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Abstract: Phase matching (PM) of nonlinear optical interactions is central for obtaining
efficient frequency conversion. Birefringent PM, which is highly useful in anisotropic nonlinear
crystals, is limited by intrinsic bulk properties. However, application of this method can extend
beyond natural constraints through form-birefringence in layered metamaterials. Here, we
theoretically and numerically analyze angle-tuned form-birefringent PM in an infinite periodic
laminar metamaterial, consisting of GaAs and SiN. We demonstrate configurations for efficient
second harmonic generation of near-infrared radiation and difference-frequency-generation of
mid-infrared light. An angular tunability of over an octave for mid-infrared generation in the
range of ∼3.3− 6.7 µm is demonstrated. These findings motivate the construction of bulk
form-birefringent metamaterials as a new platform for nonlinear optics.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Generation of light by frequency conversion in nonlinear crystals is implemented in a wide range
of coherent optical sources, from simple compact lasers, through advanced commercial optical
parametric oscillators [1,2], to novel quantum light emitters [3,4]. The frequency conversion
efficiency for interacting waves that propagate in a nonlinear medium, strongly depends on their
relative accumulated phase. To achieve a coherent buildup of the nonlinear signal, leading to
efficient conversion, phase matching (PM) of the waves is required [5]. However, due to the
natural dispersion of bulk nonlinear crystals, PM between waves of different frequencies is not
trivially fulfilled. Therefore, different methods are employed in various systems to attain PM.

A few prominent examples for PM methods are: modal PM in waveguide systems, which
exploits the influence of the waveguide geometry on the propagation constants of the guided
modes [6,7], quasi-PM in periodically-poled crystals, which relies on a spatial modulation of
the nonlinear response [2,8], and birefringent PM (BPM) in uniaxial or biaxial crystals, which
phase-matches processes involving interacting waves of orthogonal polarizations [9,10]. In
BPM the PM condition is exactly satisfied using the intrinsic anisotropy of the nonlinear crystal.
Moreover, it can be tuned by varying the angle of propagation relative to the crystal axes. Yet,
throughout the variety of PM techniques, there are generally inherent compromises enforced
between desired attributes, such as broad material compatibility, tunability, and flexibility in
determining the physical dimensions of the system.

A promising engineered-material approach to allow PM in a wide range of materials and
geometries, is based on nonlinear laminar composites with a subwavelength periodic refractive
index profile [11]. First, it is possible to use these structures by harnessing the strong dispersion
near photonic crystal modes. This has been done extensively in Bragg configuration [12], which
entails working near the stop bands of the system. It has also been demonstrated in Laue
configuration, yielding tunable phase matched transmitted and diffracted harmonic generation
[13]. Another approach suggests using the unique dispersion properties of hybrid dielectric-
metallic composites [14]. Yet the presence of metallic layers in these structures introduces
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losses which limit the propagation lengths. A third method which does not require the vicinity
of the stop band, can act only on the zero order transmitted light and can be implemented in
all-dielectric systems, aims to harness the different boundary conditions imposed on TE and TM
polarized light propagating parallel to the layers of the composite [15,16]. The distinct boundary
conditions lead to a structural anisotropy, called form-birefringence, which does not rely on the
microscopic composition of the layers.

Form-birefringence is a well-studied phenomenon in linear optics, with diverse applications
ranging from commonly used wire-grid polarizers [17] to implementations in optical metasurfaces
[18–20], optomechanical control [21,22] and integrated optical devices [23]. In nonlinear optics,
form-birefringence can be used to augment the natural anisotropy of a nonlinear crystal for the
purpose of BPM in a frequency conversion process. Remarkably, it can be applied to isotropic
nonlinear crystals, which completely forbid this practice when in their bulk form [16]. Such
crystals may have large nonlinear coefficients, as well as other attractive properties for frequency
conversion applications, making the prospect of incorporating them into phase-matched elements
highly appealing [24]. Indeed, experimental realizations of form-birefringent PM (FBPM) were
studied in waveguides composed of GaAs and oxidized AlGaAs layers, both intrinsically isotropic
[24–27]. However, although FBPM was initially suggested as a bulk media platform [16], so far
only a few works have addressed FBPM in bulk systems [16,28,29].

In recent years, research on bulk and multilayered optical metamaterials has expanded rapidly
[29–35], driven by advances in fabrication techniques [30,31,34,35] as well as theoretical and
computational methods [30,32,33]. Exploiting FBPM to engineer nonlinear nanostructured
bulk metamaterials, with designed phase relations between the interacting waves, may allow an
exceptional control over the nonlinear light-matter interaction in three-dimensional structures.

In this paper we study FBPM in a bulk laminar nonlinear metamaterial and reveal some of its
promising attributes. We use an overlap analysis to estimate the effective composite nonlinear
coefficient. Furthermore, we analyze the case of off-axis propagation of the interacting waves
and apply it to PM of second harmonic generation (SHG) and difference frequency generation
(DFG). By addressing this degree of freedom, so far overlooked in the study of FBPM, we show
that an octave-spanning tunability of DFG for generation of mid-IR radiation can be achieved
in a GaAs-SiN composite. This makes the proposed metamaterial an artificial analogue of the
widespread uniaxial crystals, but with rigorously adjustable properties, extending the selection of
materials available for frequency conversion, and opening the door for enhanced control of light
propagation in nonlinear media.

2. Theoretical background

The system under study is illustrated in Fig. 1(A). The metamaterial is composed of an infinite
subwavelength laminar structure with alternating layers of two materials 1 and 2, with thicknesses
d1 and d2 and refractive indices n1 and n2. Material 1 is a linear material and material 2
is a quadratic nonlinear material that supports three-wave-mixing interactions. Along the ẑ
and x̂ directions there is continuous translation symmetry and in the ŷ direction there is a
discrete symmetry to translations of mΛ = m (d1 + d2) where m is an integer. The origin of
form-birefringence is illustrated in Fig. 1(B), where the electric field distribution of the two
orthogonal polarizations, for waves moving parallel to the layer interfaces, is shown. The electric
field of transverse electric (TE) polarized light obeys continuity at the boundaries, leading to a
smooth field distribution. Conversely, the ŷ component of the electric field of transverse magnetic
(TM) polarized light experiences a jump at layer interfaces. This results in a tendency of TM
waves to be localized in the low-index medium, which we select to be material 1.

For deep subwavelength layers, a straightforward effective medium calculation can be performed
[36] which shows an equivalence between the laminar metamaterial and a negative uniaxial
crystal. The isofrequency curves of the metamaterial for light propagating in the y − z plane are
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Fig. 1. (A) The nonlinear metamaterial, composed of a nonlinear crystal (red) and a
linear refractive index contrast material (yellow) in a subwavelength laminar structure. (B)
Normalized electric field distribution for TE (smooth line) and TM (dashed line) waves for
propagation along the ẑ direction (θ = 0◦) with n1<n2. The different boundary conditions
for TE and TM waves lead to different field distributions, resulting in form-birefringence.
(C) Form-birefringence augmentation of the polarization ellipse. Dotted lines illustrate
the intrinsic properties of the nonlinear film, solid lines are the normalized transformation
created by the laminar structure. Three cases are illustrated: when using fully isotropic
layers anisotropy can be generated (left), a naturally birefringent material’s anisotropy can
be enhanced (middle) or even fully suppressed (right).

expressed through the following set of equations
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where ω is the light’s frequency and c0 the speed of light in vacuum. β and K define the wave
vector in the metamaterial k = Kŷ + βẑ. The effective indices in this case are given by [36]
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and depend solely on n1, n2 and on the ratio d1/Λ. This provides a means to tune the polarization
ellipse of the artificial material.
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Figure 1(C) shows three examples of possible augmentations to the intrinsic polarization
ellipse of a nonlinear crystal, as described by Eqs. (1) and (2). First, when both materials 1
and 2 are non-birefringent materials, form-birefringence allows the generation of anisotropy.
Furthermore, allowing the nonlinear material 2 to support birefringence, specific orientations of
the crystal axes relative to the periodicity can enhance or counteract its natural birefringence.

In general, form-birefringence remains present in the system also if the period is not deeply-
subwavelength. However, in this case the simple model of Eqs. (1) no longer holds, and special
care needs to be taken in order to calculate the constants of propagation [11,36]. For a given
frequency ω, the relationship between β and K can be found by numerically solving the following
dispersion relation [37]
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− β2 and p is a factor which differs for TE (p = 1) and TM (p = n2/n1)

polarizations. For parameters of the system such that the Bragg diffraction condition is approached,
reflection and diffraction effects need to be considered and a dynamical diffraction formulation is
required [13]. In this paper, however, we limited our calculations so that all frequency components
participating in the nonlinear interaction remain inside the first photonic band of the structure,
and away from the lowest frequency band-gap edge.

Within these boundaries Eq. (3) yields real k values, corresponding to propagating waves.
From the calculated pair β, K, the effective index and propagation angle can be extracted using
[11]
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In contrast to the case of very thin layers (Eqs. (1)), the isofrequency curves calculated within
this framework are not necessarily elliptical, and the effective indices may explicitly depend on
the thicknesses d1 and d2 [36].

The infinite nature of the system described here provides an approximation for real physical
devices. It has been previously shown that the set of effective indices calculated using this
framework serves as a helpful starting point, even when analyzing form-birefringent devices with
only a few layers [24,28].

3. Results

To allow for quantitative assessment of the potential of FBPM in bulk metamaterials, we examined
a combination of GaAs for the nonlinear material and SiN as the contrast layer. GaAs was chosen
for its exceptionally strong nonlinearity (d36 ∼ 100 pm/V) [38], which makes it highly attractive
for frequency conversion applications. In addition, GaAs has an isotropic structure, which forbids
the use of BPM in its natural form. SiN was selected to provide a balance between several
considerations, namely, fabrication compatibility [39], overlap in the transparency band [40,41],
and a refractive index which differs from that of GaAs by ∼ 1. The latter is useful in obtaining a
laminar structure with a large refractive index contrast, to attain strong form-anisotropy which
supports FBPM of a wide range of frequency mixing processes [16].

3.1. Second harmonic generation

We began with an analysis of FBPM of SHG. We assumed that the GaAs films are oriented so
that the GaAs [001] direction points towards the metamaterial’s ŷ axis (see Fig. 1(A)). This way,
a TE pump wave polarized along the GaAs [110] direction can generate a TM polarized second
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harmonic (SH), through the d36 nonlinear element [42]. For a fundamental frequency (FF) wave
with a free-space wavelength λ0, the momentum mismatch of such a process is

∆k =
4π
λ0

(︂
nTE
λ0
(θ) − nTM

λ0/2(θ)
)︂

(5)

where the effective indices nTE
λ0
(θ) and nTM

λ0/2
(θ) of the FF and SH respectively, are calculated

using Eq. (4), and the PM condition dictates ∆k = 0. The process described by Eq. (5) is the
analogy of type I SHG in a negative uniaxial crystal, but here the magnitude of birefringence and
its angular dependence can be controlled by selecting the layers thickness [11,16]. Figure 2(A)
shows the momentum mismatch map for dGaAs = 120 nm and θ = 0◦, for varying dSiN values,
where the existence of a tailored PM condition is evident. For example, selecting dSiN = 20 nm,
the PM condition is fulfilled near a fundamental wavelength of λ0 = 1.817 µm.

Fig. 2. SHG in a GaAs, SiN laminar structure for θ = 0◦. (A) Momentum mismatch for
constant dGaAs = 120 nm, as a function of dSiN and λ0. The FF is TE polarized, and the SH
is TM polarized. The solid black line marks the PM curve. The dashed black line marks
λ0 = 1.817 µm, for which the PM condition is fulfilled near dSiN = 20 nm. Four coloured
dots correspond to the curves in (B). (B) Calculated (lines) and simulated (dots) averaged
SH intensity ⟨ISH⟩Λ as function of propagation distance z. In bulk GaAs (dSiN = 0) the
SH signal oscillates with the typical coherence length L0

C (Eq. (6)). Intensity values are
normalized by the maximal bulk SH intensity. (C) Colormap - simulated SH time-averaged
ẑ component of the SH Poynting vector, ⟨Sz

SH⟩T associated with the purple dots in (B), in
three replicas of the simulation unit cell. Overlaid lines on the right side of the plot, show
the ŷ-polarized electric field, Ey

SH as analytically calculated for the TM mode at λ0/2 (dark
purple), and from the SH interface as extracted at the output of the simulation (light purple).

For these parameters, the value for the FF effective index calculated exactly from Eq. (4),
differs only by 0.07% from that calculated with the uniaxial approximation in Eqs. (2). The
SH effective index, however, is affected to a greater extent and differs by 1.78% from the
uniaxial approximation. This leads to a substantial deviation between the exactly calculated and
approximated ∆k, emphasizing the need to use the exact formulation in this work.

Assuming a lossless medium, the nonlinear signal intensity at the PM condition is expected
to grow quadratically with the propagation distance in the metamaterial. For a finite mismatch,
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the nonlinear signal is bounded and oscillates along the propagation axis, obtaining its maximal
values in odd multiples of the coherence length

LC =
π

|∆k|
(6)

For a more detailed description of the evolution of the SH signal under propagation through
the metamaterial, we considered the effect of the layers on the nonlinear coupling, using a
coupled-mode formalism [42,43]. We looked at the SH intensity averaged over a period Λ, and
obtained
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where ⟨I0⟩Λ is the averaged pump intensity and d is the nonlinear tensor coefficient. For θ = 0◦
and under the orientation and polarization configuration described previously, d = d36. ζ is
an overlap integral function that describes the modification of the effective nonlinearity by the
layered structure. We calculate ζ as
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where Ex
λ0
(y) and Ey

λ0/2
(y) are the field profiles of the x̂ directed FF and the ŷ directed SH,

respectively, calculated using the framework of Eq. (3) [37]. The integration is to be performed
over one period of the metamaterial, and the χ(2) sign in the numerator indicates that this
integration is done only in the nonlinear region. For simplicity of calculation, we neglected the ẑ
component of the TM polarized SH electric field.

Figure 2(B) shows ⟨ISH⟩Λ as calculated from Eq. (7) for λ0 = 1.817 µm and for several SiN
thicknesses. It can be seen that in bulk GaAs (dSiN = 0) the SH signal rapidly oscillates due to
the intrinsic GaAs dispersion. For dSiN ≠ 0 the oscillation length-scale and amplitude changes
according to the effective material properties, with a coherent buildup over many bulk coherence
lengths at dSiN = 20 near perfect PM.

To validate these results, we conducted simulations with the finite element method (FEM),
performed in COMSOL [44]. The simulations used two electromagnetic waves, frequency
domain interfaces, for the FF and the SH, coupled by polarization nodes. The simulations
were conducted within one symmetric period of the structure in the ŷ direction, with periodic y
boundary conditions. In the FF physics interface one of the z boundaries included plane-wave
excitation. From the simulations, the time-averaged ẑ component of the SH Poynting vector,
⟨Sz

SH⟩T , was extracted. Additionally, the SH field in the ŷ direction Ey
SH was extracted at the

output boundary of the simulation.
The dots in Fig. 2(B) mark the results extracted from the simulations. A good agreement can

be observed between the simulation results and the prediction of Eq. (7). The slight deviation
may stem from the simplified calculation of ζ in Eq. (8). Figure 2(C) shows the simulated spatial
distribution of ⟨Sz

SH⟩T , the time-averaged ẑ component of the SH Poynting vector. In addition
to the coherent buildup of the SH, the localization of the TM polarized SH signal in the low
index SiN layer can be clearly observed. Figure 2(C) shows also the analytically calculated
metamaterial TM mode profile at the SH wavelength [37], along with the SH field extracted at
the output of the simulation, which are in perfect agreement.

To leverage the full capabilities of FBPM in the bulk layered metamaterial it is important to
study PM at oblique incidence, as defined in Fig. 1(A). This degree of freedom can be used to
significantly extend the usable PM frequency range of the metamaterial, as well as compensate
for possible fabrication inaccuracies. To demonstrate it, we continued with the combination of
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dGaAs = 120 nm and dSiN = 20 nm, but now selected a pump wavelength of λ0 = 2 µm, where
the SHG is not phase matched for θ = 0◦ (see Fig. 2(A)). By tuning the propagation angle,
PM of this interaction can be attained, leading to efficient SHG as shown in Fig. 3(A). The
top part shows the propagation angle dependent effective refractive indices of the FF and SH
waves, in accordance with Eq. (5). It can be seen that the effective refractive index of the TM
mode has high angular dispersion, while that of the TE mode is fixed, as expected. Near an
angle of θ = 37◦ the curves intersect and the PM condition is fulfilled, as is apparent from the
coherence length plotted in Fig. 3(B) which peaks at the intersection. Figure 3(A),(B) also show
the predictions of the uniaxial approximation (Eq. (1)). Even though with the selected parameters
the structural dispersion is not negligible, the PM angle is shifted only by a few degrees from the
deep subwavelength case. Due to the high effective index (n ∼ 3.2), excitation from free-space for
a facet that is normal to the layers is prohibited for this angle. This can be overcome, for example,
by using a technique such as prism coupling, or by cutting the device at an angle to the planes of
the laminar structure in a manner similar to conventional nonlinear crystals.

Fig. 3. Angle tuned SHG in a GaAs, SiN laminar structure. (A) Angle dependent effective
refractive indices for λ0 = 2 µm, calculated using Eq. (4) (Solid lines). The indices are equal
near 37◦. Dashed lines show the indices calculated using the uniaxial approximation (Eq. (2)).
(B) Coherence lengths, LC, extracted from the effective index values and peak at the PM
angle. Black dots indicate Lc extracted from FEM simulations. (C) Composite nonlinear
coefficient, ζd, as function of propagation angle. Dots represent the values obtained from
FEM simulations, normalized by the d36 element of GaAs. The dotted line corresponds to
an angular dependence influenced only by the polarization relative to the GaAs crystal axes.
ζ0d0 is the value at 0◦. (D) An example of the time-averaged Poynting vector along the pump
propagation direction ⟨Sz̃

SH⟩T , for the SH beam generated at θ = 5◦, oscillating due to the
phase mismatch. The axes ỹ, z̃ are rotated by an angle θ relative to ŷ, ẑ defined in Fig. 1(A).

Figure 3(B) includes coherence length values extracted by fitting simulation data to Eq. (7),
showing an excellent agreement with the values calculated using Eq. (4). FEM simulations were
conducted following the manner described previously. However, instead of a single periodic
domain, the simulation region was set up as depicted in Fig. 3(D). FF excitation was injected
as a Gaussian beam with a full waist of 2w0 = 20 µm . The simulation domain consisted of
alternating GaAs layers and SiN layers, rotated by an angle θ relative to the illumination injection
plane.
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Finally, varying the propagation angle affects the composite nonlinearity, expressed through
the coefficient ζd defined in Eq. (7). Changes in θ affect this coefficient through the modified
polarization of the interacting waves relative to the intrinsic GaAs axes. In addition, the field
distributions used in Eq. (8) are themselves angle dependent [37]. Figure 3(C) shows the effective
nonlinearities extracted by fitting Eq. (7) to the simulated intensities. For the parameters studied
here, the fitted data closely follows the curve ζ0d0 cos (θ), obtained assuming that the angular
dependence arises only from changes in the orientation relative to the GaAs axes. Here, ζ0d0 is
the coefficient at parallel propagation, calculated using Eq. (8).

All-together, this shows that the bulk metamaterial approach can be used for both structural
and angular tunable SHG, even by using isotropic building blocks, that do not support BPM in
their natural form.

3.2. Difference frequency generation

To explore the potential of angle tuned FBPM metamaterials for additional applications, we
studied also DFG in the composite structure. DFG in nonlinear crystals has been central to the
development of coherent mid-IR sources, with applications that include spectroscopy, medical
diagnostics, medical procedures, and material processing [45]. Therefore, we focused on the
potential for efficient generation of mid-IR radiation by the metamaterial.

Fig. 4. Angle tuned mid-IR generation with dGaAs = 120 nm and dSiN = 12 nm. Left
- momentum mismatch map for DFG with one fixed wavelength λ2 = 1.32 µm, and one
tunable wavelength ∼ 0.91<λ3<1.12 µm. Varying the angle in the range 0◦ − 50◦ allows
PM of DFG over a full octave, as can be seen on the right, where the coherence lengths are
shown for selected angles.

Using the convention λ1>λ2>λ3 for the free-space wavelengths of the three interacting waves,
the momentum mismatch of a DFG process is

∆k = 2π
(︃nλ3

λ3
−

nλ2

λ2
−

nλ1

λ1

)︃
(9)

where λ1 =
λ2λ3
λ2−λ3

is the output wavelength. For our calculations we considered DFG between
a tunable TM polarized wave λ3 that is swept in the range ∼ 0.91 − 1.12 µm, and a fixed TE
polarized wave with λ2 = 1.32 µm. This wavelength combination was selected in order to allow
for comparison with existing form-birefringence DFG tunability data [26]. Keeping the nonlinear
film thickness dGaAs = 120 nm, a suitable SiN thickness is found to be ∼ 10 nm. Figure 4
displays the momentum mismatch map of the described process. By varying the propagation
angle between 0◦<θ<50◦ and examining a TE polarized difference frequency signal, the PM
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condition can be tuned to support generation of light over a full octave in the Mid-IR, between
∼ 3.3 − 6.7 µm. The PM bandwidth in this example is limited by absorption in SiN, which
starts being pronounced around 6.7 µm [40]. Comparing this result with temperature tuning in
form-birefringent waveguide systems which used similar illumination wavelengths, a ∼ 100◦C
shift in temperature allowed tuning λ1 in a bandwidth of ∼ 0.4 µm between 5.2 − 5.6 µm [26].
The frequency bandwidth calculated here with the bulk metamaterial is more than 10 times larger.
Since the field distributions in the layers are not expected to change substantially, we anticipate
that the dependence of the nonlinearity on propagation angle will be similar to that shown in
Fig. 3(C).

4. Conclusions and discussion

To conclude, we have studied FBPM in bulk laminar composites as a promising metamaterial
platform for tunable PM of frequency conversion processes. Focusing on the combination
of GaAs and SiN, we analyzed the PM conditions for SHG under propagation parallel to the
metamaterial layers to show the dependence of the PM frequency on the layer thickness. We
then used overlap analysis of the interacting waves to calculate the composite effective nonlinear
coefficients for several SiN thickness values. Our calculations closely match simulation results,
allowing for a comprehensive model for designing the metamaterials. We have further shown
that by using the propagation angle degree of freedom, highly tunable frequency converters can
be designed. In addition to SHG, we focused on the application to generation of mid-IR radiation,
and have shown that angle tuning in the studied FBPM metamaterial potentially enables efficient
mid-IR generation in a bandwidth window of over an octave. This range is 10 times broader than
that demonstrated in similar form-birefringent waveguide systems [26].

From the data presented in Fig. 3(C), the nonlinear figure of merit (FOM), defined as (ζd)2/n3

(n is the average effective index), can be calculated. For the parameters analyzed, the FOM at a
propagation angle of 0◦ is approximately 107% compared to the value of orientation-patterned
GaAs (OP-GaAs) devices [38,46]. At a propagation angle of 50◦, it decreases to about 45%
relative to OP-GaAs. Thus, the form-birefringent geometry offers an angle-tunable nonlinear
platform whose FOM is predicted to exceed or be comparable to most birefringent mid-IR
nonlinear crystals [47], while enabling engineered spectral properties and functionalities, similar
to those supported today by domain inversion techniques and integrated nonlinear devices [48,49].

The practical realization of an angle tunable component as described here requires fabricating
a macro scale metamaterial, with each period being considerably-subwavelength. Growing
crystalline GaAs layers together with amorphous SiN layers may pose significant challenges.
One possible route to overcome this difficulty is through techniques of heterogeneous integration.
Such techniques, among various achievements are used for incorporation of III-V materials with
SiN through micro-transfer and wafer bonding methods [50,51]. Specifically, integration of GaAs
devices using few nm SiN layers has been experimentally demonstrated [48,49]. Although current
fabrication schemes applied directly to the described metamaterial might be prohibitively time-
consuming, this may not necessarily represent an intrinsic limitation. We therefore regard these
ongoing technological developments as promising pathways towards fabricating the proposed
device.

Another important point to consider is that any fabrication method will inevitably introduce
inhomogeneities into the system which need to be taken into account. For example, SiN films
with thicknesses of 10-20 nm are reported to have uniformity of 4-5% [52,53]. In the specific
case shown in Fig. 2(A), for a film with a nominal thickness of 20 nm, a 4% variation can lead up
to an ∼ ±8 nm shift in the PM wavelength. However, this will be the case only if the variation
will be uniform across all the layers and the interaction volume. Since non-uniformity would be
distributed across the beam waist as well as along the propagation length, its effects may lead to
an inhomogeneous broadening of the PM curve around the calculated values.
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Finally, methods to construct various types of 3D nonlinear metamaterials and heterostructures
are in constant progress [13,30,31,34,35]. For example recently, techniques enabling deep-
subwavelength patterning of bulk transparent materials, including LiNbO3 have been reported
[34]. Although we have used a particular material combination and specific frequency bands
in our calculations, our results can be applied to other combinations of transparent isotropic
materials and frequencies under which the assumptions of the model described above are met.
They can also, with some care, be generalized to involve birefringent layers, to increase or
diminish the natural birefringence.

In view of the potential benefits of form birefringent nonlinear metamaterials, along with
recent technological advancements and research efforts, we believe that the concept of bulky
laminar nonlinear metamaterials, more than few-layer thick, may be feasible in the foreseeable
future and will open new avenues for nonlinear optics.
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