C
is the parameter taken from the saturation conditions for
Isyg(t = ) —> 1, and 7 denotes the electron trapping
lifetime. This equation is the solution of the differential
rate equation in semiconductors, and it describes the
model of the time-dependent SHG signal®®. We should
note that this equation is derived supposing that the
parameters a and 7 depend on the pump intensity:
a :f(lexc) and 7 :ﬂ]exc)'

To further investigate how the SHG signal slope (in log-
log scale) changes with excitation intensity, we use an n-
order polynomial time-dependent function (see Eq. (1)).
Figure 3c shows the dependence of the SHG intensity on
the laser intensity in a log-log scale chosen for two time
moments (¢; and ¢,, also marked in Fig. 3a), i.e., for an
increasing SHG signal (t; =25s) and a saturated one
(t, =2505s). Similar slopes are plotted for the all time
moments from Fig. 3a and shown in Fig. 3d, summarizing
the time-dependence of the SHG slopes in log-log scale.
This dependence exponentially decays from n(t =0) = 4.5
to the saturated level n(t = ) = 3.4. When the saturation
level is reached, all the dynamic processes associated with
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charge transfer are stopped. This saturation level is
maintained while the SHG excitation continues.

For comparison, we performed time-dependent SHG
experiments for the fs-laser ablated polycrystalline Si
NSph. We observed a stable behavior of the SHG signal
over time (Isyg = f(t)) for different power intensities (see
details in Supplementary Information, Fig. S4b). In our
experiments, the photon energy is lower than the Si-
insulator potential barrier. Thus, no charges can cross the
Si-insulator interface, and there is no time modulation of
the SHG signal. Therefore, for a Si NSph, SHG signal
retains a quadratic dependence (see details in Supple-
mentary Information, Fig. S4a).

Electron trapping lifetime depends on the excitation
power. Figure 3b depicts an approximation of the
experimental results (see Supplementary Information, Fig.
S7) plotted in Fig. 3a by Eq. (5) for the inverse char-
acteristic trap lifetime (r ') as a function of excitation
intensity. Our results show that the inverse value of the
trap lifetime increases with excitation intensity. The
obtained values are consistent with the typical saturation
time of time-dependent SHG, which depends on the
excitation intensity, at the interface of a bulk semi-
conductor (tens of seconds)'”*®. The slope of this
dependence in log-log scale is defined by the absorption

type in the considered system'”*®, In our case, in silicon,
at 1047 nm under the considered excitation conditions
there is both one and two-photon absorption, as the
absorption coefficients of these processes are compar-
able*”. Therefore, the slope of the 7' = f{l..) depen-
dence in log-log scale is expected to be around 1.8. Our
experimental data in Fig. 3b show the best convergence at
~1.2. This result can be explained by a Schottky barrier at
the metal-semiconductor interface formed in the hybrid
nanoantenna. Indeed, in contrast to pure silicon, the gold
component in the hybrid nanoantenna also contributes to
the generation of free charge carriers under such an
excitation.

Discussion
Role of Schottky barrier in the formation of EFISH effect
If we excite the surface of a Si sample by a fs-laser
operating in the NIR range (in our case, at 1047 nm/
1.18 eV), the EFISH effect cannot be realized. Our MSN,
however, has a lower energy of the metal-semiconductor
potential barrier, which enables the EFISH effect. To
theoretically describe the experimental non-quadratic
dependence of SHG on the pump intensity, we apply
the drift-diffusion model for the flow of thermally gen-
erated charge carriers, taking into account the Fermi-
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Fig. 4 Numerical simulations of EFISH behavior. a Sum of EFISH signal as a function of the pulse intensity for the MSN on a log-log scale. Legend:
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diffusion model for the MSN in the semiconductor part at time of the peak excitation intensity (t =0fs)

Dirac statistics®”. The numerical drift-diffusion model
considers the SHG signal at the initial time moment
(t=0, see Fig. 3d), when there is no interaction with
carrier traps yet.

The calculation results presented in Fig. 4a show the
SHG signal vs. excitation power for the silicon nanocone
with and without a gold nanosphere on a log-log scale. It
is known that the work function for the adhesion Cr layer
is 4.50 eV, and for the Au element, it is in the range of
5.10-5.47 eV*'. The electron affinity of Si crystal surface
is 4.05 eV. Therefore, the difference between the Au work
function and Si affinity lies in the range of 1.05-1.42 eV,
which is comparable with the excitation photon energy in

the SHG experiments (1.18 eV). Thus, only the electrons
that are able to absorb one or two photons can further
cross the Schottky barrier and form the static electric
field. For the hybrid MSN, the contact surface is com-
posed of a thin Cr layer and an Au droplet. Thus, we
should compare the experimental data with the calcula-
tions using the work function for the metallic component
of the nanoantenna of 4.8-5.0 eV.

As can be seen from Fig. 4a, when the excitation pulse
energy is below 7 GW/cm?, the slopes of log-log depen-
dencies for all the work functions are around 2. In log-log
scale, the SHG intensity vs. pump power calculated for the
nanostructure with a metal work function of 52eV
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slightly dominates over the dependencies plotted for
metals with other work functions. A similar quadratic
dependence is observed for the truncated Si nanocone
without a metal component (see the black line). As the
excitation intensity increases to 13-27 GW/ cm?, the SHG
signal dependence on the pump power for the truncated
Si nanocone remains quadratic. In contrast, the MSN in
this excitation range exhibits SHG with a nearly fourth-
power dependence on the pump power for work functions
in the range of 4.6-5.0eV and a varied dependence for
5.2 eV (see Fig. 4b). In the experiment, for all the studied
nanosystems, for low applied laser intensities, there is a
small region with a “quadratic dependence” (n = 2), and at
higher intensities, there is a “fourth-power dependence”
(n=4), as shown in Fig. 4b. These two power ranges are
clearly observed in the experiments with SHG from the
hybrid MSN (see Fig. 2e). There, two excitation regions in
the log-log SHG signal/pump power dependence are
observed, with the slopes of 2.48 and 4.0. For Si NSph,
such a dependence is not observed, and the log-log slope
is equal to 1.99 (see Fig. 2e), which is in good accordance
with our theoretical predictions. Details of clear inspec-
tion on the variation of the SHG signal/excitation slope
for the Si NSph within a small power range are demon-
strated in Supporting Information, Fig. S4c.

On the other hand, within the high energy laser radia-
tions, the silicon component is crystallized and an oxide
layer is formed on its surface. The formed Si/SiO2
interface creates energy states in the band gap, which can
be considered as spatially localized surface recombination
centers (defects). These centers have a direct impact on
the EFISH behavior, therefore in the case of the drift-
diffusion calculations they are considered in the form of
surface states with a discrete level lying in the middle of
the band gap. Based on the numerical results, the two
regimes were distinguished at low and high excitation
intensity. A defective Si surface contains charge carriers
traps with a density of 10'*~10"* cm ™2 at the energy lying
in the middle of Si bandgap® and metal work function of
5.0eV. As can be seen from Fig. 4c, d, at low excitation
intensities, the simulations show that the electric field is
formed due to the localization of charge carriers in these
states and does not significantly affect the SHG slope: the
static electric field does not depend on excitation, and the
behavior of the SHG is close to a quadratic dependence of
signal vs. power (1= 2). However, an increase in surface
state concentration leads to a growth in the SHG inten-
sity. However, when the pulse intensity exceeds
7-13 GW/cm?, a charge carrier density above 10*° cm™>
near the Au/Si interface is achieved at high excitation
intensities. In this case a static electric field is created
through the charge carrier separation at the Au/Si inter-
face. The surface state density no longer affects the slope,
and the static field created on the metal-semiconductor
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interface dominates. The EFISH signal demonstrates a
fourth-power dependence instead of a quadratic one. The
surface state density affects the SHG intensity at low
excitation intensities and does not significantly change the
SHG slope. However, an increase in surface state density
leads to a shift in the power threshold existing between
two specified regimes of the field creation as well as SHG
intensity rise observed in the first excitation regime. This
non-quadratic behavior originates from the processes
near the Si/Au interface. The high absorbed power of the
electromagnetic wave (see Fig. 4f) creates electron-hole
pairs near the interface at a generation rate of
GUI=67GW/cm? t=0)~10>* cm 357! (see details in
“Methods”). This relatively high generation rate combined
with slow recombination processes in the silicon part of
the nanoantenna ensures the pumping level of electrons
and holes 7, p~10°cm™> which creates a strong
separating electrical field near the metal-semiconductor
interface. Thus, as follows from our numerical analysis, at
a pulse intensity lower than 7 GW/cm?, the main con-
tribution to the SHG signal is provided by the electric field
generated by the defects at the surface of the silicon
component of the nanoantenna. In this case, the depen-
dence of the EFISH signal on the excitation power is
quadratic. When the intensity becomes higher than
7 GW/cm?, the dependence changes to non-quadratic. In
this case, a significant injection of the photogenerated
carriers across the Si/Au interface forms a static electrical
field, providing the dominant contribution to the EFISH
effect. Such a field is inhomogeneous over the volume of
the semiconductor and is mainly localized at the edges.
The solution of the drift-diffusion model makes it possible
to construct the distribution of the static field at different
excitation powers and at different times during the action
of the laser pulse. It is observed that at threshold power
values between two slopes, a field is formed along the MS
contact. If we start monitoring the field value at one point
in space directly near the contact, then its value depen-
dent on the pump power is shown in Fig. 4g, right panel.
As can be seen, up to a certain threshold, the field
strength does not depend on pumping power up to
10 GW/cm®. However, as the threshold is overcome, the
field begins to grow polynomially with increasing excita-
tion and reaches a value on the order of 10* V/m (see Fig.
4g, left panel). The value is limited from above by the
threshold of destruction of the nanostructure. More
information on the electric field distribution is repre-
sented in Supporting Information (Fig. S12).

The role of metal-semiconductor interface configuration
Further, we will consider the spatial distribution of the
absorbed energy (Qy) in the hybrid nanostructure under
plane-wave excitation from the substrate side at 1047 nm.
For this purpose, different configurations of the metal-
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semiconductor interface should be studied (see Figs. 4e, f
and S8). For each configuration, we carried out numerical
simulations within the drift-diffuse model to estimate the
magnitude of the SHG signal slope. Figure S8a presents
the first case, when only the silicon part is considered. In
this case, the maximum of the absorbed energy is loca-
lized closer to the geometrical center of the semi-
conductor structure. The dependence of the SHG signal
on the excitation power is quadratic. If a gold sphere is
added above the silicon structure with a small gap
between them (see Figs. 4e and S8b), the distribution of
the absorbed energy in the Si component remains vir-
tually unchanged. The SHG in this case demonstrates a
slight deviation from the quadratic dependence, with a
log-log slope of n=2.53.

The situation changes dramatically when the metal
component comes into contact with the semiconductor
one, as shown in Fig. S8c. In this case, the absorbed
energy is localized directly at the metal-semiconductor
interface, and the log-log SHG slope achieves 3.42. An
even higher value of the SHG slope (n = 4.12) is observed
when the nanosphere is slightly pressed into the truncated
silicon nanocone (see Fig. S8d). This result is in good
agreement with the experimental slope value for the MSN
presented in Fig. 2e.

The observed differences between the slopes in these
cases are related to an increasing Qy, from the hot spots of
the plasmonic component at the metal-semiconductor
interface. Indeed, the MSN is excited by a plane wave
from the substrate side. A localized surface plasmon
resonance is created in the gold nanosphere, leading to a
localization of the electromagnetic field in the silicon
nanocone close to the metal-dielectric interface. When
the nanosphere is not embedded into the nanocone (see
Fig. S8c), the hot spots are predominantly formed in the
gap between the MSN components. For a sphere inte-
grated in the semiconductor, these hot spots are created
inside the semiconductor (see Fig. S8d, e). The most
extreme case is a gold nanosphere completely surrounded
by the semiconductor, forming a core-shell nanostructure
(see Fig. S8f). In this case, the Qy, localization at the metal-
semiconductor interface is maximal, and the SHG slope
achieves a value of 4.26.

Thus, the comparison of the metal-semiconductor
configurations (Fig. S8c—f) shows that during a gradual
integration of the gold nanosphere into the Si nano-
cone, the SHG slope increases significantly up to 4.3
(see Fig. 4f). Thus, the excitation field and energy
absorption are closely related to the semiconductor-
metal interface.

In this paper, we have demonstrated a nonlinear metal-
semiconductor gold-silicon nanoantenna with a built-in
static electric field created by photon-generated charge
carriers. Proposed design is based on standard lithography
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approaches and fs-laser treatment at the final fabrication
step which allows investigated nanostructure to integrate
in a real device. We reveal that the dependence of the
SHG signal on the excitation power deviates from a
quadratic one, with log-log slope changing from 2.48 to
4.00, which is caused by the interaction of the static
electric field with the third-order susceptibility in silicon.
This observation is consistent with our calculations of the
effective second-order susceptibility based on the drift-
diffusion model. The estimated value of the generated
static electric field in the hybrid nanoantenna modifying
the SHG signal is ~10° V/m. We demonstrate a combi-
nation of linear and nonlinear absorption in charge carrier
generation, using for detection the time-dependent SHG
signal and its interaction with charge traps on the metal-
semiconductor interface. Our models show a direct
dependence of the SHG log-log slope on the energy
absorbed at the metal-semiconductor interface, varying
from 2.0—4.3. The demonstrated SHG signal difference in
the MSN can achieve the values of 2 orders of magnitude
with the presence of a static electric field created by
photogenerated charge carriers, which is achieved by the
variation of the excitation intensity. Thus, an excitation
regime affects the static electric field presence and mod-
ulates the SHG output with a high modulation depth,
which in perspective paves the way for ultrafast logical
operation in a single nanoantenna.

This work is the first step toward the use of optically-
induced static electric field inside resonant nanophotonic
systems like nanoantennas. Such a crossroads of optics
(SHG, photo-induced charge carriers generation) and
solid-state physics (electrical field generation, migration
of charge carriers) will inevitably provide nontrivial
metasurface designs with expanded functionalities. The
answer to the question how to tune and control optically-
induced electrical field in a single nanoantenna creates a
wide range of opportunities in different areas of modern
science. For instance, the dependence of the )(gf) on the
static electric field is an efficient tool for modulation of
non-linear response in on-chip optical systems'>*¢°>>3,
Indeed, in our case the static electric field is created
optically, which makes proposed MSN design interesting
not only for current technologies (e.g., logical elements
utilizing a net of electrodes) but also for advanced full
optically-controlled nanophotonic devices. In the latter
case each MSN can be independently excited by femto-
second laser and photogenerated carriers form the static
electric field on the metal-semiconductor interface. Thus
the EFISH effect can be all-optically controlled by the
femtosecond laser for each unit independently rather than
by directly applying a voltage. So, the represented appli-
cation of solid-state physical features in the resonant
optical element design lay a ground stone for the creation
of the all-optical transistor on-chip, as a way to escape
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from the time-response-limited optoelectronic technolo-
gies of the top-gate type.

Materials and methods
Sample preparation and characterization
Hybrid nanodimers fabrication

We used e-beam lithography, metal evaporation, lift-off
procedure and gas-phase chemical etching of thin a-Si:H
films, with a thickness ~200 nm, deposited on a fused
silica substrate. For more fabrication details, see article®*.
The created nanodimers are Au nanodisks placed on
truncated Si nanocones.

Femtosecond laser modification

A commercial Ti:Sapphire fs-laser (Avesta project)
combined with motorized linear translators with air sus-
pension (Aerotech Inc., USA) was used to generate laser
pulses centered at 800 nm (Tpuse =~ 100fs, RR =50 Hz,
281 GW/cm?). Laser pulses were intensively focused by an
Olympus UPLFLN40X Objective with a numerical aper-
ture (NA) of 0.75 and x40 magnification. Each laser pulse
was incident on the Si nanocones from top and thus
modified the Au components rapidly. A focused laser
beam with a Gaussian beam profile was moved along one
of the rows of the NPs’ array, using Aerotech translators
to move the sample with respect to the beam fixed in
space. Due to various thicknesses and thermal extensions
of the Cr thin film between the Au sphere and Si nano-
cone, hybrid MSNs have similar, but not exactly identical
morphology. We also applied different laser intensities to
study the critical conditions for the fabrication of ideal
hybrid MSNE.

Sample characterization

We verified the morphology of each modified NP with a
scanning electron microscope (SEM, Carl Zeiss, Neon 40)
with normal and 45° oblique detection.

SHG measurements

SHG signal was measured by a confocal optical micro-
scope equipped with separate and coaxial excitation and
detection channels. Detection and excitation channels
were focused by infinity-corrected objectives M = x50,
NA =042 (Mitutoyo Plan Apo NIR HR) and M = x10,
NA =0.26 (Mitutoyo Plan Apo NIR HR), respectively. A
Yb** fs-laser (TeMa-150, Avesta Project) centered at
1047 nm was used to excite SHG response. A compact
spectrometer (ASP-75, Avesta Project) and autocorrelator
(AA-20DD, Avesta Project) were used for monitoring
laser pulses. An attenuator pair comprised of a Glan prism
(GL10-A, Thorlabs) and a half-wave plate (WPMH10M-
532, Thorlabs) was used to vary the output power of the
pumping laser, which was measured in front of the exci-
tation channel by a power meter (Ophir, Nova II). A
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FELHO550 filter (Thorlabs) was applied to filtrate the
emitted laser light within the excitation channel, and a
FESHO0850 filter (Thorlabs) was used in the detection
channel to prevent laser radiation from reaching the
detector. The measurements were carried out at room
temperature (294 °K) in air. By rotating the Glan prism in
the detection channel as the analyzer, the polarization
pattern of the laser beam and NPs were characterized. We
performed spectral analysis of the optical response of the
system using a monochromator (Horiba Jobin-Yvon
LabRam HR800 with a 150 lines/mm diffraction grating)
and a water-cooled CCD detector (iDus DU420A-OE) in
the optical range of 400—1000 nm.

Dark-field scattering spectroscopy

A confocal dark-field scheme was applied to study the
scattering properties and demonstrate the unchanged
morphology of the hybrid MSNs. The sample was illu-
minated by a non-polarized light (HL-2000-FHSA halo-
gen lamp, Ocean Insight) at an angle of 68°, which was
focused by an infinity-corrected objective M = x10,
NA =0.28 (Mitutoyo Plan Apo). The detection channel
was equipped with an infinity-corrected objective
M = x50, NA = 0.42 (Mitutoyo Plan Apo NIR HR). The
monochromator setup was used for spectral analysis of
the optical response with a 150 lines/mm diffraction
grating.

Numerical simulation of the Maxwell’s equations

We used COMSOL and CST Suite Studio to calculate
E-field distribution at the excitation wavelength
(1047 nm), as well as the absorbed power distribution and
scattering-cross section spectra of single nanoparticles
illuminated by a monochromatic plane wave in the visible
wavelength range to study their resonance properties. For
the optical calculations, we used the spectral dependen-
cies of the refractive index and absorption for silicon and
gold®>°®, and the refractive index of glass was chosen to
be 1.5. In silicon, an increase in the absorption coefficient
due to two-photon ionization of electron-hole pairs was
taken into account, according to refs. °”°%, The laser pulse
at the beam waist was simulated by a plane electro-
magnetic wave incident from the side of the glass sub-
strate with a power in the range of 10°-10"" W/cm?,
which corresponds to the peak power of the laser pulse.

Numerical simulation of the drift-diffusion model

For the numerical model, we selected the geometry of
the semiconductor based on the cross section of the sili-
con nanoparticle of the optical model. On the nano-
particle surface, surface recombination of charge carriers
on energy traps was taken into account. To simplify the
calculation, a discrete energy spectrum of traps was
chosen, containing one energy level located in the middle
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of the band gap. The density of states was chosen to be
10" cm ™2, and the probability of electron and hole cap-
ture was 1.5-10~° cm®/s, which corresponds to the data
from literature for a non-passivated silicon surface®. The
difference between the work function of electrons in Au
(5.10-5.47 eV) and electron affinity in Si crystal surface
(4.05eV) lies in the range of 1.05-1.42eV, which is
comparable to the photon energy used in the SHG
experiments (1.18 eV). The metal ball on top of the silicon
particle was taken into account by placing a metal elec-
trode, an ideal Schottky barrier, on top of the nano-
particle. The work function of chromium is about 4.5 eV,
and for gold, it is in the range of 5.10-5.47 eV, Since the
thickness of the chromium layer is about 2 nm, and the
film might be non-continuous, the effective work function
of the material in contact with silicon may be in the range
between the work functions of chromium and gold.

The numerical calculation was carried out within the
framework of the drift-diffusion model for the flow of
thermally induced charge carriers in COMSOL Multi-
physics, taking into account the Fermi-Dirac statistics™.
The generation rate of charge carriers photoinduced in
silicon was calculated based on the results of the optical
problem in the following form:

GSi(Wpulse; t) = Qz(%[zlsesf) + in(‘é\:};:llsest)

— asi (/\cxc)'lcxc + /))s. </1CXC)'I§XC
he 2hw

(6)

where Ae=1047 nm is the excitation wavelength,
asi(Aexc) :%kSi(/\exc) is the absorption coefficient of
cm

silicon, Bg(dexc) = [&%] is the two-photon absorption
coefficient. The results of the drift-diffusion model are in
good agreement with the experimental results if the value
of the two-photon absorption is 18 &y, which is greater
than in the case of crystalline silicon®. This value can be
explained by the formation on the surface of defects or
silicon-metal alloy during lithography and femtosecond
laser modification. Wy is the energy fluence of one
ultrashort pulse, Q; and Q,; are the distribution of the
absorbed power in silicon under one- and two-photon
absorption, respectively, fiw is the photon energy of the
exciting light pulse (in J), and 7pys. is the ultrashort pulse
duration parameter, which is ~1.76 times less than the
FWHM of the laser pulse and was chosen to be 85 fs for
the further work. The pulse shape in time domain was

described as follows:
t
ech? ( > 7
Tpulse ( )

The SHG intensity was estimated gradually: (1) the
distribution of the absorbed power Q(Wuqe, £) at one
and two photon absorption was calculated, (2) the

Wpulse

2‘[pulse

Lexc(t)
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problem of drift-diffusion model in the nanostructure
was solved to determine the distribution of the static
electric field, (3) for each point in space, the parameter
was calculated, which related the excitation intensity at
a given point in space and the magnitude of the static
field, as Eq. (1), and then it was integrated over the
volume of the silicon part and considered as a SHG
signal from the nanostructure. Such a simplified
approach was used to obtain an estimated dependence
of the SHG intensity on the excitation intensity at the
single wavelength. This approach does not take into
account the effect of the coherent field, as was con-
sidered in ref. ®*. We performed a numerical calculation
considering the effect of a coherent field, where the
nonlinear polarizability was described for silicon (for
details, see Supplementary Information, Fig. S14). The
calculations take into account the relationship between
the frequency-dependent fields both at the fundamental
and second harmonic wavelengths. The trend of the
SHG signal/excitation intensity dependence is pre-
served: in calculations by the two methods (with and
without coherent field effect), the SHG slope changes
from 2 to 4. Therefore, to study the nature of non-
quadratic SHG at the single wavelength our simplified
approach is relevant for the current MSN system. The
characteristic value for semiconductor materials equal
to 107" m*/V? was used as the value of)(g)n, For the
semiconductor, we performed the calculation in the
time range from —1000 to 300 fs, where the zero value
corresponds to the maximum intensity of the laser
pulse. For a fixed value of the pulse power at each
moment of time, the pulse power I, (f) was calculated.
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