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O P T I C S

Efficient ultrafast all-optical modulation in a  
nonlinear crystalline gallium phosphide nanodisk at 
the anapole excitation
Gustavo Grinblat1*, Haizhong Zhang2, Michael P. Nielsen3, Leonid Krivitsky2,  
Rodrigo Berté4, Yi Li4,5, Benjamin Tilmann4, Emiliano Cortés4, Rupert F. Oulton6,  
Arseniy I. Kuznetsov2, Stefan A. Maier4,6

High–refractive index nanostructured dielectrics have the ability to locally enhance electromagnetic fields with 
low losses while presenting high third-order nonlinearities. In this work, we exploit these characteristics to achieve 
efficient ultrafast all-optical modulation in a crystalline gallium phosphide (GaP) nanoantenna through the optical 
Kerr effect (OKE) and two-photon absorption (TPA) in the visible/near-infrared range. We show that an individual 
GaP nanodisk can yield differential reflectivity modulations of up to ~40%, with characteristic modulation times 
between 14 and 66 fs, when probed at the anapole excitation (AE). Numerical simulations reveal that the AE rep-
resents a unique condition where both the OKE and TPA contribute with the same modulation sign, maximizing 
the response. These findings highly outperform previous reports on sub–100-fs all-optical switching from resonant 
nanoscale dielectrics, which have demonstrated modulation depths no larger than 0.5%, placing GaP nanoantennas 
as a promising choice for ultrafast all-optical modulation at the nanometer scale.

INTRODUCTION
Nonlinear optical effects occur when intense electromagnetic fields 
interact with matter. Although intrinsically weak, nonlinear optical 
processes can grow to be very strong if the so-called phase-matching 
condition is achieved, provided that the nonlinear interaction length 
is much longer than the participating wavelengths (1). At the nano-
meter scale, however, these conditions cannot be met, as the charac-
teristic distances are of the order of a single wavelength or even 
smaller. Recently, low-loss nonlinear dielectric nanoantennas and 
metasurfaces have been explored to enhance nonlinear interactions 
at subwavelength volumes by exploiting resonant effects (2–25). 
Nanoantennas and metasurfaces made using dielectric materials with 
high refractive index and high nonlinear susceptibility can be designed 
to spectrally selective and efficiently confine light fields inside the 
nonlinear dielectric. This approach maximizes both the excitation 
density and the nonlinear interaction volume while keeping losses 
at a minimum. Using this strategy, photonic nanoantennas using 
silicon (7, 17, 23), germanium (5, 6), gallium phosphide (GaP) 
(4, 25), and aluminum gallium arsenide (AlGaAs) (8, 24) have been 
shown to produce second- and third-harmonic generation efficien-
cies of several orders of magnitude larger than in bulk. Moreover, 
those reports demonstrate that dielectric nanoresonators can highly 
outperform their relevant plasmonic counterparts (26–28).

Nonlinear optical phenomena other than nonlinear frequency 
conversion have also been investigated in resonant dielectric nano-

structures. For example, the nonlinear optical Kerr effect (OKE) and 
two-photon absorption (TPA) have been studied for ultrafast modu-
lation of optical reflectivity and transmission in silicon-based nano-
antennas and metasurfaces (2, 3). The OKE and TPA are third-order 
nonlinear effects that can instantaneously vary the real and imaginary 
parts of the complex refractive index of a medium (1), respectively, 
enabling femtosecond control of its optical properties. Modulation 
depths, defined as [peak differential reflectivity/transmissivity] − 
[baseline modulation], of up to ~0.5% at sub–100-fs time scales 
have been demonstrated for the silicon nanosystems at visible and 
near-infrared wavelengths (2, 3). However, substantially larger mod-
ulation depths are required before such nonlinear modulators can 
become suitable for applications.

Ultrafast all-optical switches are expected to become a core ele-
ment in high-speed operating integrated photonic applications 
using photons as information carriers, such as optical computing 
and communication, and quantum information processing (29, 30). 
The four main performing indices of an all-optical switch are 
switching time, switching efficiency, control power, and characteristic 
size. Ideally, an all-optical switch should feature <100-fs OFF-ON-
OFF response times, switching efficiencies close to 100%, <0.1-pJ 
control light energies, and <1-m characteristic size. However, no 
known structure to date behaves as an ideal switch.

One possible candidate to improve on the reported modulation 
performance is GaP. Compared to silicon, GaP presents negligible 
linear absorption and has larger Kerr nonlinear index (n2) and TPA 
coefficient () over the whole of the visible and the blue end of the 
near-infrared spectrum (31–33). Furthermore, it has been shown 
that bulk crystalline GaP can produce modulation depths as high as 
70% (32). Nanostructuring the surface of bulk GaP to form nano-
antennas has also been used to enhance nonlinear second harmonic 
generation and multiphoton absorption photoluminescence (4, 25). 
However, the absence of index contrast between such GaP nano-
resonators and a substrate naturally limits the field confinement that 
can be attained. Here, we study the nonlinear dynamics of individual 
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crystalline GaP nanodisks on silicon dioxide (SiO2) through non-
degenerate pump-probe spectroscopy in the 600- to 1000-nm wave-
length region using sub–10-fs pulses. We demonstrate that a single 
resonant GaP nanodisk of 0.05-m3 volume can reach modulation 
depths near 40%, with a temporal full width at half maximum 
(FWHM) of 66 fs. Nonlinear numerical simulations considering the 
OKE and TPA show excellent agreement with the experimental 
measurements and unveil the individual contributions of the different 
nonlinear phenomena to the overall response.

RESULTS AND DISCUSSION
Nanodisks made of metal-organic chemical vapor deposition 
(MOCVD)–grown crystalline GaP were patterned on a SiO2 (10 m)/
sapphire (150 m) substrate through electron-beam lithography 
(EBL) (refer to Materials and Methods for fabrication details). The 
GaP nanodisks were of 200 nm in height and 500 to 700 nm in 
diameter (D), with a center-to-center pitch of 3 m to prevent optical 
coupling between adjacent structures (see a representative scanning 
electron microscopy image of the sample in Fig. 1A). To identify 
the resonances of the fabricated nanoantennas, we simulated their 
scattering cross section and internal electric energy using the finite- 
difference time-domain (FDTD) method for linearly polarized illu-
mination at normal incidence in the 600- to 1000-nm wavelength 
range (more details about numerical simulations can be found in 
Materials and Methods). The linear refractive index data of MOCVD 
GaP used for the calculations were determined through spectral 
ellipsometry measurements (see note S1 for refractive index data). 
The obtained refractive index values were found to coincide with 
those from a commercial crystalline GaP wafer, within 2% (32). It is 
worth mentioning that other common fabrication techniques for 
growing GaP on a substrate, such as radio frequency magnetron 
sputtering (34), can only produce the material in an amorphous 
phase, which does not exhibit negligible linear absorption or as high 
refractive index values as the case of the MOCVD crystalline GaP 
used in this work. Figure 1B shows the simulated scattering cross 
section for the three disk diameters highlighted in Fig. 1A (D = 560, 
600, and 640 nm), while Fig. 1C presents the computed electric 
energy and corresponding electric field distribution patterns for the 

case of D = 600 nm (refer to note S2 for electric energy calculations 
for other disk diameters). It can be seen that there are multiple 
optical modes confining the field inside the disk, implying that 
volumetric nonlinear effects can be greatly enhanced over the wave-
length region of interest.

To characterize the nonlinear dynamics of the fabricated nano-
antennas, we performed nondegenerate pump-probe spectroscopy 
measurements of individual nanodisks using sub–10-fs pulses 
(refer to Materials and Methods for specific details on pump-probe 
measurements). The spectral components of the pump and probe 
pulses covered the 600- to 750-nm and 750- to 1000-nm wavelength 
ranges, respectively, as shown in Fig. 1B (bottom). Figure 2 shows 
the measured differential reflectivity (R/R) response from three 
single nanoantennas as a function of probe wavelength () and 
pump-probe delay time (t), at a pump peak energy density (P) of 
10 pJ/m2 and a 5:1 pump-probe fluence ratio. A fixed reflectivity 
background introduced by the glass substrate surrounding the nano-
disk scattering cross-sectional area was subtracted from the R data 
(see more details in Materials and Methods). In the three cases in 
Fig. 2, a strong negative R/R signal is observed around t = 0 fs, at 
wavelengths near minima in the scattering cross section and maxima 
in the electric energy (see Fig. 1, B and C, and note S2), which we 
assign to the anapole excitation (AE). The AE is an optical state 
formed with leading contributions from the electric dipole and 
toroidal dipole modes and is characterized by a scattering minimum 
and an electric energy maximum, with a distinctive electric field 
pattern matching that in Fig. 1C (5, 6, 35, 36). In Fig. 2, depending 
on the disk size, the R/R peak response varies between −14 
and −20% and vanishes within a 100-fs time period. We attribute 
this nearly instantaneous effect to the nonlinear OKE and TPA, as 
will be discussed later in this section. At longer delay times, at wave-
lengths in the vicinity of the ultrafast signals, we find the presence of 
smaller and much slower R/R contributions. The effect is most evident 
in Fig. 2 (B and C) and only slightly noticed in Fig. 2A, where its 
magnitude is just about a tenth of the maximum response. Given 
the long time scale of these signals, which do not relax within the studied 
time window of 1.2 ps, we assign their origin to the relaxation of 
free carriers (FCs) (37), generated through TPA. We highlight, how-
ever, that near the center wavelengths of the ultrafast responses, no 

Fig. 1. Design and linear simulations of GaP nanoantennas. (A) Scanning electron microscopy image of the fabricated sample. The inset shows a magnified view of a 
nanodisk of 600-nm diameter. Scale bars, 1 m (main image) and 200 nm (inset). (B) Simulated scattering (Scatt.) cross section for disks of 560-, 600-, and 640-nm diame-
ter. AE denotes the anapole excitation (encircled minima). In the bottom of the graph, the pump and probe spectra are displayed in arbitrary intensity units. (C) Calculated 
electric energy for the D = 600-nm nanodisk, computed as WE ∝ ∭∣E∣2dV, with V denoting the volume of the nanoantenna. The simulated electric field distributions 
corresponding to the most prominent peaks are included at selected disk heights presenting maximum field accumulation. From lowest to highest wavelength, corre-
sponding height values as measured from the substrate are 25, 70, 20, and 5 nm. a.u., arbitrary units.
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FC effects are detected, making it possible to benefit from clean 
sub–100-fs modulations at specific wavelengths.

To model the ultrafast behavior of the dielectric nanoantennas, 
we performed nonlinear simulations including the OKE and TPA, 
considering average degenerate nonlinear values of n2 = 2 × 
10−18 m2/W and  = 3 cm/GW as determined for crystalline GaP in this 
wavelength range (see Materials and Methods for details on nonlinear 
numerical simulations) (32). For the calculations, we approximated 
GaP complex refractive index as    ~ n   = ( n  0   + i  k  0   ) + I( n  2   + i  k  2  ) , where 
n0 and k0 denote the low-intensity real and imaginary components 
of the refractive index, respectively (with k0 = 0 for GaP); I represents 
the intensity of the pump beam; and k2 is the nonlinear absorption, 
which relates to  through the equation k2 = ()/(4). In this way, 
the OKE and TPA enabled modifications of GaP reflectivity through 
changes in the real and imaginary parts of    ~ n   , respectively. Figure 3 
compares the experimental and simulated differential reflectivity 
signals at t = 0 fs for the three studied nanodisks. Differences in the 
precise shape of the curves can be ascribed to simulations using 
constant average values of degenerate n2 and  instead of the non-
degenerate nonlinear parameters actually involved in the measure-
ment, which may vary depending on the pair of pump and probe 
wavelengths. A good agreement is nevertheless obtained, with 
calculations correctly describing peak wavelength, modulation sign, 
and approximate magnitude of the measured responses. To deter-
mine the individual contributions of the different nonlinear effects 
to the total response, we performed a decomposition of the OKE 
and TPA on R/R, whose results are shown in the inset of Fig. 3B 
for the case of D = 600 nm. The simulation reveals that the OKE 
component, which increases the real part of    ~ n    (n2 > 0), makes the 
anapole resonance more pronounced, decreasing R at AE wave-
lengths and increasing it at shorter and longer adjacent wavelengths. 
The TPA component, on the other hand, leads to a finite positive 
imaginary part of    ~ n    (k2 > 0, k0 = 0), lowering R at all wavelengths. 
Consequently, the combined response peaks at AE wavelengths, 
where both the OKE and TPA contribute with the same modulation 
sign. Their relative contribution is estimated to be approximately 
40%/60% (OKE/TPA). It is worth mentioning here that the scatter-
ing and internal electric energy maxima at ~875 nm for D = 600 nm 
(Fig. 1, B and C) are found to produce no substantial effect in their 
corresponding R/R response in Fig. 3. The nonlinear decomposition 
in the inset of Fig. 3B reveals that such maxima give rise to positive 
and negative shoulders in the OKE- and TPA-only responses, re-
spectively, leading to a nearly zero R/R net signal. This demonstrates 

that a scattering maximum is not nearly as efficient as a scattering 
minimum for producing OKE/TPA nonlinear reflectivity modula-
tions. For reference, the inset of Fig. 3A exhibits the measured R/R 
signal at t = 0 fs for bulk GaP, displaying a maximum modulation of 
3%, in absolute value, which monotonically decreases with increasing 
probe wavelength. This effect is thought to be a consequence of GaP 
linear refractive index decreasing with increasing wavelength, com-
bined with nondegenerate n2 and  diminishing for longer probe 
wavelengths. We note that this GaP intrinsic behavior is also present 

Fig. 2. Pump/probe spectroscopy results of single GaP nanodisks. (A to C) Differential reflectivity spectra of individual nanoantennas of diameters D = 560, 600, and 
640 nm, registered by pumping the sample at P = 10 pJ/m2, with a 5:1 pump-probe fluence ratio.

Fig. 3. Experimental and simulated nonlinear responses. (A) Experimental and 
(B) simulated differential reflectivity response at t = 0 fs and P = 10 pJ/m2 for 
D = 560 nm (blue), 600 nm (red), and 640 nm (green). The inset of (A) shows the reg-
istered response from a commercial double-sided polished 350-m-thick GaP (100) 
wafer measured under the same experimental conditions. The inset of (B) exhibits 
the simulated response of the D = 600-nm antenna when considering the OKE contri-
bution only (n2 = 2 × 10−18 m2/W and  = 0 cm/GW), the TPA contribution only (n2 = 
0 m2/W and  = 3 cm/GW), their direct sum, and the full simulation (sim.) (n2 = 2 × 
10−18 m2/W and  = 3 cm/GW). The latter matches the red curve in the main graph.
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in the response from the nanoantennas, as nanodisks featuring res-
onances at longer wavelengths are found to present a weaker signal. 
An additional factor contributing to the smallest nanodisk presenting 
the strongest modulation response is its relatively narrow resonance 
bandwidth, which makes it most sensitive to pump-induced    ~ n    changes.

To study the dependence of the magnitude of the ultrafast 
modulation signal on the pump peak energy density, we performed 
measurements of the three studied disks in the P range (0 to 20 pJ/m2) 
at specific probe wavelengths exhibiting no FC effects ( = 785 nm 
for D = 560 nm,  = 815 nm for D = 600 nm, and  = 845 nm for 
D = 640 nm, as extracted from Fig. 2). The results are shown in 
Fig. 4A, where an approximately linear behavior of |R/R| with P is 
found up to P = 10 pJ/m2 for all diameters. For P > 10 pJ/m2, the 
signals start to saturate, reaching maximum |R/R| values of 37, 26, 
and 15% at 20 pJ/m2 for D = 560, 600, and 640 nm, respectively. In 
Fig. 4B, we evaluate the effect of the pump power on the time response 
of the modulation signals for selected cases. To determine charac-
teristic times and modulation bandwidths, we performed fits to the 
data by convoluting exponential functions with the instrument 
response function, described by a Gaussian profile of 11-fs FWHM 
(32). Black and red curves in Fig. 4B show results for D = 600 nm at 
P = 10 and 20 pJ/m2, respectively. At P = 10 pJ/m2, we register a 
temporal FWHM (FWHM) of 19 fs and a 1/e2 modulation bandwidth 
(MB) of 18 THz (see note S3 for pump-probe temporal traces of 
other disk diameters at P = 10 pJ/m2). Corresponding values in 
the saturating range (P = 20 pJ/m2) are FWHM = 26 fs and MB = 

12 THz. For D = 560 nm (blue curve in Fig. 4B), we find an even longer 
FWHM = 66 fs (MB = 5 THz), which can be understood from the 
smaller spectral bandwidth of this resonance compared to those of 
the other disks (see Figs. 2 and 3A). It should be noted that this per-
formance represents a two orders of magnitude improvement with 
respect to previous reports on dielectric metasurfaces and nano-
antennas for sub–100-fs all-optical switching (2, 3). A direct-gap 
GaAs semiconductor metasurface demonstrated similar R/R values, 
around 40%, but with the consequence of much longer characteristic 
modulation times of several picoseconds due to FC effects (37). It 
should also be mentioned that the fastest reported plasmonic-based 
nanoscale approaches featuring 20% modulation depth or more 
(38, 39) showed FWHM values about one order of magnitude larger 
compared to the GaP nanodisk (refer to note S4 for a more detailed 
comparison).

In summary, we have demonstrated that resonant single GaP 
nanodisks with negligible linear absorption can produce 1/e2 modula-
tion bandwidths of 5, 12, and 18 THz, with approximate maximum 
modulation depths of 40, 25, and 15%, respectively, depending on 
pump power, disk size, and probe wavelength. The observed sub–
100-fs effect is modeled through nonlinear-induced variations of GaP 
complex refractive index due to the OKE and TPA, with a relative 
contribution of around 40%/60% (OKE/TPA). We find that the 
ultrafast response occurs in the vicinity of the AE scattering minimum, 
at wavelengths where TPA-induced FC effects are found to be neg-
ligible. We also find that modes featuring scattering maxima do not 
produce substantial differential reflectivity modulations, as they give 
rise to OKE and TPA signals with opposite responses. The findings 
from this investigation open new possibilities for the optimization 
of nonlinear all-optical modulators and place the GaP nanodisk as 
the most efficient nanoscale all-optical switch at sub–100-fs time 
scales demonstrated to date, to the best of our knowledge.

MATERIALS AND METHODS
Nanofabrication
GaP nanodisks were fabricated on a SiO2-on-sapphire substrate, 
starting from a commercially available MOCVD-grown crystalline 
GaP layer (∼400 nm) on a GaAs substrate. The latter structure was 
directly bonded to the sapphire substrate after depositing ∼5-m 
SiO2 layers on top of both surfaces. The GaAs substrate was later 
removed by wet etching. The fabrication of the GaP nanodisks 
started with a standard wafer cleaning procedure (acetone, isopropyl 
alcohol, and deionized water in that sequence under sonication). 
The GaP layer was then thinned down to a thickness of 200 nm by 
inductively coupled plasma reactive ion etching (ICP-RIE) with N2 
and Cl2 gases. The following step involved O2 and hexamethyl disilizane 
(HMDS) priming to increase the adhesion between GaP and the sub-
sequently spin-coated EBL resist of hydrogen silsesquioxane (HSQ). 
After spin-coating of the HSQ layer with a thickness of ∼150 nm, 
EBL and development in 25% tetramethyl ammonium hydroxide 
(TMAH) were carried out to define the nanodisks in the HSQ resist. 
Last, ICP-RIE with N2 and Cl2 gases was used again to transfer the 
HSQ patterns to the GaP layer and generate the GaP nanodisk 
structures.

Pump-probe experiments
A pulsed Yb:KGW Pharos laser system coupled to a collinear optical 
parametric amplifier ORPHEUS-HP (Light Conversion Ltd.; pulse 

Fig. 4. Modulation performance at different pump powers. (A) Pump peak en-
ergy density dependence of |R/R| at selected probe wavelengths for nano-
antennas with D = 560 nm ( = 785 nm), D = 600 nm ( = 815 nm), and D = 640 nm 
( = 845 nm). (B) Corresponding temporal trace results at specific pump peak energy 
densities detailed in the graph for the two most efficient disks. Solid lines correspond 
to exponential fits to the experimental data. IRF, instrument response function.
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duration of ~180 fs, repetition rate of 200 kHz) was used to generate 
supercontinuum light by focusing a 1120-nm wavelength beam at 
600-mW average power onto a 5-mm-thick sapphire plate. The 
supercontinuum beam was split into ~600- to 750-nm and ~750- to 
1000-nm spectral components using dichroic beam splitters (see 
spectra of pump and probe pulses in Fig. 1B). The wide-spectrum 
beams were coupled to a MIIPS (multiphoton intrapulse interference 
phase scan) device (MIIPSBox640-P by Biophotonic Solutions Inc.), 
able to compress the pulses in time down to bandwidth-limited 
~7-fs pulses at the position of the sample. A motorized optical delay 
line was used to introduce controlled time differences between 
the different trains of pulses with <1-fs accuracy. The two pulsed 
beams were focused onto the sample using a metal objective of 0.5 
numerical aperture. The measurements were carried out with lock-in 
detection by modulating the pump beam at <1-kHz frequency using 
an optical chopper. A spectrograph (PI Acton SP2300 by Princeton 
Instruments) coupled to a low-noise Si photodiode (picowatt photo-
receiver series PWPR-2K by Femto) was used for spectral charac-
terization of the probe light reflected by the sample.

The constant reflectivity background (RB) produced by the glass 
substrate around the nanoantenna’s scattering cross-sectional region 
was subtracted from the measured R values. RB was calculated as the 
product RG*PG, where RG denotes glass reflectivity and PG represents 
the proportion of probe power illuminating the substrate surround-
ing the nanodisk scattering cross-sectional area.

More details on the creation of ultrashort pulses and the pump-
probe method can be found published elsewhere (3, 32).

Numerical simulations
The nonlinear numerical simulations were performed with the 
FDTD technique using the commercial software Lumerical FDTD 
Solutions, with an instantaneous OKE and TPA implemented fol-
lowing the formalism of Suzuki (40) [more details on the simula-
tions and the nonlinear implementation can be found elsewhere 
(32)]. The linearly polarized pulses were inputted via Gaussian 
focusing using a numerical aperture of 0.5 and with the focal posi-
tion located at the mid-height of the nanodisks, in agreement with 
the experimental conditions. Perfectly matched layers were used as 
the simulation boundary conditions to avoid reflections. The ex-
perimental spectra for the pump-probe pulses (as seen in Fig. 1B) 
were imported into the FDTD simulations as custom sources, which 
resulted in ripples in the simulated differential reflectivity curves, 
which were removed by smoothing through adjacent averaging. 
It should be noted that replacing the custom sources by standard 
Gaussian spectra sources with the same temporal duration resulted 
in smoother differential reflectivity curves but gave poor agree-
ment with the experimental results. Ellipsometry measurements 
were used to determine the linear optical properties of MOCVD 
GaP (see note S1), with the software built-in optical proper-
ties used for the SiO2 substrate. The nonlinear parameters of GaP 
of n2 = 2 × 10−18 m2/W and  = 3 cm/GW were used in agreement 
with the results from our previous work (32), with the input pump 
and probe powers matched to the experimental conditions. No 
nonlinear effects were assumed for the underlying SiO2 substrate. 
For the linear simulations depicted in Fig. 1, the nanodisks were 
illuminated by broadband linearly polarized plane waves at normal 
incidence. The electric energy inside the GaP nanodisk was cal-
culated using monitors placed around the nanodisk to define the 
volume V.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/34/eabb3123/DC1
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