
Supplementary Information for “Unveiling the Origin of Third Harmonic Generation in 
Hybrid ITO-Plasmonic Crystals” 
 
Heykel Aouani*†, Miguel Navarro-Cía†, Mohsen Rahmani, and Stefan A. Maier 
 
†Heykel Aouani and Miguel Navarro-Cía contributed equally to this work 
 
Dr. H. Aouani, Dr. M. Rahmani, Prof. S. A. Maier 
The Blackett Laboratory, Department of Physics, Imperial College London, London SW7 
2AZ, United Kingdom 
E-mail: h.aouani@imperial.ac.uk 
Dr. M. Navarro-Cía 
Optical and Semiconductor Devices Group, Department of Electrical and Electronic 
Engineering, Imperial College London, London SW7 2BT, United Kingdom 
 
Keywords: plasmonic crystal, hybrid plasmonic antenna, nonlinear nanophotonics, third 
harmonic generation, spectral analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. Extinction spectra measurements of the nanostructures under investigation 
 
 
The extinction spectra of the fabricated nanostructures (defined as 1 – transmission) were measured 

by Fourier transform infrared spectroscopy (FTIR, Bruker Hyperion 2000 using an InGaAs detector 

cooled with liquid nitrogen for measurements in the near-infrared regime). For measurements on 

isolated bare and hybrid nanostructures, experiments have been conducted through an array of 

approximately 120 structures (pitch of 2 μm) at normal incidence under linear polarization. The 2 μm 

pitch ensured that coupling between neighbouring antennas was insignificant, as confirmed by 

numerical simulations. For measurements on bare and hybrid plasmonic crystals, experiments have 

been conducted on a whole array. The extinction spectra of the different configurations are presented 

in Figure S1. As can be seen, the extinction spectrum of the hybrid and bare plasmonic crystals are 

broader than the spectrum of a single isolated nanostructure. 

In the light of these results, we believe that the crystal system can be optimized, for instance, by 

introducing strong localized resonances or Fano resonances.    

 
 

Figure S1: Experimental extinction spectra of the different systems investigated under perpendicular polarized 
excitation.  

 
 
 
 
 
 
 



2. Intensity enhancement along the hybrid crystal dimer axis 
 

The intensity enhancement along the hybrid (at λ= 1360 nm corresponding to the peak value in 

reflection) and bare at (λ= 1300 nm corresponding to the peak value in reflection) crystal dimer axis 

was determined for the periodic symmetric case (i.e., TFSF formulation was not used in this case, but 

a plane-wave source along with electric and magnetic walls, see Experimental Section of our 

manuscript). Results are presented in Figure S2. As it happens to the single dimer, the introduction of 

the ITO nanoparticle reduces the intensity enhancement at the gap centre. 

 
 

Figure S2: FDTD computation of the intensity enhancement along the hybrid (at λ= 1360 nm) and bare (at λ= 
1300 nm) crystal dimer axis for an incident plane-wave polarized parallel to the dimer’s axis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3. FDTD computation of the intensity enhancement for the hybrid and bare nanocylinder 
dimers  

 
 

The intensity enhancement for the hybrid and bare nanocylinder dimers presented in Figure 4 of 

our manuscprit was investigated numerically by FDTD simulations. The nanostructures were 

modelled using a symmetric unit cell with dimensions in accordance to the SEM pictures. The 

intensity enhancement maps at the xy cross-section plane at λ= 1500 nm are presented in Figure 

S3 for the 30 nm gap hybrid and bare nanocylinder dimers and for the 55 nm gap hybrid and bare 

nanocylinder dimers. We notice that the intensity enhancement drops slightly across the whole 

nanodimer area when the gap is increased and that the introduction of the ITO nanoparticle does 

not change drastically the overall field distribution, but it certainly modifies the local field pattern 

within the gap centre.     

 

 
 

 
Figure S3: FDTD computation of the intensity enhancement along the middle cross-sectional plane at λ= 1500 
nm and an incident plane-wave under parallel polarization for the hybrid (a) and bare (b) 30 nm gap and hybrid 
(c) and bare (d) 55 nm gap nanocylinder dimers. 
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5. Investigation of a hybrid nanostructure with a nonlinear active medium exhibiting a 
different third order susceptibility 

 
 

In Figure S5, we have investigated two limit cases for the 30 nm gap hybrid nanorod dimer: 

- Third order susceptibility of ITO χ(3)
ITO  set to the value of Au third order susceptibility χ(3)

Au 

- Third order susceptibility of ITO χ(3)
ITO  set to 0 

As can be seen in the results presented below, even when χ(3)
ITO  is considered lower than its real value 

(and actually fixed to the real χ(3)
Au), the third harmonic generation signal from the 30 nm gap hybrid 

nanorod dimer is 2 orders of magnitude higher than the signal determined when ITO is considered 

linear (and Au nonlinear). Moreover as the signal determined when considering χ(3)
ITO= χ(3)

Au= 7×10-

19 m2/V2 is lower than the signal determined when considering the real value χ(3)
ITO= 2.16×10-18 m2/V2, 

the results presented below reinforce the conclusions of our manuscript.  

 

 
 

Figure S5: Third harmonic generation signal from a 30 nm gap hybrid nanorod dimer for two limit cases.  

 
 
 
 
 
 



6. Discussion regarding the origin of the nonlinear signal in hybrid nanostructures 
 
 
In Fig. 4d, we can see that the THG signal from the hybrid 55 nm gap nanocylinder dimer is lower 

than the THG signal corresponding to its bare plasmonic configuration. Hence, these data imply that 

no THG enhancement is observed with the hybrid configuration in this case (in contrast to all the 

different cases investigated in our manuscript), one can suggest that the THG signal from the hybrid 

55 nm gap nanocylinder dimer may not be originated from the ITO material at the gap. To 

unambigoulsy reach such conclusion, we performed an experimental and numerical analysis of the 

spectral THG response. In Fig. 4h, the normalized experimental spectra of the third harmonic 

generation signal from the hybrid and bare 55 nm gap nanocylinder dimers have been displayed. As 

can be seen, the experimental normalized spectra for the hybrid and bare configuration are almost 

identical. In regards to the results previously presented in our manuscript and as no spectral 

compression is observed in this specific case, we conluded that the THG signal from the hybrid 55 nm 

gap nanocylinder dimer cannot be attributed to the ITO material at the gap. Indeed, we believe that, 

for such large gap, the THG signal from the ITO nanocylinder is not bright enought to overcome the 

nonlinear background from the bare nanocylinder dimer, and lead to only measure the THG 

contribution from the gold part of the hybrid nanostructure. To further confirm these conclusions, we 

performed in Fig. 4f nonlinear numerical simulations in which we have investigated three limit 

configurations:  

i) the bare 55 nm gap nanocylinder dimer 

ii) the hybrid 55 nm gap nanocylinder dimer when considering ITO nonlinear 

(χ���
�����2.16 × 10-18 m2/V2)  

iii) the hybrid 55 nm gap nanocylinder dimer when considering ITO nonlinear 

(χ���
�����0)  

Contrarly to the experimental results presented in Figure 4h, the hybrid 55 nm gap nanocylinder dimer 

when considering ITO nonlinear exhibits a spectral compression. The nonlinear simulations also show 

that the THG signal is originated from the ITO material at the gap of the 55 nm gap nanocylinder 

dimer (enhancement of the THG by 2 orders of magnitude) while in our experimental investigations, 



we obtained a lower THG signal with the hybrid compared to the bare configuration. We point out 

that this discrepancy is mainly related to the difficulty of properly estimating the third order effective 

susceptibility of the 25 nm ITO nanocylinder, but it also can be related to the position of the ITO 

nanocylinder within the gap (the ITO could be located in the experiment in a less favorable position 

for maximum local field intensity). To conduct our nonlinear simulation we assumed that χ���
��� is 

similar for both an ITO film and an ITO nanoparticle, which can be the origin of some extent of 

uncertainity. For example, if we consider the hybrid 35 nm gap nanorod dimer, we experimentally 

determined a THG enhancement of about 1 order of magnitude (factor of 14) while the THG 

enhancement obtained by nonlinear simulations is about 3 orders of magnitude compared to the bare 

configuration. As can be seen in the Figure S5 of our Supplementary Information, when considering a 

lower χ���
��� (in Figure S5 we considered χ���

���= χ���
Au= 7 × 10-19 m2/V2 instead of the value 

χ���
���= 2.16 × 10-18 m2/V2 used for all nonlinear simulations presented in our manuscript), the 

simulated THG enhancement with the hybrid configuration is just about 2 orders of magnitude 

compared to the bare configuration (1 order of magnitude lower compared to the case when 

considering χ���
���= 2.16 × 10-18 m2/V2). This seems to indicate that the χ���

��� for an ITO 

nanoparticle is lower than the χ���
��� corresponding to an ITO film.  

A consequence of the previous approximation is that instead of considering the raw numerical values 

of the simulated THG signal, we have to confront the experimental and numerical data, and 

investigate different scenarios (i.e. in this case the three limit configurations that we investigated) to 

be able to reach any conclusion. Trying to fit quantitatively the simulation with the experiment is a 

formidable endeaveour with little turnover in terms of physical insight.   

Finally the last limit case that we investigated (χ���
�����0) indicates that if the THG signal from 

the hybrid configuration does not originate from the ITO material (as ITO is now considered linear), 

the normalized numerical THG spectra from the hybrid and bare 55 nm gap nanocylinder dimers are 

almost identical, just like the spectra obtained during our experimental investigations.  

In conclusion a combined simulation-experiment approach (with an investigation of different 

scenarios) is highly needed to understand the underlying physics in these hybrid nonlinear structures. 


