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Abstract: Highly efficient second harmonic generation (SHG) bridging the 

mid-infrared (IR) and near-IR wavelengths in a coupled hyperbolic 

metamaterial waveguide with a nonlinear-polymer-filled nanoscale slot is 

theoretically investigated. By engineering the geometrical parameters, the 

collinear phase matching condition is satisfied between the even hybrid 

modes at the fundamental frequency (3,100 nm) and the second harmonic 

(1,550 nm). Two modes manifest the great field overlap and the significant 

field enhancement in the nonlinear integration area (i.e. the slot), which 

leads to extreme large nonlinear coupling coefficient. For a low pumping 

power of 100 mW, the device length is as short as 2.19 µm and the 

normalized conversion efficiency comes up to more than 6.37 × 105 

W−1cm−2 which outperforms that of the plasmonic-based structures. 

Moreover, the efficient SHG can be achieved with great phase matching 

tolerance, i.e., a small theoretical fabrication-error sensitivity to filling ratio 

and a broad pump bandwidth in a compact device length of 2.19 µm using 

100 mW pump. The proposed scheme links the mature near-IR devices to 

the mid-IR regime and have a great potential for integrated chip-scale all-

optical signal processes. 
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1. Introduction 

Mid-infrared (IR), defined as wavelengths from 2 µm to 6 µm, has great potentials in 

chemical and bio-molecular sensing, free space communication, and thermal imaging for both 

civil and military purposes [1–3]. Yet, sources and detectors comparable to those in the near- 

IR regime have not yet emerged in this wavelength range [4]. To bridge the mid-IR to near-IR 

gap, novel devices based on four wave mixing and second harmonic generation (SHG) are 

theoretically conceived and experimentally demonstrated [3, 5–7]. However, the conversion 

efficiency may be increased by using lower-order nonlinear processes with larger nonlinear 
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susceptibilities [8]. The surface plasmon polarizations (SPPs) enable light confinement 

beyond diffraction limit and field enhancement of localized intensities, which facilities the 

nonlinear processes remarkably. The SHG has been presented in plasmonic slot waveguides 

[9, 10], long-range plasmonic waveguides [11], hybrid plasmonic waveguides [12] and 

plasmonic core-shell nanowires [13]. A promising way of further improving the conversion 

efficiency is the integration of plasmonic-based structures and the organic polymer with large 

nonlinear susceptibilities [8]. For example, the electrically controlled second harmonic 

generation (SHG) in plasmonic slot with polymers was demonstrated experimentally in [14]. 

More recently, efficient SHG in silicon-organic hybrid plasmonic waveguides with large 

phase mismatch tolerance [7] and in nonlinear polymer infiltrated plasmonic slot waveguide 

with normalized conversion efficiency above 1.3 × 105 W−1cm−2 [15] are theoretically 

investigated. 

The hyperbolic metamaterials (HMs), which are consisted of layered metal-dielectric 

structures or nanowire arrays, have drawn significant interest very recently [16–22]. The HM 

display open-curved hyperbolic dispersion, which originates from one of the principal 

components of their electric effective tensor having the opposite sign to the other two [23]. 

Extremely large wave vectors are supported in the HM due to the unbound hyperbolic 

dispersion [24]. The giant momentum mismatch between the HM and air results in total 

internal reflection at the interfaces [24, 25]. So the HM waveguide enables the deep sub-

wavelength confinement with ultrahigh effective index [25], which exceeds those of 

traditional plasmonic-based structures. Due to the normal electric displacement continuity, 

significant electric field enhancement occurs at the low-index slot region of the coupled HM 

waveguides [26]. In contrary, nonlinear optical processes associated with HMs remain 

relatively unexplored compared with their linear counterparts. 

To further increase the efficiency of SHG, reduce the power consumptions and scale down 

the footprints, HM-based devices are the most promising candidates. A coupled HM 

waveguide with a nonlinear-polymer-filled nanoscale slot is proposed in this work for 

efficient SHG. The hybridization of two coupled HM waveguides enhances the optical field 

dramatically within the polymeric slot, which opens up opportunities for further improving 

the performance of nonlinear processes under low pumping power in short propagation 

distance. Based on this HM slot waveguide, we theoretically investigated the second-order 

wavelength conversion between the mid-IR (3,100 nm) and the near-IR (1,550 nm). Both the 

great field overlap and the significant field enhancement in the polymeric slot facilitate the 

nonlinear wavelength conversion. The normalized conversion efficiency is studied with 

different pumping powers and efficient SHG can be achieved with great phase matching 

tolerance, i.e., a small theoretical fabrication-error sensitivity to filling ratio and a broad 

bandwidth in a device of less than 2.3 µm long. For a low pumping power of 100 mW, the 

device length is as short as 2.19 µm and the normalized conversion efficiency reaches more 

than 6.37 × 10
5 W−1cm−2 which exceeds that in plasmonic-based structures. The proposed 

waveguide have a great potential for integrated all-optical signal processes. 
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2. Waveguide structure and design procedure 

2.1 waveguide structure 

 

Fig. 1. Schematic of the proposed waveguide with a nonlinear-polymer-filled nanoscale slot. 

The Fig. 1 shows the schematic of the proposed HM slot waveguides. Two identical HM 

waveguides composed of alternating metal-dielectric multi layers [25, 26] with a square cross 

section of 250 nm × 250 nm are placed adjacent to the both sides of a nonlinear organic 

polymer in the slot (height g = 20 nm). The assumed polymer is a doped, cross-linked organic 

polymer with a nonlinear susceptibility of χ(2)
111 = 619 pm/V [15, 27] and refractive index n = 

1.68 at the wavelength of λ = 1,550 nm (n = 1.58 at λ 3,100 nm) [24]. The hyperbolic 

metamaterials were composed by alternate thin layers of silver (Ag, filling ratio fr) and 

germanium (Ge) with a pitch thickness of 10 nm [24]. The metamaterial can be treated as a 

homogeneous effective medium [25, 26]. The linear modal properties taking into the 

nonlinear coupling wave equations are the complex effective index and the field distribution 

in the slot. The difference between these two properties derived from the effective medium 

approximation and the multi-layer structures are less than 1%. The principle components of 

the anisotropic permittivity tensor are given by [28]: 

 

(1 )

.
(1 )

x z r Ag r Ge

Ag Ge

y

r Ge r Ag

f f

f f

ε ε ε ε

ε ε
ε

ε ε

= = + −

=
+ −

 (1) 

The permittivity of Ag εAg is derived from the Drude model: 

 2 2( ) ( ),Ag p iε ω ε ω ω ωγ∞= − +  (2) 

with a background dielectric constant ε∞ = 5, plasma frequency ωp = 1.38 × 1016 rad/s, and 

collision frequency γ = 5.07 × 1013 rad/s [29]. The permittivity of Ge εGe is described by [30]: 

 2 2 2 29.28156 6.72880 / ( 0.44105) 0.21307 / ( 3870.1).Geε λ λ λ λ= + − + −  (3) 

By tuning filling ratio fr and the operation wavelength, one can attain the hyperbolic regime 

when εx = εz< 0 and εy> 0. 
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2.2 Phase match condition and nonlinear coupling coefficient 

 

Fig. 2. The Ey profiles of (a) EHM(1,2) at 3,100 nm, (b) EHM(1,1) at 1,550 nm with fr = 0.57 

using the effective medium approximation. 

To increase the SHG efficiency in terms of higher conversion yield and smaller device 

footprint, we need to increase nonlinear coupling coefficients (NCC) and reduce propagation 

attenuation while satisfying the phase matching condition [31]. The first key factor under 

consideration is the NCC between the interacting modes. The improper spatial overlap 

between modes with different concentrations or different symmetries will result in small 

NCC, which inevitably leads to a poor SHG efficiency. The electric field of the guided mode 

propagating along the + z direction can be expressed in the following form [31]: 

 ( , , ) ( ) ( , ) exp[( * 2) ],e x y z A z E x y i zβ α= +  (4) 

where A(z) is the slowly varying complex mode amplitudes, E(x, y) is the normalized modal 

profile. The wave number 2 Re( )effnβ π λ=  and the attenuation coefficient 

4 Im( )effnα π λ= are derived from the complex effective index neff calculated from the 

commercial finite-element-method solver COMSOLTM. Then the NCC κ1, 2 is defined as [15]: 

 

(2) * '

1 0

(2) '

2 0

[ : ( , ) ( , ) ( , )]

[ : ( , ) ( , ) ( , )] ,

SH FF FF

FF FF SH

E x y E x y E x y dxdy

E x y E x y E x y dxdy

κ ε χ

κ ε χ

= ⋅

= ⋅




 (5) 

where E’(x, y) is the normalized mode profile of the corresponding guided mode that 

propagates along opposite direction. The subscripts SH and FF represent the second harmonic 

(1,550 nm) and the fundamental frequency (3,100 nm), respectively. 

For the mode order (mx, my), mx and my represent the number of peaks in the principal 

component of the electric field inside the individual HM waveguide along the x and y 

direction, respectively. The proposed HM slot waveguide supports the even hybridization of 

individual modes. The even hybrid modes (EHMs) not only inherit all of the advantages of 

individual modes listed above but also present some unique features [26], such as a greatly 

enhanced field in the low-index polymeric slot due to the slot effect [32, 33]. To make the 

most use of the material nonlinearity, the EHMs with mx = 1 exhibiting a zero phase 

accumulation (a constant phase) along the x direction [25] are preferred. 

Since high-order modes tend to have a larger mode index, which leads to higher 

absorption losses due to tighter field confinement [25]. The EHMs with lower mx and my are 

preferred for reducing propagation attenuation. Considering the mode overlap and 

propagation attenuation, the lowest two order EHMs(mx = 1, my) with my = 1 for SH and my = 

2 for FF are selected for SHG. Modal profiles of the y component of the electric fields 

according to the coordinate frame shown in Fig. 1 for the two modes are depicted in Fig. 2. 
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The proposed waveguide displays normal dispersion because of the opposite signs of the 

principal components of the permittivity tensor in HM [24, 25]. So it is noteworthy that the 

FF signal with longer wavelength propagates in the higher order mode. The modal profiles 

shown in Fig. 2 indicate significant field enhancement and field overlap without cancellation 

in the nonlinear integration area (i.e. the slot). The NCC values are κ1 = κ2* = 4.54x103 

ps/m/W1/2 at the filling ratio of fr = 0.57. Compared with silicon-organic hybrid plasmonic 

waveguide [7] and organic plasmonic slot waveguide [15], more than an order of magnitude 

improvement in NCC is achieved in the proposed waveguide. 

 

Fig. 3. The effective index Re(neff) as a function of the filling ratio fr using the effective 

medium approximation. 

The phase mismatch in SHG is defined as: 2SH FFβ β β= −  [7, 15]. At the phase match 

point (Δβ = 0), the second-order polarization and the generated harmonic propagate with the 

same phase velocity. By engineering the geometrical parameters of the proposed waveguide, 

phase match can be satisfied between EHM(1,2) at FF and EHM(1,1) at SH. The Fig. 3 

illustrates the effective index Re(neff) as functions of filling ratio fr. The cross point in Fig. 3 

indicates a phase match point between two modes at different frequencies. Though there are 

other modes at SH near EHM(1,1) in term of their effective indices, the SHG to these modes 

is negligible due to either tiny NCC or great phase mismatch. At this point (fr = 0.57), the 

complex effective index neff of the EHM(1,2) at FF and EHM(1,1) at SH are 7.462.0.151i and 

7.463 + 0.071i, respectively. 

3. SHG performance in the proposed waveguide 

3.1 SHG efficiency 

The SHG process in the proposed hybrid structure is investigated numerically by solving the 

nonlinear coupling wave equations for lossy waveguides [15, 31]: 

 

2

*FF

FF 1

*SH

SH

A
A exp( )

2 4

A
A exp( ).

2 4

FF

FF

SH

SH

FF FF

i A A i z
z

i A A i z
z

α ω
κ β

α ω
κ β

∂
= − + Δ

∂
∂

= − + − Δ
∂

 (6) 

To evaluate the efficiency of SHG, a normalized conversion efficiency [34] is defined as the 

factor of merit: 

 
2 2

( )
,

(0)

SH P

FF p

P L

P L
η =  (7) 
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where PFF(0) is the pumping power of the FF, Lp is the length when the generated SH reaches 

its maximum and PSH(Lp) is the corresponding maximum output power, respectively. A pump 

power of 1 W was considered to make a direct comparison with the previous work [10, 15]. 

The Fig. 4(a) shows the SHG conversion process along propagation of 10 μm given a FF 

pump power of 1 W (30 dBm). The power of the FF signal decreases monotonously due to 

the nonlinear conversion and propagation loss, while the power of the SH signal ramps up 

quickly as a result of the efficient energy feeding from FF through frequency doubling. Due 

to the phase match between the FF and SH modes, the SH signal builds up coherently without 

oscillation over the entire length of waveguide. The SH signal reaches its maximum power up 

to 190.8 mW at a propagation distance of only 1.62 μm. The corresponding normalized 

conversion efficiency is 7.26 × 106 W−1cm−2. 

Although the plasmonic slot waveguide manifests stronger field enhancement, the 

different symmetric of FF and SH modes involving in SHG seriously degrades the 

performance. The field enhancement improves with reduced slot separation, but the anti-

symmetric still exists between the 1st mode at SH and 0th mode at FF in plasmonic slot 

waveguide [15]. The cancellation significantly reducing the NCC can only be mitigated in 

plasmonic slot waveguide, while it can be completely avoided in HM slot waveguide. 

Considering the same slot separation of 20 nm, our scheme still outperform that in [15] more 

than 6 times in term of normalized conversion efficiency. 

 

Fig. 4. Optical powers of the FF and SH waves as a function of the propagation distance 

pumped by (a) 1W and (b) 100mW. 

Low pump power is highly desirable in optical operations of various nonlinear 

applications of integrated photonic circuits. Since the proposed waveguide has such a large 

NCC, the SHG can be efficiently generated under a pump power as low as 100 mW (20 

dBm). As indicated in Fig. 4(b), the peak power of the generated SH signal reached as high as 

3.05 mW at a propagation length of only 2.19 μm. The corresponding normalized conversion 

efficiency is 6.37 × 105 W−1cm−2, which is 5 times higher than that of metallic plasmonic slot 

waveguide pumped by the same power [15]. 

#228774 - $15.00 USD Received 28 Nov 2014; revised 30 Jan 2015; accepted 23 Feb 2015; published 2 Mar 2015 

(C) 2015 OSA 9 Mar 2015 | Vol. 23, No. 5 | DOI:10.1364/OE.23.006370 | OPTICS EXPRESS 6376 



 

Fig. 5. The (a) maximum of SH power max(PSH), normalized conversion efficiency η, (b) peak 

position Lp and peak efficiency ηp as a function of the input pumping power PFF. 

The SHG bridging the gap between the mid-IR and near-IR wavelengths is then 

investigated under various pump powers. Figure 5 shows the maximum SH power, 

normalized conversion efficiency, peak position and peak efficiency as a function of the 

pump power. The peak efficiency is defined as: 

 
( )

,
(0)

SH P

p

FF

P L

P
η =  (8) 

As expected, the maximum of SH power increases monotonously with the pump power. 

As indicated in Fig. 5, both the normalized conversion efficiency and the peak efficiency are 

greatly affected by the pump power while the peak length remains shorter than 2.3 µm in all 

cases. It is noteworthy that the peak efficiency remains ~5% with the pump power as low as 

12 dBm, indicating that a continuous wave output of SH is possible. This dramatic 

improvement makes the proposed waveguide very promising and competitive for low-power 

all-optical nonlinear applications. 

3.2 theoretical fabrication-error tolerance and conversion bandwidth 

 

Fig. 6. The phase mismatch as functions of (a) filling ratio fr and (b) wavelength of the FF. 

With a given device length L, the related phase matching tolerance can be written as [8]: 

 c 2 ,Lβ β πΔ < Δ ≡  (9) 

With L = 2.19 μm (considering a pump power of 100 mW), the Δβc is 2.87 × 106 rad/m. The 

Fig. 6 shows the phase mismatch between the EHM(1,2) at the FF and EHM(1,1) at the SH as 

a function of the filling ratio fr and the FF wavelength. Due to the ultra-short device length, 

the phase matching tolerance is satisfied for a wide range of filling ratio (0.45 ~0.68) and a 

wide band of wavelengths (2.56 μm ~> 4 μm). The wavelength tuning requirements are very 
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relaxed and therefore the proposed waveguide allows a coherent buildup of SHG in ultra-

wideband. 

4. Conclusions 

In conclusion, we have proposed a coupled hyperbolic metamaterial waveguide with a 

nonlinear-polymer-filled nanoscale slot. Taking the mode profile overlap and propagation 

loss into consideration, the EHM(1,2) at 3,100 nm and EHM(1,1) at 1,500 nm are selected for 

second harmonic generation. Both the great field overlap and the significant field 

enhancement in the polymeric slot facilitate the nonlinear wavelength conversion. By 

engineering the geometrical parameters, the collinear phase matching condition is satisfied 

between the modes of interest with a large nonlinear coupling coefficient. The second 

harmonic generation bridging the mid-IR and near-IR wavelengths is then theoretically 

investigated under various pump powers. Our analysis indicates that the device length can be 

as short as several micrometers and the normalized conversion efficiency can be two orders of 

magnitude higher than that of a plasmonic slot waveguide. Moreover, high-efficiency second 

harmonic generation can be achieved with great phase matching tolerance, i.e., a smaller 

theoretical fabrication-error sensitivity to filling ratio and a broader pump bandwidth due to 

the ultra-short conversion distance. The proposed device exhibits great potential for integrated 

chip-scale all-optical signal processing with low pump power and high phase mismatch 

tolerance. 
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