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Abstract

Enhanced electromagnetic fields within plasmonic nanocavity mode volumes enable multiple 

significant effects that lead to applications in both the linear and nonlinear optical regimes. In this 

work, we demonstrate enhanced second harmonic generation from individual plasmonic nanopatch 

antennas which are formed by separating silver nanocubes from a smooth gold film using a 

sub-10 nm zinc oxide spacer layer. When the nanopatch antennas are excited at their fundamental 

plasmon frequency, a 104-fold increase in the intensity of the second harmonic generation wave 

is observed. Moreover, by integrating quantum emitters that have an absorption energy at the 

fundamental frequency, a second order nonlinear exciton - polariton strong coupling response 

is observed with a Rabi splitting energy of 19 meV. The nonlinear frequency conversion using 

nanopatch antennas thus provides an excellent platform for nonlinear control of the light-matter 

interactions in both weak and strong coupling regimes which will have a great potential for 

applications in optical engineering and information processing.
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1. Introduction

Many nonlinear up-conversion processes such as second and third harmonic generation 

and wave mixing of low frequency light to higher frequencies have been investigated 

extensively in the past few decades.[1–8] These nonlinear processes can have a wide range 

of applications from laser technology to biomedical imaging and sensing.[9–17] Traditionally, 

nonlinear processes such as second and third harmonic generations are demonstrated in 

bulk crystal materials with given specific symmetries, such as noncentrosymmetric or 
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centrosymmetric media, respectively. Additionally, for efficient nonlinear optical processes, 

perfect phase-matching conditions are usually desired. Therefore, in practice, for efficient 

nonlinear frequency conversion, macroscopic birefringent crystals are often used as the 

nonlinear medium, and a high intensity input field is also required. Recent advances 

in the field of plasmonics have shown that the nonlinear generation efficiency can be 

enhanced significantly through the use of nanoscale metallic structures.[18–22] A plasmonic 

nanostructure can localize strong electromagnetic fields to a volume much smaller than 

the diffraction limit, resulting in a greatly enhanced electromagnetic field intensity which 

is essential for nonlinear optical processes. Further, in addition to the ability of these 

structures to generate enhanced fields in the nanoscale region, perfect phase-matching 

can also be tailored in plasmonic nanostructures.[23] Indeed, several previous nonlinear 

frequency conversion processes have been realized by using plasmonic nanocavities ranging 

from individual nanocavities such as single plasmonic nanoparticles[24–26] to arrays of 

nanoparticles (or metasurfaces).[1, 7, 27–31] In practice, gold (Au) is widely used to fabricate 

plasmonic nanocavities. However, Au is a centrosymmetric material that in principle 

prohibits bulk second harmonic generation (SHG) while allowing third-order nonlinear 

processes. At the nanoscale, where the surface-to-volume ratio is large (on the order of 

108 m−1), the symmetry of the Au crystal is broken at the surface, so both second and 

third nonlinear processes are allowed. Also, a general approach to enhance optical nonlinear 

processes by using plasmonic nanostructures is to overlap the fundamental input wave 

with the plasmonic resonance, which can increase the absorption rate of the input field.
[1, 7, 9, 25, 28, 29] Several other attempts have been made to match resonant modes of 

plasmonic structures with both the fundamental input frequency and the nonlinear signal 

frequencies. Further, improved phase-matching conditions for highly efficient nonlinear 

optical processes have also been realized through the use of plasmonic nanocavities.[32] 

These efforts of using plasmonic platforms to significantly enhance various nonlinear optical 

processes, such as second and third harmonic generation, four-wave-mixing or sum of 

frequency generation, have sparked tremendous interest in research and have motivated 

growth in potential applications.[33, 34] Recent articles[28, 35, 36] have discussed ways to 

enhance SHG by introducing mode-matching conditions at the fundamental and second 

harmonic frequencies of nanocube-film coupled nanopatch antennas (NPAs). Nevertheless, 

it appears that there is still much more to explore in order to achieve highly efficient SHG, 

for instance, by matching either the quadrupolar localized surface plasmon resonances or 

one of the higher-order Fabry-Pérot (FP) modes of the gap mode to appear exactly at 

the second harmonic frequency of the fundamental mode. In addition, there is a lack of 

discussion in the literature regarding conditions for phase-matching between fundamental 

and second harmonic modes for efficient SHG conversion by using NPAs. The effect 

of strong coupling in the nonlinear regime[37] has also not been investigated with these 

emerging NPA platforms that can achieve extremely strong light-matter interactions in the 

nanoscale.

In this work, we demonstrate that the SHG is significantly enhanced by employing a gap-

mode plasmonic nanocavity based on the NPA design. The gap-mode plasmon resonance 

frequency of the film-coupled nanocube NPA, which enables an enhanced photonic density 

of states in the sub-10 nm gap volume sandwiched between the nanocube and film, is 
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designed to overlap with the fundamental input frequency. Furthermore, the SHG frequency 

is coincided with the resonance frequency of NPA higher order waveguide cavity mode 

which can further enhance the conversion efficiency. Compared to other types of plasmonic 

platforms that have been demonstrated to enhance the SHG, NPAs offer the highest field 

enhancement through the formation of FP or gap-plasmon resonances leading to hot spots 

within the thin gap layer.[38–42] In our study, by measuring the SHG signals from ensembles 

of NPAs as well as from individual NPAs, we observed a SHG enhancement factor of 

104 for an ensemble of NPA structures as compared to the bare Au film. Furthermore, 

by integrating organic dye molecules having a strong absorption band at the fundamental 

resonance of the NPAs we observed second harmonic polaritons with a Rabi splitting 

of 19 meV. This interesting effect is due to the strong exciton-plasmon coupling[43] at 

the fundamental resonance of the NPA that is substantially enhanced and transferred 

coherently to the second harmonic frequency through the up-conversion process. Note that 

nonlinearities have been found to increase the sensitivity of plasmonic sensors[33] but very 

limited work exists to demonstrate nonlinear-mediated strong coupling which is clearly 

shown in our current work.

2. Methods

The plasmonic NPAs consist of 100-nm silver (Ag) nanocubes situated on a smooth 100 nm-

thick Au film. A ZnO layer separation between the nanocube and Au film is deposited via 

atomic layer deposition (ALD). The fabrication procedure of the NPAs is briefly described 

as follows: first, a Au film is deposited by an electron beam evaporator on a polished silicon 

wafer and the Au is subsequently removed from the silicon substrate and adhered to a glass 

substrate by means of the template stripping technique.[44] In this way the smoothness of the 

Au film is defined by the polished silicon surface which is atomically flat. A ZnO film (3 – 

5 nm) is then deposited on top of the Au film by the ALD method. The thickness of the ZnO 

layer is confirmed by atomic force microscopy measurements (see Supporting Information, 

Figure S1). Alternatively, instead of the ZnO layer, the Au film can be coated with a layer 

of polyelectrolyte (PE) polymer spacer through a dip coating technique.[45] Subsequently, 

Ag nanocubes (purchased from Nanocomposix, 1 mg/ml) are randomly suspended on top 

of the spacer layer to form NPAs. For ensemble NPA measurements, nanocube stock 

solution was further concentrated to around 100 mg/ml prior to deposition. Figure 1(a) 

displays a scanning electron microscopic image of a finished sample which clearly shows 

well-separated nanocubes on the surface. Statistically we observed that deposited nanocubes 

cover an approximate 5% total area of the sample. For single NPA study, nanocube stock 

solution was diluted to 0.01 mg/ml prior to deposition to allow for the identification of 

spatially selected single nanoparticles. For the integration of quantum emitters with the 

NPAs, IR-1048 dye molecules are suspended in Dimethyl Sulfoxide (DMSO) solution 

and drop-casted onto the NPAs. The high density of dye allows for molecules to situate 

themselves close to the bottom edges of NPAs, especially near the bottom corners of the 

nanocubes where the electromagnetic field is greatly enhanced. It is also important to note 

that the dye bleaches quickly due to the relatively high laser excitation density used to 

induce SHG in our experiment. Thus, having the dye suspended in solution around the NPA 

structure ensures a continuous dye presence, allowing the strong interaction to occur.
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In the optical measurement procedure, the fundamental plasmonic resonant mode of the 

sample is first characterized by measuring the white light reflection spectrum from an 

ensemble of NPAs. Once the fundamental frequency of the NPAs is determined, a tunable 

laser is tuned into resonance with the mode of the NPA and the SHG signal is recorded 

(Figure 1(b)). For single NPA optical measurements, a small pinhole aperture is placed at an 

intermediate imaging plane along the optical path to spatially filter out scattered light from 

all neighboring NPAs, thus isolating the targeted one. Further details of the optical setup are 

described in the Supporting Information section.

3. Results and Discussion

Figure 1(b) shows such a reflection spectrum for NPAs fabricated with a 3-nm ZnO gap 

thickness. A reflection dip at approximately 960 nm indicates a strong absorption band, and 

the localized gap-plasmon resonance occurs at this wavelength. Figure 1(b) also displays 

the SHG from a control sample, i.e., a bare 100-nm thick Au film without a ZnO layer 

or nanocubes. It is clear that the NPAs have significantly enhanced the SHG signal. The 

inset of Figure 1(b) shows the laser excitation power dependence on the SHG signal. The 

integrated peak intensity is plotted against the laser pump power and the slope of the fitted 

dependence line is determined to be 1.95 ± 0.02, which is very close to 2, verifying a 

second power order dependence. We further verify the role of the NPA plasmonic gap-mode 

resonance in the SHG process by tuning the wavelength of the input laser across the 

resonance peak, as shown in Figure 1(c) for another ensemble of NPAs that have a 3-nm 

ZnO spacer gap layer. As expected, while the input laser intensity is unchanged, the SHG 

peak intensity is strongest when the fundamental wavelength is at the minimum of the 

reflectance curve, i.e., at the minimum of the reflection of the NPAs where the absorption 

of the input laser is maximum, leading to the most enhanced SHG process. There is also a 

notable plasmon resonance in the NPA system at approximately 485 nm (Figure 1b), which 

is related to the resonances of higher order waveguide cavity modes in the metal-insulator-

metal geometry[38, 39, 46] and the quadrupolar modes of isolated nanocubes.[47–49] As a 

result, the SHG frequency at 480 nm is within the full-width-at-half-maximum of the NPA 

higher resonant modes which further enhances the SHG output intensity.

Figure 2(a) compares SHG signal intensities for different substrates and NPAs, which have a 

fundamental resonance at 960 nm, using the same excitation laser wavelength and intensity. 

First, for the same 3-nm layer of ZnO on glass, the SHG intensity is unnoticeable. For the 

3-nm ZnO layer on a Au film (100-nm thick), the SHG signal is very weak and identical 

to that for SHG from the bare Au film. However, when the Ag nanocubes are included, 

SHG is substantially enhanced. These measurements again provide strong evidence that the 

plasmonic gap mode has a significant role in boosting the SHG process efficiency.

In order to quantify a fair enhancement factor we compared the SHG intensities from NPAs 

and a bare Au film, while taking into account a normalization factor for the area covered by 

the nanocubes (~ 5%) and the laser excitation spot size (~ 5 μm). An enhancement factor of 

10,700 is extracted for an ensemble of NPAs. While our experimental setup does not allow 

us to determine the SHG conversion efficiency, the measured SHG enhancement factor of 

our work is comparable to that of periodic arrays of NPAs as reported by Zeng et al.[28]. 
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Nevertheless, in our NPA design, a ZnO spacer gap layer is used in contrast to a polymer 

shell which can potentially be damaged by the intense input laser that is needed to achieve 

high SHG efficiencies. Figure 2(b) compares SHG from NPAs with two different spacer 

materials, namely, ZnO and PE polymer, while using the same excitation conditions. It is 

clear that SHG effciency is strongly dependent on the spacer gap. This is in agreement with 

the fact that the second-order susceptibility of ZnO (~ 10.2 pm/V)[50, 51] is higher than 

that of PE polymer (~ 6.5 pm/V);[52] hence the SHG from NPAs with a ZnO gap is higher 

than the SHG from NPAs with a PE gap. However, it is also important to note that the 

metal-dielectric interfaces may play a role apart from having a higher value second-order 

susceptibility. Previous investigations using gap-mode plasmonic platforms to enhance SHG 

efficiency have led to several different conclusions regarding the origin of the up-conversion 

process. Some have focused on the use of nonlinear materials within the nanogap,[1, 7] while 

others have argued that the metal/dielectric interface is also responsible for the enhanced 

SHG.[53]

The SHG is theoretically investigated by using COMSOL Multiphysics nonlinear 

simulations to model the three different substrates (3-nm ZnO on glass, 3-nm ZnO on Au 

film, 100-nm Au film) and the proposed NPA structure. Figure 2(c) verifies that the SHG 

is significantly enhanced only by the NPA structure which is in excellent agreement with 

Figure 2(a). We note that the results presented in Figure 2(c) were obtained by multiplying 

the continuous wave simulation results obtained in the frequency domain with a frequency-

domain Gaussian profile that imitates the envelope of the pulsed laser illumination in 

our experiment. The field enhancement induced along the structure by the incident wave 

is calculated by the maximum ratio E/E0, where E0 represents the incident electric field 

amplitude of the input wave and E is the induced maximum electric field in the nanogap. 

The result at the fundamental resonance is demonstrated in Figure 2(d). Further details about 

the linear and nonlinear simulations are provided in the Supporting Information.

Next, we present the SHG enhancement results from measurements of single NPAs. 

Several previous works have reported the SHG enhancement from an ensemble of NPAs, 

but none has shown nonlinear-scattering measurements of single NPAs. Indeed, the SHG 

enhancement measurements from a single NPA are somewhat technically challenging 

because of the relatively weak nonlinear signal as well as weak light scattering at the 

fundamental frequency. In our approach, we first identify individual NPAs by imaging SHG 

from a diluted sample (1/100 of nanocube stock solution). Once an NPA is identified, it is 

spatially filtered by a pinhole at an image plane and is spectrally characterized in both the 

SHG intensity and dark field scattering.

Figure 3(a) shows the measured SHG spectra from a single NPA by using various excitation 

powers. The dark-field linear scattering spectrum of this particular NPA is shown in Figure 

3(b). By tuning the laser fundamental wavelength to near the maximum of the scattering 

spectra, the SHG is recorded and the input-output relationship between the fundamental 

laser and the SHG signal is shown in the inset of Figure 3(a). Once again, the power 

dependent slope (~ 1.924) is very close to 2 indicating the second order nonlinear process 

nature. Figure 3(c) shows the SHG camera image of several isolated NPAs which are 

spectrally filtered by a bandpass filter centered at 480 nm. By comparing the integrated 
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SHG peak intensity from a single NPA with a bare Au film and taking into account the 

normalization factor due to the laser excitation spot size and the size of the nanocube 

(100-nm), we extract an enhancement factor of 2,070 for this particular isolated NPA. The 

extracted enhanced value for this particular NPA is different from the value obtained for 

an ensemble of NPAs as described above, which is attributed to the unavoidable variation 

among NPAs and their gap thicknesses (as a result of roughness of the ZnO spacer layer, 

for example). Indeed, the slight difference in the nanocube size (100 ± 10 nm) and the small 

variation in the thickness of the ZnO gap underneath each individual nanocube leads to 

a variation in the fundamental resonance wavelength. Figure S3 (Supporting Information) 

shows scattering spectra of several individual NPAs (by using a pinhole as the spatial filter 

at an image plane from the same sample that is presented in Figure 3b). Clearly, there is a 

variation in the fundamental resonant wavelength between NPAs, from approximately 950 

nm to 1050 nm.

Our next step in investigating more complicated nonlinear light-matter interactions, such as 

nonlinear strong coupling response, is to integrate quantum emitters (IR-1048 dye molecules 

suspended in DMSO) with NPAs. Because the IR-1048 has a strong absorption band in the 

900–1050 nm range, the NPAs are designed to have a gap-mode resonance in this frequency 

range. Figure 4(a) presents the linear characterizations of NPA reflection (without dye, red 

curve) and IR-1048 dye absorption (without NPA, cyan curve). To improve the detection 

efficiency of our optical system, we have chosen to work with the higher dye absorption 

band near 930 nm. Therefore, Figure 4(a) shows a clear spectral overlap between the NPA 

fundamental mode and the dye absorption band at approximately 930 nm - 940 nm, which 

is important for exciton-plasmon coupling.[43] Figure 4(b) shows SHG measurements from 

the same NPA sample in two cases, with and without dye molecules, by using the same 

input pump laser power of 6 mW (measured before the objective lens). Interestingly, when 

the IR-1048 dye is included, the SHG peak broadens and splits into two distinguished 

peaks, which are attributed to the upper and lower nonlinear second-order polaritonic states. 

Hence, the strong exciton-plasmon coupling in the presence of the NPAs leads to the 

formation of polaritons, a hybrid light/matter state, at the fundamental frequency, and these 

are subsequently up-converted to SH nonlinear polaritons with a pronounced Rabi splitting 

ΔE = 19 meV. It should be noted that the SH nonlinear polaritons are observed with a 

relatively high dye concentration (~ 65 mM) and tend to be unstable under higher excitation 

input power mainly due to the dye quenching effect. In an earlier theoretical work,[30] 

Drobnyh and Sukharev demonstrated a Rabi splitting up to 68 meV at the SH frequency 

by incorporating emitters that have an absorption band at the fundamental frequency of 

nanohole arrays. A recent work by Li et. al.[37] has experimentally demonstrated a large 

Rabi splitting at the SH frequency of a strongly coupled plasmonic nanorod and WSe2 

monolayer. We believe that for an optical platform that has a narrower resonance bandwidth 

(or higher quality factor) than the currently employed NPAs, a wider energy splitting and 

more pronounced nonlinear polaritonic states can be achieved. We would like to note 

that in principle one could also observe the exciton-plasmon coupling at the fundamental 

frequency by observing an energy splitting in the reflectance spectrum of an NPA/dye 

hybrid structure or in the scattering response of a single NPA.[43] However, the relatively 

broad resonance band of the NPAs (~ 200 meV) is approximately twenty times broader 
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than the expected energy splitting (which should be approximately equal to ΔE/2) at the 

fundamental frequency. It is therefore very challenging to observe such a splitting in the 

white light reflectance spectrum (Figure 4(a)) at the fundamental frequency. Indeed, we 

have recorded the reflection spectrum of the pump laser itself as it is scanned through 

the resonance of the NPAs in order to observe an energy splitting at the fundamental 

frequency. Such a measurement result is presented in the Supporting Information (Figure 

S2), where an energy splitting of approximately 9 meV (~ΔE/2) is in fact observed. Further, 

the energy splitting value will be dependent on the input pump laser intensity as well as the 

emitter density. Therefore, for future studies of nonlinear polaritonic states, robust quantum 

nanomaterials such colloidal quantum dots (for example PbS quantum dots) or 2D materials 

(such as black phosphorous) can be used. Furthermore, we would like to point out that in 

principle one could vary the ZnO gap thickness or change the nanocube’s size to tune the 

fundamental frequency of the NPAs across the dye absorption band in order to demonstrate 

an anti-crossing behavior, which is solid evidence of the strong coupling between dye 

molecules and NPAs. However, a specific limitation of our experimental setup is that our 

camera detection efficiency is limited to 450 −1050 nm range and, hence, does not allow us 

to have a great flexibility to demonstrate such an anti-crossing behavior in a broad frequency 

range. For example, a small change in either the ZnO thickness or the nanocube size could 

result in a large shift at the fundamental resonant wavelength from the 950 −1050 nm range, 

significantly reducing the detection efficiency at both the fundamental and second-harmonic 

frequencies. Nevertheless, based on our measurements demonstrated in Figures 4 and S2, 

it is reasonable to conclude the presence of strong coupling in the dye/NPA configuration 

occurring at both the fundamental and second-harmonic frequencies.

4. Conclusion

In conclusion, we have investigated the enhanced SHG by using gap-plasmon mode NPAs. 

The nanocube-Au film hybrid structure enhances SHG by up to four orders of magnitude. 

More interestingly, by integrating quantum emitters within the NPA system we demonstrate 

the SHG nonlinear response of the exciton-polariton with a large Rabi splitting. Our results 

pave the way for optical designs that could support nonlinear polaritonic states and even 

long-range nonlinear polariton condensates in NPA arrays forming metasurfaces, which are 

expected to be very important for quantum information science.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plasmonic NPAs for SHG enhancement.
(a) SEM image of a NPA sample. The schematic shows the sample structure and sketch 

of the optical mode at the fundamental resonance. (b) Representative reflectance spectrum 

(black) of NPAs composed of 100-nm nanocubes separated from a Au film by a 3-nm ZnO 

layer. The dashed black line indicates the pump laser while the red and blue curves show 

the SHG signal from samples with and without NPAs. The inset shows the power dependent 

SHG intensity. (c) Excitation wavelength dependent SHG signal (left/bottom axes) and the 

reflectance spectrum at the fundamental frequency (top/right axes).
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Figure 2. Substrate dependent SHG intensities.
(a) Comparison of measured SHG spectra from NPA, ZnO, Au and ZnO/Au. The vertical 

axis is slightly offset for clarity. (b) Comparison of the SHG spectra from NPAs with 

ZnO and PE spacer gaps. (c) Computational study of the SHG spectra from NPA using a 

ZnO spacer gap, ZnO, Au and ZnO/Au. (d) Computed field distribution at the fundamental 

frequency of NPAs by using ZnO as the spacer layer.
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Figure 3. SHG of single NPAs.
(a) Power dependent SHG spectra from a single NPA. The inset shows the excitation power 

dependent SHG intensity. (b) Dark-field linear scattering spectrum of the NPA measured in 

(a). (c) Camera image of SHG signal from individual NPAs.
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Figure 4. SH exciton-polaritons and strong coupling in the nonlinear regime.
(a) Linear NPA reflection (without dye, red) and the IR-1048 dye absorption (cyan, without 

NPA). (b) SHG nonlinear signal with and without dye. Substantial resonance splitting in 

SHG is obtained only in the case of strong coupling (with dye curve). The inset shows a 

schematic of the dye/NPA structure.
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