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Abstract—On-chip third harmonic generation (THG) and its 

inverse process, namely the generation of entangled triplet 

photons with Greenberger-Horne-Zeilinger (GHZ) state, have 

attracted much interest in the last decade. To enhance the 

conversion efficiency or photon creation rate in optical 

waveguides, phase matching is a crucial condition which must be 

satisfied. However, material dispersion usually prevents the phase 

matching condition (PMC) between input pump and generated 

radiation when they are both guided in the fundamental modes. In 

this paper, a dielectric-loaded waveguide based on fundamental 

mode photon-plasmon coupling is proposed for efficient THG and 

triplet photon generation (TPG). Leveraging on the unique 

dispersion properties of transparent conductive oxide, the third 

harmonic radiation can be guided by the conventional photonic 

mode in the near-infrared, while the pump frequency is confined 

by surface plasmon polariton (SPP) mode in the mid-infrared. 

According to our simulations, the THG efficiency and TPG rate 

can achieve ~10-4 and 32 Hz, respectively. The proposed 

waveguide can be a promising platform for all-optical and 

quantum signal processing. 

 

Index Terms—Harmonic generation, nonlinear signal 

processing, guided waves, quantum optics 

 

I. INTRODUCTION 

hird harmonic generation (THG) has attracted great 

research interests in recent years because of its wide range 

of application in various areas such signal processing [1], 

imaging [2], etc. Particularly, its inverse process, the triplet 

photon generation (TPG), provides a direct approach for 

spontaneous three-photon parametric down-conversion [3-10], 

in which a photon propagating in a nonlinear material 
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spontaneously splits into three photons with energy 

conservation. Unlike the THG, TPG is quantum in nature [11] 

and represents a three-photon Greenberger-Horne-Zeilinger 

(GHZ) state [12], whose three-body quantum entanglement can 

be more generally employed for quantum optics experiments. 

Since both THG and TPG share the same phase matching 

condition (PMC) and nonlinear coupling coefficients, the 

efficiency of the two processes are strongly correlated. 

Generally, both plasmonic and dielectric structures can be 

used to enhance the nonlinear effect [13-15]. Until now, various 

approaches had been proposed or experimentally demonstrated 

for THG/TPG, such as photonic crystal waveguide [16], 

plasmonic waveguide [17, 18], germanium-on-silicon 

waveguide [19], microring resonator [20], chalcogenide fiber 

[21], glass microfiber [22], and highly germania-doped fiber 

[23]. Although these are certainly significant steps on THG, 

direct implementation of TPG are still challenge for most of 

these approaches. One of the reasons is the utilization of 

inter-modal phase matching techniques which means the third 

harmonic radiation is propagating in a higher-order mode 

(HOM). Therefore, for the TPG process, the pump must be 

launched in this specific mode and thus an additional mode 

conversion is needed before the photon creation process. 

Generally speaking, it is rather difficult to excite the radiation 

mode in photonic crystal waveguides [16] or the slot mode in 

plasmonic waveguides [17, 18]. Furthermore, for HOMs, there 

always exist anti-phase field distribution, which contributes 

negatively to the overall mode overlap and consequently 

reduces the nonlinear coupling coefficients. To overcome this 

limitation, it is desired that the two fundamental modes at pump 

and harmonic can be phase-matched, namely intra-modal PMC. 

In [24], a hybrid photonic crystal fiber is designed for this 

purpose. In this fiber, leveraging on the photonic bandgap 

guiding mechanism, the phase-matched interaction can be 

occurred between the fundamental photonic mode at the pump 

frequency and the bandgap mode at the harmonic frequency. 

The fiber-based THG/TPG devices possess the advantage of 

long interaction length, but they are not suitable for on-chip 

planar integration.   

Recently, transparent conductive oxide (TCO), such as 

indium cadmium oxide (CdO) and indium tin oxide (ITO) have 

gathered significant attentions as alternative materials for 

plasmonic and metamaterials applications. This is because the 
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carrier concentration of these materials can be modified by 

heavily doping, electrical gating or post-deposition rapid 

thermal annealing processes so as to tailoring their complex 

refractive indices [25-28]. Furthermore, according to the 

dispersion curves, at longer wavelength such as in the 

mid-infrared (MIR), they behave like metals with the real part 

of their dielectric constants being negative, whereas at shorter 

wavelength such as in the near-infrared (NIR), they are more 

dielectric-like. However, currently the metallic feature seems to 

be more exciting since it plays significant roles in modulators 

and sensors. On the contrary, their dielectric property is not that 

attractive.  

      In this paper, for the first time, we exploit both NIR and 

MIR characteristics of TCO for THG/TPG. In the MIR, it 
supports surface plasmon polariton (SPP) modes, while in the 

NIR, a photonic mode is formed within the dielectric 

waveguide loaded on the CdO substrate. Due to the lifted wave 

vector of SPP mode in the MIR, the chromatic dispersion over 

triple frequency interval is overcome leading to 

fundamental-mode phase-matching between SPP mode and 

photonic mode for THG/TPG processes. This waveguide can 

be used for THG-based MIR-NIR up-conversion detection and 

TPG-based entangled photon generation in MIR within the 

atmospheric transparency window.  

II. CONCEPT AND WAVEGUIDE DESIGN  

The proposed structure is schematically shown in Fig. 1(a). It is 

a dielectric-loaded waveguide with CdO as substrate and the 

nonlinear organic material 2-[4dimethylamino)phenyl]-3-{[4-( 

dimethylamino)phenyl]ethynyl}buta-1,3-diene-1,1,4,4tetracar

bonitrile (DDMEBT) as strip waveguide. For CdO, the 
dielectric constant can be described according to the Drude 

model [28] 
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where ɛ′ and ɛ′′ are the real and imaginary parts of the 

permittivity, ɛ∞ is the high-frequency limit of the permittivity, 
ωp is the plasma frequency, ω is the angular frequency of light 

and γ is the damping rate. In Eq. (2), n is the electron density, e 

is the electron charge, ɛ0 is the vacuum absolute permittivity 

and meff is the electron effective mass. And the value of n, e, ɛ0, 

γ, meff and ɛ∞ are 2.8×1026 m-3, 1.602×10-19 C, 8.854×10-12 

F/ m, 2.92×1013 rad/s, 1.823e-31 kg and 5.5 F/m, respectively.  

 

Fig. 1 (a) Schematic diagram of the THG/TPG waveguide, (b) CdO permittivity 

versus wavelength. 

According to Eq. (1) and (2), the dispersion relation of CdO 

is highly dependent on the carrier density. A typical dispersion 

curve is demonstrated in Fig. 1(b). It is shown that the real part 

of the dielectric constant becomes negative from ~2 μm, thus 

supporting plasmonic modes at longer wavelengths, while at 

short wavelengths, its value is positive with a small imaginary 

part thus behaving as dielectric material. Here we consider the 
interaction between modes at 1.55 μm and 4.65 μm. The 

refractive indices of DDMEBT is 1.7973 and 1.7656 [29], 

respectively. According to Fig. 1(b), at 1.55 μm, the index of 

DDMEBT is larger than the substrate and a photonic mode can 

be formed within the waveguide due to total internal reflection. 

With waveguide height HD=1.4 μm, the effective indices of the 

plasmonic mode at 4.65 μm and photonic mode at 1.55 μm at 

different waveguide widths WD are demonstrated in Fig. 2(a). 

At WD=2.23 μm, the effective indices of the fundamental mode 

in the MIR and NIR are 1.7118+0.0176i and 1.7118+0.0015i, 

respectively, indicating that the PMC is satisfied. The 
corresponding electric mode profiles are illustrated in Fig. 2(b) 

and (c). Obviously, these two modes present typical features of 

surface plasmon and conventional total internal reflection, 

respectively, and therefore the third-order nonlinear coupling 

will happen between these two heterogeneous waves. 

Furthermore, the loss of the photonic mode is as low as ~0.05 

dB/μm, which is ~14 times lower than the one in inter-modal 

phase-matched plasmonic waveguide [17], in which both the 

pump and harmonic modes are in the form of plasmons.  

The above-mentioned fundamental mode PMC is not an 

exception in this waveguide. By varying the structure 

parameters, different PMCs can be achieved, as shown in Fig. 3. 
With each waveguide height, there is a specific width for PMC. 

Particularly, it can be found that when the height is increased to 
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~1.4 μm, the target width becomes less sensitive to height 

indicating larger fabrication-error tolerance.   

 

Fig. 2 (a) The effective indices of the plasmonic mode at 4.65 μm and photonic 

mode at 1.55 μm at different waveguide widths WD with HD=1.4 μm. Electric 

mode profiles of (b) plasmonic mode and (c) photonic mode at the phase 

matching condition. 

 

Fig. 3 The PMCs for different waveguide structures. 

III. THG PERFORMANCE IN THE PROPOSED WAVEGUIDE 

For the THG process, the performance is investigated by 

solving the coupled nonlinear Schrödinger equations [19], 
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where E1, E3 are the complex amplitudes of pump and harmonic, 

Δβ1=β1,3-β1,1 denotes the group velocity mismatch, β1,1, β1,3 are 

the inverse of group velocity of pump and harmonic, 

respectively, △k＝k3-3k1 is the phase mismatch, β2,1, β2,3 are the 

group velocity dispersion of pump and harmonic, respectively, 

γ11, γ13, γ33, and γ31 are the nonlinear phase modulation 

coefficients and γ1 and γ3 are the coefficients for THG. The 

nonlinear refractive indices of CdO and DDMEBT are 

2.4×10-15 m2·W-1 and 8.5×10-18 m2·W-1, respectively [30, 31]. 

Under the condition of HD=1.4 μm and WD=2.23 μm, the 
corresponding parameters are summarized in Table I.  

TABLE I 

WAVEGUIDE PHYSICAL PARAMETERS 

β1,1 (s·m-1) 8.606×10-9 β1,3 (s·m-1) 6.852×10-9 

β2,1 (s2·m-1) 1.103×10-23 β2,3 (s2·m-1) 1.056×10-24 

γ11 (m-1·W-1) 95.050 γ13 (m-1·W-1) 15.924 

γ33 (m-1·W-1) 58.382 γ31 (m-1·W-1) 47.771 

γ1 (m-1·W-1) 16.131 γ3 (m-1·W-1) 16.131 

Firstly, the THG performance under pulsed pump is 

investigated with a peak power of 100 W and pulse width of 

100 fs. Such pump wave can be obtained by using PPLN-based 

optical parametric oscillator [32]. Fig. 4(a) plots the conversion 

efficiency along the waveguide length. The conversion 

efficiency reaches maximum of 1.72×10-4 after propagating 

~34 μm. After this well-determined propagation length, the 

pump power drops thereby so inducing a parametric gain not 

large enough to compensate the harmonic loss, and then a 

deamplification manifests itself resulting in lower efficiency. 
The generated harmonic peak power dependence on the pump 

peak power and their corresponding waveguide lengths are 

demonstrated in Fig. 4(b). The output power roughly satisfies 

the third-order exponential relation with input pump and the 

peak position also decreases with enhanced pump. The 

conversion at different PMC geometries are shown in Fig. 4(c), 

it can be found that the peak conversion efficiency can always 

be maintained above 1×10-4, indicating a large flexibility in the 

fabrication. The optimal waveguide height is ~1.4 μm. 

However, with waveguide higher than 1.3 μm, the achieved 

efficiency is quite close. 

Next, we consider the condition when the waveguide is 
pumped by a continuous wave (CW) with 2 W power as the 

same of germanium on silicon (Ge-on-Si) waveguide with 

cross section of 2.92 μm × 5.79 μm, bulk material loss 

coefficients of 1.5 dB/cm, effective area of 9.82 μm2, and phase 

mismatch of -5.15×105 m-1 [19]. According to Fig. 5, an output 

TH power of 28.8×10-2 μW is obtained with transmission 

length of 38.1 μm. In our case, though the linear phase 

mismatch △k is designed to be zero, the THG process still 

suffers from the nonlinear phase mismatch, which can be 

estimated by κTHG=△k + (2γ31-3γ11)PMIR, where PMIR is the 

THG pump power. A scale length Lcoh, also named as the 
coherence length, can be defined as Lcoh = π/|κTHG|, so as to 

estimate the largest value of the waveguide length after which 

the THG process becomes suppressed. The Lcoh with 2 W power 

is ~0.82 cm. Comparing to the transmission length with peak 

efficiency showing in Fig. 5, the Lcoh  is far less than the latter 

which means the intrinsic loss of the waveguide is dominated in 

the THG process. Nevertheless, such conversion and 

corresponding waveguide length are ~24 times and ~1/350 that 

of the Ge-on-Si waveguide when considering two fundamental 
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modes interaction indicating much more power-efficient and 

compact footprint.  

 

Fig. 4 Optical pulse evolutions along the waveguide with 0.1 ps, 100W pump 

pulse. (a) Pump pulse power (b) TH pulse power (c) peak power and waveguide 

length with respect to different peak power of pulse, and (d) the efficiency 

under different PMC geometries.  

 

Fig. 5 TH power with respect to the waveguide length pumped by a CW with 2 

W power.  

The fabrication-error tolerance and wavelength-shift 

tolerance is highly related to the phase mismatch Δk. Fig. 6 

illustrates conversion contour plot with respect to the phase 

mismatch and propagation distance. Considering 3 dB 

conversion variation range, the mismatch tolerance is 

-1.45×105 m-1 to 1.19×105 m-1, which roughly corresponds to 

variations of waveguide height, waveguide width and pump 

wavelength of ±425 nm, ±355 nm, and ±249 nm, respectively. 
Therefore, the proposed waveguide exhibits the advantages of 

strong fabrication-error tolerance and wavelength-shift 

tolerance, respectively. 

 

Fig. 6 The conversion efficiency with respect to the phase mismatch and 

propagation length. 

IV. TPG PERFORMANCE IN THE PROPOSED WAVEGUIDE 

The results presents above show that the proposed waveguide is 

suitable for efficient THG. Note that in this configuration, the 

harmonic radiation is in the fundamental photonic mode. This 

feature makes it a promising candidate for the reversed process, 

namely TPG. Unlike other waveguides based on inter-modal 

phase matching, the pump beam can be easily coupled without 
the requirement of complex mode conversion. Additionally, by 

pumping at fiber communication wavelength of 1.55 μm, the 

wavelength of the generated triplet photon matches the 

atmospheric window transparency in the MIR, which can be a 

potential bridge between fiber-optic classic and free-space 

quantum communications. The TPG rate spectral density is 

given by [5] 
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where κ=△k + (γ33-6γ13)P, P is the pump power, and ωr,s,i, k' r,s,i, 

and nr,s,i, are the angular frequency, first-order derivative, and 

indices of the triplet photons, respectively, which must satisfy 

the energy conservation ωp=ωr+ωs+ωi. By using a six-order 

polynomial fitting for the propagation constants and their 

first-order derivative, the calculated normalized triplet photon 
spectral density is shown in Fig. 7(a). The x-axis and y-axis 

indicate the wavelengths where any two generated photons 

locate during TPG process. It can be found that the spectral 

density map is slightly different from the conventional one with 

nearly elliptical shape [3, 24]. This can be attributed to the 

strong dispersion of the plasmonic mode in the MIR. With a 

single frequency pump power of 200 mW, Fig. 7(b) plots the 

triplet generation rate with different interaction length. Since 

the waveguide considered here is short, a nearly linear relation 

between TPG rate and length is obtained. However, with longer 

waveguides, the loss will limit the further increment of the TPG 
rate. With 30 μm waveguides, we estimate a TPG rate of ~32 

Hz, which is even higher than the fiber-based TPG device with 

centimeter length [24].  

V. DISCUSSION AND CONCLUSION 

It should be mentioned that compared to NIR detectors, those in 

the spectral ranges of MIR are more expensive and inefficient 

[33, 34]. Particularly, from the viewpoint of TPG, the single 

photon detector at MIR is still not available at this moment. 

However, with the fast development of quantum 
communication and probe technologies, extending the single 

photon detection to the MIR is an inevitable trend. We believe 

there will be a breakthrough in this area in the near future. It is 

also known that, in the MIR, there are a number of applications 

such as chemical or gas sensing [35, 36], biomedical 

application [37], and laser identification detection and ranging 

(LIDAR) [38]. Alternatively, a low-noise MIR detector can be 

implemented with a NIR detector and harmonic generation 

from MIR to NIR [39]. Therefore, to facilitate such applications, 

from the viewpoint of THG, the proposed waveguide provides 

a promising platform for upconversion detection. Comparing to 

the second harmonic generation (SHG), benefit from the triple 
frequency interval between pump and harmonic, upconversion 

detection can be realized in even longer wavelength. Note that, 

though only 1.55 μm-4.65 μm interaction is discussed in this 

paper, the proposed approach can easily extend to other MIR 

wavelength by fabricating CdO substrate with proper carrier 

density and designing the waveguide geometries, 

simultaneously.  

    For fabrication, the bottom CdO can be prepared by reactive 

high-power impulse magnetron sputtering (HiPIMS) and the 

detail fabrication process is descripted in [28]. The DDMEBT 

waveguide can be fabricated by organic molecular beam 
deposition in a high vacuum with proper pressure, temperature, 

and deposition rate [29] followed by E-beam lithography and 

plasma etching [40]. 

In summary, we have proposed a dielectric-loaded 

waveguide for THG/TPG. Based on the unique characteristics 

of transparent conductive oxide CdO, the PMC between the 

fundamental plasmonic mode in the MIR and the photonic 

mode in the NIR is achieved. By optimizing the waveguide 

structure, the THG process in this waveguide is investigated in 

detail. More importantly, the fundamental photonic mode 
nature at the harmonic wavelength makes the waveguide a 

promising platform for integrated TPG. According to our 

simulations, a TPG rate up to 32 Hz can be achieved under 200 

mW pump. The proposed structure can play a significant role in 

the areas of on-chip MIR up-conversion detection, wavelength 

conversion, and quantum signal processing. 

 
Fig. 7 (a) Normalized spectral density of TPG rate, and (b) TPG rate as a 

function of the waveguide length with the pump power of 200 mW at 1.55 μm. 
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