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ABSTRACT. We present an all-dielectric germanium nanosystem exhibiting a strong third order
nonlinear response and efficient third harmonic generation in the optical regime. A thin germanium
nanodisk shows a pronounced valley in its scattering cross section close to the dark anapole mode,
while the electric field energy inside the disk is maximized due to high confinement within the
dielectric. We investigate the dependence of the third harmonic signal on disk size and pump
wavelength to reveal the nature of the anapole mode. Each germanium nanodisk generates a high
effective third order susceptibility of y® = 4.3 x10~esu, corresponding to an associated third
harmonic conversion efficiency of 0.0001% at a wavelength of 1650 nm, which is four orders of
magnitude greater than the case of an unstructured germanium reference film. Furthermore, the
nonlinear conversion via the anapole mode outperforms that via the radiative dipolar resonances
by about one order of magnitude, which is consistent with our numerical simulations. These
findings open new possibilities for the optimization of upconversion processes on the nanoscale

through the appropriate engineering of suitable dielectric materials.
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Boosting nonlinear optical effects on the nanoscale is a subject of extensive theoretical and
experimental studies. However, since photon-photon interactions are intrinsically weak, they can
only be excited with very high light intensities, limiting the choice of materials that can be
employed to those with effectively large nonlinearities and low absorption. One of the most studied
phenomena in the field of nonlinear photonics is that of light-frequency upconversion. The
manipulation of this effect in the optical region and on the nanometer scale is highly desirable for
applications spanning (bio)-imaging and sensing [ 1-4] to the development of optoelectronic hybrid
devices [5-7], amongst others. During the last decade, a wide variety of strategies have been tested
in order to enhance the generation of harmonics in this regime and overcome the drawback of
phase matching not being achievable at subwavelength scales, with most of the approaches
involving the use of plasmonic nanoantennas [8-13]. Metal nanostructures at plasmon resonances
are known to offer the capability of focusing the excitation field far beyond the diffraction limit,
greatly enhancing any nonlinear response. However, plasmonic nanoantennas suffer from fairly
large losses and heating, severely limiting the amount of power that can be delivered to them [ 14,
15], and only provide field confinement at metal surfaces, limiting access to nonlinearities that
emerge from a material’s bulk response. Effects such as third harmonic generation (THG) are
consequently challenging to optimize, as the coupling of the excitation light to the inner volume

of a plasmonic nanoantenna is inherently weak [16].

An exciting alternative to improve THG on the nanoscale consists in the use of
semiconductor nanostructures with low absorption, high refractive index and strong nonlinear

susceptibilities, which can be engineered to confine optical fields within the material itself so as



to exploit their intrinsic nonlinear properties. Indeed, high-index dielectrics have been extensively
investigated for the development of nanoscale photonic devices [17-23]. Based on this notion,
silicon nanodisks have been recently reported to produce a third harmonic (TH) conversion
efficiency (ntn) of 8x10° % when excited at the dipole magnetic resonance, where the electric
field is efficiently distributed inside the nanostructure [24]. However, up until now, larger values
of Nt on the order of 10* % were only achievable with complex systems, such as hybrid

plasmonic/semiconductor nanostructures [25] or Fano-resonant dielectric metasurfaces [26].
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Figure 1. lllustration of the THG process for a 100 nm-thick germanium nanodisk on glass excited

with near-infrared light of frequency o so as to produce green emission of frequency 3 @.

Surprisingly, one relevant dielectric material that has received less attention in the literature
for this purpose is germanium, which has a refractive index greater than 4 and a large nonlinear
index in the near-infrared region [27]. Germanium nanoantennas have been used for surface
plasmon sensing at high doping levels [28] and high-performance photodetection [29], among
other applications, but their nonlinear properties have not been fully examined. When compared

with the case of gold, germanium also presents an absorption coefficient that is four orders of



magnitude lower in the spectral region of 1600-1700 nm [30, 31], making it a promising candidate

for generating green TH with high efficiency.

In this letter, we investigate a single germanium nanodisk as a building block for producing
efficient TH light at a wavelength of 550 nm (scheme depicted in Figure 1). We first theoretically
and experimentally examine the linear optical response of 100 nm-thick nanodisks with diameters
in the 500-1000 nm range. We then study the electric energy distribution of these systems, and
find that the highest value inside the structure itself occurs in the vicinity of the anapole mode
(AM), where the coupling to the far field is minimized. This dark mode has been recently
experimentally demonstrated for high refractive index dielectrics [32], but its implications on the
nonlinear properties have remained unexplored. By pumping a germanium nanodisk close to the
AM, we show that the response of the TH signal vs. fundamental wavelength matches that of the
cube of the simulated inner electric energy. In addition, our comparison between the nonlinear
performance of this mode with that of the radiative dipolar modes further confirms that the
concentration of electric field inside the volume is the key to achieving high conversion
efficiencies. We report a TH conversion efficiency, ntu ~ 0.0001%, which is an enhancement of

four orders of magnitude with respect to the unstructured germanium film.

Germanium nanodisks of 100 nm height and diameters ranging from 300 nm to 1000 nm
were thermally evaporated on borosilicate glass and patterned through electron beam lithography
(refer to Supporting Information section 1 for fabrication details). Figure 2a shows a representative
scanning electron microscopy (SEM) image of an array of germanium nanodisks of different sizes.
Atomic force microscopy and grazing-incidence SEM confirm the nominal thickness of 100 nm

on top of the substrate (average surface roughness, ~1 nm).
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Figure 2. (a) SEM micrograph of a 4 x 5 array of germanium disks with diameters spanning from
300 nm to 1000 nm. Scale bar, 1 um. Inset of the image exhibits an amplified 45° incidence view
of a single nanodisk. Scale bar, 200 nm. 20 nm thick Espacer 300Z (Showa Denko) was coated
onto the germanium disks for imaging. (b) Simulated and (c) experimental extinction spectra of
the nanostructures. Values in legends of (b) and (c) indicate disk diameters. The vertical line in

panel (c) corresponds to the incident wavelength for TH excitation.

We first study the linear optical response of the fabricated nanostructures. Figure 2b and
Figure 2c exhibit the corresponding simulated and experimental extinction spectra, respectively.
Numerical simulations for linearly polarized light at normal incidence were performed with finite
element methods (RF module, Comsol Multiphysics), while experimental measurements were
carried out via Fourier transform infrared spectroscopy (FTIR, Bruker Hyperion 2000) in
transmission mode (normal incidence, linear polarization) for arrays of 20 x 20 disks with fixed
diameters (disk interspacing, 3.5 um). Experimental values correspond to 1-T (T, transmittance).
We find that the spectrum redshifts with increasing size as expected, and that the overall shapes
and trends of the theoretical results are in reasonable agreement with the experiment. However,
there are some differences which could arise from small deviations of the fabricated disk from the
perfect cylindrical geometry [24, 33]. The vertical line in Figure 2¢ corresponds to the pump

wavelength for the THG analysis, Apump = 1650 nm, which crosses different minima and maxima



of the spectra depending on the diameter of the structure. In particular, it can be observed that Apump
is precisely aligned with the extinction valley for D = 875 nm (D, diameter), and with the
neighboring peaks for D = 700 nm (red side from the corresponding valley) and D = 1000 nm (blue
side from the valley). We note that this will enable the study of the nonlinear response of the
germanium nanostructure when excited via modes of different character, while avoiding spectral

variations of germanium’s intrinsic third order nonlinear susceptibility.

We turn to identify the resonant modes of the investigated system. Since no resonances are
found near the TH wavelength (550 nm) for any diameter value, we focus our analysis exclusively

on the excitation wavelength range. We first compute the electric energy inside the disk (Wy =

n? [[[|E |2 dV /2) through numerical calculations. Figure 3a and Figure 3b exhibit, respectively,
the simulated scattering cross section spectra and the corresponding normalized electric energy for
three different disk diameters. It is apparent that the maximum value of W occur in all cases in
the vicinity of the most pronounced scattering minimum. To get a better understanding, we
examine the field intensity (|E|*/|Eo|*) distribution at this condition and find a very distinctive
pattern, which is represented in Figure 3¢ for D = 875 nm. We notice here that this exact
distribution at the scattering cross section spectral valley has been recently experimentally and
theoretically described for silicon nanodisks as an anapole mode (AM) [32]. When the toroidal
and electric dipole modes spectrally overlap, they produce almost equivalent radiation patterns in
the far field but with opposite phases, generating the pronounced dip detected [32]. At the same
time, the efficient confinement of the electric field inside the disk, as observed in Figure 3c,
maximizes We. We note that contrary to the case of plasmonics, where the concept of dark mode
refers to a resonance with null net dipole moment that cannot be easily excited by a planar incident

wave due to symmetry reasons [34, 35], the dark AM can be efficiently excited by a plane wave,



as confirmed by simulations. We remark as well, that the corresponding magnetic field distribution
for the germanium nanosystem (refer to section 4 in Supporting Information for simulations) also

agrees with that reported for the AM [32], and has an associated magnetic energy calculated to be

within the same order of magnitude as the electric one.
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Figure 3. Simulated scattering cross section spectra (a) and corresponding electric energy (b) for
disk diameters of 500 nm (dark red), 700 nm (red) and 875 nm (blue). The electric energy curves
are normalized to have equal maximum value. (¢) Simulated distribution of the electric field
intensity (|E|*/|Eo|®) for D = 875 nm at the anapole mode, for incident light linearly polarized in
the x-direction. Top, middle, and bottom images correspond to top and lateral views of the disk,
respectively. XY distribution was computed at z = 50 nm (i.e. half height), while YZ and XZ maps
correspond to half diameter cross sections. Scale bar, 200 nm. Insets of panel (a) refer to the two
peaks in the scattering cross section spectra adjacent to the AM, both presenting a dipolar electric

character (D = 875 nm). Intensity scale from (c) is valid for the maps in (a) as well.



It should be noted that the presence of the AM emerges only for low aspect ratios, which
fall in the range of < 0.25 (height/diameter) for silicon [32]. Consistent with this, in our case of
using germanium, we observe the occurrence of the mode for similar geometrical relations, and
discover the AM to disappear when the aspect ratio is 0.4 (see section 5 in Supporting Information
for corresponding simulations). In that situation, the maximum value of Wg is attained at the
magnetic dipole resonance, in agreement with the observations for the thick (i.e. high aspect ratio)
silicon disk [24]. We remark that the simulated inner electric energy for both the high and low
aspect ratio germanium disks are found to present almost equal maximum values (at the magnetic
dipole and anapole modes, respectively), which would suggest similar nonlinear performances.
However, since the high aspect ratio condition implies a larger disk thickness, absorption of the
TH emission would be enhanced, considerably reducing the efficiency of light extraction from the
nanosystem. To further analyze this, we calculated the penetration depth for germanium at A =550
nm (8 = cA/4nxk, with c the speed of light and « the extinction coefficient), and found it to be only
24 nm. Therefore, for TH light generated at the geometrical center of the nanodisk, only <1% of
the emission would escape the thicker structure (>200 nm thickness), while the corresponding

value for the thinner particle (100 nm thickness) would exceed 10%.

Concerning the nature of the radiative modes that surround the AM (see field intensity
distribution maps in Figure 3a), we find the electric field to concentrate mainly outside the disk,
with dipolar character in both cases, as expected [32]. These resonances, namely ED; for lower
wavelength and ED» for higher wavelength, confine less energy inside the germanium, and
therefore predict a less efficient THG process. Before turning our attention towards the
experimental nonlinear characterization, we mention that for every diameter value studied all

modes considered exhibit, respectively, the same type of field distribution. Also, we note that due



to the low absorption cross section of the nanodisks in this wavelength range, the positions of the

scattering minima and maxima coincide with those of the corresponding extinction spectra.

(C) Fundamental wavelength (nm)
1500 1550 1600 1650 1700 1750 1800

1.0rD=875nm "}

o
@
T

TH intensity (a.u.)
o
>

0.2

f ]
UL

500 520 540 560 580 600
Wavelength (nm)

D=875nm

0.0 . ; . ; i
1600 1650 1700 1750 1800 1850 1900
0 TH intensity (a.u.) 1 Wavelength (nm)

Figure 4. (a) SEM image of a germanium disk array with D = 875 nm and spacing of 2 um. (b)
Corresponding TH intensity image taken at Apump = 1650 nm. Scale bars, 1 um. (c) Fundamental
wavelength dependence of the TH spectrum for D = 875 nm. Full width at half maximum of each
spectrum is 5 nm. The dashed line represents the envelope of the curves. (d) Simulated third power

of the electric energy vs. wavelength for D = 875 nm.

THG results of identical germanium disks with D = 875 nm are summarized in Figure 4.
The details of the experimental setup are described in section 2 of the Supporting Information.
Figure 4a shows a SEM image of a uniform array of disks with 2 um spacing center-to-center,
with the corresponding TH intensity map taken at Apump = 1650 nm displayed in Figure 4b. The
optical image was acquired with an excitation spot of 1.2 um diameter. A very high contrast is
observed in the TH intensity map between the nanostructures and the substrate, as well as a

negligible variation in the emission between different disks, in agreement with the highly



monodisperse distribution of sizes (standard deviation ~0.1%, as determined from the analysis of

top-view SEM images of the array).

To investigate if the AM is indeed present, as predicted for this case, in Figure 4c we study
the dependence of the TH spectra with the excitation wavelength. Remarkably, we observe that
the TH spectrum not only shifts when Apump changes, but a maximum intensity occurs at Apump =
1650 nm, i.e. at the position of the extinction valley (see Figure 2¢), supporting our previous
analysis. Essentially, since THG is a third order process with a predominant volume contribution
that responds mainly to the electric component of the incident wave [36], the electric energy inside
the structure at the fundamental wavelength can be used to describe the excitation power, and the
observed variation in the emission can be interpreted as a measurement of the variation in Wz’ as
Apump 18 scanned. Notably, as seen in Figure 4d, the profile of the cube of the electric energy against
wavelength shows excellent agreement with that of the envelope of the TH spectra in Figure 4c.
Concerning the polarization of the emitted radiation, it was measured to be the same as that of the
excitation, as expected for this coherent process when there are no resonances at the TH

wavelength.

To further study the nature of the AM, as well as that of the ED; and ED» resonances, we
examine the TH emission for different disk diameters with fixed Apump = 1650 nm. Figure 5a
exhibits the integrated TH intensity as a function of D, with the associated SEM and TH images at
the top. It can be observed that the highest emission occurs for D = 875 nm, which corresponds to
the AM case, decreasing monotonically towards both sides. In particular, at ED and ED» dipolar
resonances, the intensity is found to be nearly an order of magnitude lower. The values of D

corresponding to EDy and ED» were selected from the experimental extinction spectra (see inset

10



of Figure 5b), based on the associated simulation results (Figure 3a). These findings further
confirm that the physical regime explored in this work significantly differs from that reported for

thick silicon disks, where the maximum THG is detected at the dipolar magnetic resonance [24].

Figure 5b summarizes the TH emission intensities measured at Apump = 1650 nm for the
various modes studied, including two reference cases (100 nm-thick germanium film and silicon
wafer), as well numerical calculations. The theoretical estimates were performed by normalizing
the electric energies of ED1, ED», and the germanium film to that of the AM, and then computing
the cube of these results. When comparing with the experimental measurements, our
approximations are found to be accurate within a factor of ~2. Remarkably, a huge increase of four
orders of magnitude is found in the TH intensity at the AM relative to the unstructured germanium
film. Meanwhile, a 10 fold increased excitation power was required to collect similar TH emission
(compared to the film) from a standard silicon wafer, which suggests that germanium is the
superior option for green THG in nanoscale dielectric structures. Indeed, we have measured the

third order susceptibility for unstructured germanium and silicon through z-scan measurements at
Apump = 1650 nm (see Supporting Information section 3 for details), and found )(é‘? = 4.05 X

10" Mesu (5.65 x1071°m2/V?) and <) = 2.75 x 10 2esu (3.84 x1072°m?/V?) . We

observe that the value obtained for )(((;? is greater than any value of )(5(,?) over the whole spectral

range considered [27]. Based on the measured )(é? and detected TH signals for the film and
nanodisk, and considering that the emission intensity scales as (x®)?, we calculate the effective
third order susceptibility of the nanostructure at the AM to be as high as )(é?;)_ disk =

4.3 x10 %esu (6.0 x10717m?/V?). When comparing this value with those for standard nonlinear

crystals such as KDP (potassium dihydrogen phosphate), BBO (3 — barium borate), and lithium

11



niobate [37], we find it to be five orders of magnitude bigger. We note, however, that due to the
large intrinsic absorption of germanium at the TH wavelength [31], the radiation of the green
emission is not expected to be as effective as for silicon, and therefore the performance comparison
cannot be made by only considering ¥ values, so next we experimentally quantify the efficiency

of our nanodevice.
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Figure 5. (@) THG measurements varying the disk diameter at Apump = 1650 nm. The line

connecting the dots is a guide to the eyes. The corresponding SEM and THG intensity maps are
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displayed on top. (b) Measured THG performances at the AM, and ED; and ED> modes at Apump
= 1650 nm. The control results of the unstructured 100 nm-thick germanium film and the silicon
wafer are also present, as well as theoretical estimations. Pump power (Ppump) was increased 10

times for the case of the silicon wafer. Inset shows the experimental extinction spectra for disk

diameters of 700 nm, 875 nm, and 1000 nm.

Finally, we calibrated the TH power of the germanium disk with respect to the excitation
power, as exhibited in Figure 6 (Apump = 1650 nm). For that, we directly measured the
corresponding powers of the incident and collected radiations with calibrated photodetectors (refer
to section 2 of the Supporting Information for details). For pump powers up to ~1 uW (5 GW/cm?
peak intensity), the TH intensity follows the expected trend of the cube of the excitation power.
However, for higher values, the observed TH signal slightly deviates from the trend towards lower
exponents of the pump intensity. Since this behavior is not observable in our characterization of
the germanium film, a plausible reason could be small changes in the resonance wavelength due
to undesired heating [38]. Nevertheless, no hysteresis effect was detected in this range of excitation

powers, indicating no permanent damage of the disk.

In the inset of Figure 6 we show the conversion efficiency of the incident infrared light into
green TH emission, calculated by computing the ratio between the corresponding measured
powers. We find a maximum TH conversion efficiency of ~0.0001%, which is, to the best of our
knowledge, the best performance for a single nanoscale object reported to date, exceeding by more
than an order of magnitude the value reported for a silicon disk at 1350 nm excitation wavelength
[24]. Concerning the dependence of the conversion efficiency on the angle of incidence of the

fundamental wave, since the structure presents rotational symmetry about the z-axis, any

13



polarization direction parallel to the substrate surface plane would produce equal TH intensity.
However, components with polarization perpendicular to this direction would fail to excite the
AM, reducing the conversion efficiency. In our experimental configuration, since most of the

focused beam is linearly polarized in the x-direction, efficient excitation of the AM is expected.
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Figure 6. Measured TH power vs. pump power at the anapole mode (Apump = 1650 nm, D = 875
nm). The straight line is a fit considering cubic dependence with the excitation power. A deviation
from this trend is observed from 1.5 uW. The inset shows the conversion efficiency nru as a
function of the pump power. The line in the graph is a guide to the eyes. The peak pump intensity

was estimated from the average pump power assuming 180 fs pulses at 100 kHz repetition rate.

In conclusion, we demonstrate that a thin germanium nanodisk acts as a highly efficient
TH emitter at visible frequencies. By exciting a nanodisk in the vicinity of the anapole mode, the
TH intensity is determined to be about one order of magnitude larger than that corresponding to
excitation at dipolar resonances, at which the field is poorly confined within the dielectric. In

addition, the experimental technique presented serves as a useful method to quantify relative
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electric energy confinement within dielectric nanostructures. Finally, the measured TH conversion
efficiency of 0.0001% surpasses that of the unstructured germanium film by a factor of 10000,
setting an unprecedented value for a single particle at the nanoscale in the optical regime.
Engineering germanium nanostructures so as to maximize the inner electric energy at the desired
excitation wavelength marks the way to follow for the optimization of the TH upconversion

efficiencies.
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