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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 𝜒(3) = 4.3 𝑥10−9𝑒𝑠𝑢, 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 
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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 (TH) of 8×10-6 % 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 TH on the order of 10-4 % were only achievable with complex systems, such as hybrid 

plasmonic/semiconductor nanostructures [25] or Fano-resonant dielectric metasurfaces [26]. 

 

Figure 1. Illustration of the THG process for a 100 nm-thick germanium nanodisk on glass excited 

with near-infrared light of frequency  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 
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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, TH ~ 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 × 5 array of germanium disks with diameters spanning from 

300 nm to 1000 nm. Scale bar, 1 m. Inset of the image exhibits an amplified 45º 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 × 20 disks with fixed 

diameters (disk interspacing, 3.5 m). 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 2c corresponds to the pump 

wavelength for the THG analysis, pump = 1650 nm, which crosses different minima and maxima 
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of the spectra depending on the diameter of the structure. In particular, it can be observed that pump 

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 (𝑊𝐸 =

𝑛2 ∭|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 WE occur in all cases in 

the vicinity of the most pronounced scattering minimum. To get a better understanding, we 

examine the field intensity (|E|2/|E0|
2) distribution at this condition and find a very distinctive 

pattern, which is represented in Figure 3c 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, 
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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. 

 

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. (c) Simulated distribution of the electric field 

intensity (|E|2/|E0|
2) 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.  
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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 WE 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 = 550 

nm ( = c/, 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 ED1 for lower 

wavelength and ED2 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 
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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. 

 

Figure 4. (a) SEM image of a germanium disk array with D = 875 nm and spacing of 2 µm. (b) 

Corresponding TH intensity image taken at pump = 1650 nm. Scale bars, 1 m. (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 m spacing center-to-center, 

with the corresponding TH intensity map taken at pump = 1650 nm displayed in Figure 4b. The 

optical image was acquired with an excitation spot of 1.2 m 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 
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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 pump changes, but a maximum intensity occurs at pump = 

1650 nm, i.e. at the position of the extinction valley (see Figure 2c), 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 WE
3 as 

pump is 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 ED1 and ED2 resonances, we 

examine the TH emission for different disk diameters with fixed pump = 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 ED1 and ED2 dipolar 

resonances, the intensity is found to be nearly an order of magnitude lower. The values of D 

corresponding to ED1 and ED2 were selected from the experimental extinction spectra (see inset 
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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 pump = 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, ED2, 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 

pump = 1650 nm (see Supporting Information section 3 for details), and found 𝜒𝐺𝑒
(3)

= 4.05 ×

10−11𝑒𝑠𝑢 (5.65 𝑥10−19𝑚2/𝑉2)  and 𝜒𝑆𝑖
(3)

= 2.75 × 10−12𝑒𝑠𝑢 (3.84 𝑥10−20𝑚2/𝑉2) . We 

observe that the value obtained for 𝜒𝐺𝑒
(3)

 is greater than any value of 𝜒𝑆𝑖
(3)

 over the whole spectral 

range considered [27]. Based on the measured 𝜒𝐺𝑒
(3)

 and detected TH signals for the film and 

nanodisk, and considering that the emission intensity scales as ( we calculate the effective 

third order susceptibility of the nanostructure at the AM to be as high as 𝜒𝐺𝑒−𝑑𝑖𝑠𝑘
(3)

= 

4.3 𝑥10−9𝑒𝑠𝑢 (6.0 𝑥10−17𝑚2/𝑉2). When comparing this value with those for standard nonlinear 

crystals such as KDP (potassium dihydrogen phosphate), BBO (barium borate), and lithium 
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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 𝜒(3) values, so next we experimentally quantify the efficiency 

of our nanodevice. 

 

Figure 5. (a) THG measurements varying the disk diameter at pump = 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 ED1 and ED2 modes at pump 

= 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 (pump = 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 W (5 GW/cm2 

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 
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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. 

 

Figure 6. Measured TH power vs. pump power at the anapole mode (pump = 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 W. The inset shows the conversion efficiency TH 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. 

ASSOCIATED CONTENT 

Supporting information (SI) is accessible in the online version. This material is available free of 

charge via the Internet at http://pubs.acs.org.  

Fabrication of germanium nanodisks; Optical measurements details; Z-scan characterization; 

Magnetic field distribution at the anapole mode; Simulations for germanium disks of different 

thicknesses. 

AUTHOR INFORMATION 

Corresponding Authors 

g.grinblat@imperial.ac.uk, yi.li@imperial.ac.uk 

Author Contributions 

† G. G. and Y. L. contributed equally to this work. 

Notes 

The authors declare no competing financial interest. 

 

http://pubs.acs.org/


 16 

ACKNOWLEDGMENT 

The authors acknowledge funding provided by the EPSRC Reactive Plasmonics Programme 

(EP/M013812/1), the EPSRC Mathematical Fundamentals of Metamaterials Programme 

(EP/L024926/1), the Leverhulme Trust, ONR Global, the Royal Society, and the Lee-Lucas Chair 

in Physics. Requests for data should be sent to datainquiryEXSS@imperial.ac.uk.  

REFERENCES 

(1) DaCosta M. V.; Doughan S.; Han Y.; Krull U. J. Anal. chim. acta 2014, 832, 1-33. 

(2) Hao, S.; Chen, G.; Yang, C.; Theranostics 2013, 3, 331-45. 

(3) Li, R.; Ji, Z.; Dong, J.; Chang, C. H.; Wang, X.; Sun B.; Wang, M.; Liao, Y. P.; Zink, J. I.; 

Nel, A. E.; Xia, T. ACS Nano 2015, 9, 3293-306. 

(4) Arppe, R.; Näreoja, T.; Nylund, S.; Mattsson, L.; Koho, S.; Rosenholm, J. M.; Soukka, T.; 

Schäferling, M. Nanoscale 2014, 6, 6837-43. 

(5) Van Sark, W. GJHM; de Wild, J.; Rath, J. K.; Meijerink, A.; Schropp, R. E. I. Nanoscale   

      Res. Lett. 2013, 8, 81. 

(6) Naccache, R.; Vetrone, F.; Capobianco, J. A. ChemSusChem 2013, 6, 1308-11. 

(7) Zou, W.; Visser, C.; Maduro, J. A.; Pshenichnikov, M. S.; Hummelen, J. C. Nat. Photon. 

2012, 6, 560-4. 

(8) Zhang, Y.; Grady, K. G.; Ayala-Orozco, C.; Halas, N. J. Nano Lett. 2011, 11, 5519-5523. 

(9) Aouani, H.; Navarro-Cia, M.; Rahmani, M.; Sidiropoulos, T. P. H.; Hong, M.; Oulton R. F.;  

       Maier S. A. Nano Lett. 2012, 12, 4997-5002. 

(10) Park, S.; Hahn, J. W.; Lee, J. Y. Opt. Exp. 2012, 20, 4856-4870. 

(11) Metzger, B.; Schumacher, T.; Hentschel, M.; Lippitz, M.; Giessen, H. ACS Photon. 2014,   

       1, 471-476. 



 17 

(12) Thyagarajan, K.; Butet, J.; Martin, O. J. F. Nano Lett. 2013, 13, 1847-1851. 

(13) Grinblat, G.; Rahmani, M.; Cortés, E.; Caldarola, M.; Comedi, D.; Maier, S. A.; Bragas, A. 

V. Nano Lett. 2014, 14, 6660-5. 

(14) Albella, P.; Alcaraz de la Osa, R.; Moreno, F.; Maier, S. A. ACS Photon. 2014, 1, 524–529. 

(15) Kuhlicke, A.; Schietinger, S.; Matyssek, C.; Busch, K; Benson, O. Nano Lett. 2013, 13, 2041–

2046. 

(16) Lippitz, M.; van Dijk, M. A.; Orrit, M. Nano Lett. 2005, 5, 799-802. 

(17) Priolo, F.; Gregorkiewicz, T.; Galli, M.; Krauss, T. F. Nat. Nanotech. 2014, 1, 19-32. 

(18) Caldarola, M.; Albella, P.; Cortés, E.; Rahmani, M.; Roschuk, T.; Grinblat, G.; Oulton, R. F.; 

Bragas, A. V.; Maier, S. A. Nat. Commun. 2015, 6, 7915. 

(19) Jahani, S.; Jacob, Z. Nat. Nanotech. 2016, 11, 23-36. 

(20) Moitra, P.; Yang, Y.; Anderson, Z.; Kravchenko, I. I.; Briggs, D. P.; Valentine J. Nat. Photon. 

2013, 7, 791-5. 

(21) Miroshnichenko, A. E.; Kivshar, Y. S. Nano Lett. 2012, 12, 6459-63. 

(22) Bakker, R. M.; Permyakov, D.; Yu, Y. F.; Markovich, D.; Paniagua-Domínguez, R.; Gonzaga, 

L.; Samusev, A.; Kivshar, Y.; Luk’yanchuk, B.; Kuznetsov, A. I. Nano Lett. 2015, 15, 2137-

42. 

(23) Kim, S. J.; Park, J.; Esfandyarpour, M.; Pecora, E. F.; Kik, P. G.; Brongersma, M. Nano Lett. 

2016, 16, 3801-08. 

(24) Shcherbakov, M. R.; Neshev, D. N.; Hopkins, B.; Shorokhov, A. S.; Staude, I.; Melik-

Gaykazyan, E. V.; Decker, M.; Ezhov, A. A.; Miroshnichenko, A. E.; Brener, I.; Fedyanin, A. 

A, Y. S. Kivshar. Nano Lett. 2014, 14, 6488-92. 

(25) Aouani, H.; Rahmani, M.; Navarro-Cía, M.; Maier, S. A. Nat. Nanotech. 2014, 9, 290-  

        294. 



 18 

(26) Yang, Y.; Wang, W.; Boulesbaa, A.; Kravchenko, I. I.; Briggs, D. P.; Puretzky, A; Geohegan, 

D.; Valentine, J. Nano Lett. 2015, 15, 7388–7393. 

(27) Zhang, L.; Agarwal, A. M.; Kimerling, L. C.; Michel, J. Nanophotonics 2014, 3, 247-68. 

(28) Baldassarre, L.; Sakat, E.; Frigerio, J.; Samarelli, A.; Gallacher, K.; Calandrini, E.; Isella, G.; 

Paul, D. J.; Ortolani, M.; Biagioni, P. Nano Lett. 2015, 15, 7225-31. 

(29) Cao, L.; Park, J. S.; Fan, P.; Clemens, B.; Brongersma, M. L. Nano Lett. 2010, 10, 1229-33. 

(30) Zhu, S.; Chen, T. P.; Cen, Z. H.; Goh, E. S.; Yu, S. F.; Liu, Y. C.; Liu, Y. Opt. Exp.. 2010, 

18, 21926-31. 

(31) Palik, E. D. Handbook of optical constants of solids; Academic press, 1998. 

(32) Miroshnichenko, A. E.; Evlyukhin, A. B.; Yu, Y. F.; Bakker, R. M.; Chipouline, A; 

Kuznetsov, A. I.; Luk’yanchuk, B.; Chichkov, B. N.; Kivshar, Y. S. Nat. Commun. 2015, 6, 

8069. 

(33) Liu, S.; Ihlefeld, J. F.; Dominguez, J.; Gonzales, E. F.; Bower, J. E.; Burckel, D. B.; Sinclair, 

M. B.; Brener, I. Appl. Phys. Lett. 2013, 102, 161905. 

(34) Fletcher, G.; Arnold, M. D.; Pedersen, T.; Keast, V. J.; Cortie, M. B. Opt. Exp. 2015, 23, 

18002-13. 

(35) Nordlander, P.; Oubre, C.; Prodan, E.; Li, K.; Stockman, M. I. Nano Lett. 2004, 4, 899-903. 

(36) Boyd, R. W. Nonlinear Optics; Academic Press, 2008. 

(37) Ganeev, R. A.; Kulagin, I. A.; Ryasnyanskii, A. I.; Tugushev, R. I.; Usmanov, T. Opt. 

Spectrosc. 2003, 94, 561-68. 

(38) Yeshchenko, O. A.; Bondarchuk, I. S.; Gurin, V. S.; Dmitruk, I. M.; Kotko, A. V. Surf. Sci. 

2013, 608, 275-81. 

 

 



 19 

Table of content 

 

 


