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Abstract: Twisted photonic crystals are photonic analogs of twisted monolayer materials such as
graphene and their optical property studies are still in their infancy. This paper reports optical prop-
erties of twisted single-layer 2D+ moiré photonic crystals where there is weak modulation in z-
direction, and bilayer moiré-overlapping-moiré photonic crystals. In weak-coupling bilayer moiré-
overlapping-moiré photonic crystals, the light source is less localized with increasing twist angle,

similar to the results reported by Harvard's research group in references 37 and 38 in twisted bilayer
photonic crystal although there is a gradient pattern in the former case. In a strong-coupling case,
however, the light source is tightly localized in AA-stacked region in bilayer PhCs with a large twist
angle. For single-layer 2D+ moiré photonic crystals, the light source in Ex polarization can be local-
ized and forms resonance modes when the single-layer 2D+ moiré photonic crystal is integrated on
a glass substrate. This study leads toward a potential application of 2D+ moire photonic crystal in

future on-chip epteeletronicoptoelectronic integration.

Keywords: Interference; photonic crystal; twisted bilayer photonic crystal; moiré photonic crystal;
resonance mode; micro-nano optics.

1. Introduction

Recent studies of twisted moiré graphene (twistronics) have resulted in numerous
exotic phenomena including magic-angle physics and magic-angle flat-band supercon-
ductivity [1-6]. Thise explosion of magic-angle physics has advanced from bilayer moiré
graphene_[7,8] to twisted bilayers of two-dimensional (2D) transition metal dichalco-
genide materials [9-12], to recent mixing of moiré-surface and bulk states in graphite [13],
and moiré quasicrystals [6]. With increasing moiré periods in length scale, the twistronics
for electrons has been advanced to twisted metasurfaces_[14-16], and twisted photonic
crystals (PhCs) (twistoptics for photons)_[17,18]. There are also flat-band modes and
magic angles in twisted bilayer PhCs through the mode coupling between two twisted
layers [19-25]. Moiré flat-band thresholdless lasing [22] in twistoptics is the optical anal-
ogy to superconductivity in twistronics.

Moiré PhCs can be a-twisted bilayers [8,18,20,21,23,24,26-38] that can be ideally fab-
ricated by E-beam lithography or twisted single layer moiré pattern [19,22,39-48] that is
formed by laser interference in photorefractive crystals, holographic lithography or E-
beam lithography. The single layer moiré photonic lattice has been generated in a photo-
refractive crystal by a shallow modulation of the refractive index induced by two mutu-
ally twisted laser interferences, however, both sublattices interfere in one plane [39,40,45].
When four laser beams are arranged in a cone geometry and form an interference pattern,
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a conventional PhC can be obtained through holographic lithography. When eight laser 46
beams are separated into two sets with each arranged in different cone angles (where one 47
cone angle is much bigger than the other) in holographic interference geometry, twisted 48
moiré PhCs can be fabricated holographically [49-51]. By including a central laser beam 49
with eight laser beams in cone arrangement, three-dimension (3D) moiré PhCs have been 50
fabricated [52,53]. 51

These single layer moiré PhCs can be easily fabricated by holographic fabrication 52
while the fabrication of bilayer PhCs is rather complicated. Resonance modes have been 53
observed in twisted single-layer moiré PhCs covering Mie-resonances, photonic band 54
edge resonances, and resonance modes above the lightline that might be topological 55
bound states in continuum (BICs), assuming a 2D pattern [17]. Actually, the interference 56
pattern formed by eight beams in two cone geometry isare not 2D because there is a weak 57
modulation in z-direction. Here we name them twisted 2D+ moiré PhCs. It is interesting 58
to know whether the light can be confined in these 2D+ moiré PhCs. In this paper, light 59
confinement is studied in two types of twisted PhCs: moiré PhCs superposed against each 60
other with a relative rotation angle (moiré-overlapping-moiré) and single layer 2D+ moiré 61
PhCs. We initially repeat our simulations and compare them with Harvard’s results_in 62
references 37 and 38. We study the light confinement in 2D+ moiré silicon PhCs with a 63
certain thickness and further on the case where the 2D+ moiré silicon PhCs is on glass 64
substrate. 65
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Fig. 1. (a) Photo of eight green laser spots at the Fourier Filter plane and schematic of their wavevectors, wavevector differences 67
and rotation by an angle of a. (b) Twisted moiré pattern from eight beam laser interference in xy plane with a super-cell size of 68
12Pmatticex 12P1attice. (c) Eight beam laser interference pattern in xz plane with one period thickness in z-direction. (d) Permittivity 69
structure generated from MEEP simulation for 2D moiré pattern with certaon thickness. (e) The 2D moiré pattern overlapping and 70
rotating by an angle of 5 degrees on another 2D moiré pattern. 71
2. Concepts and Simulation Methods 72

The orientation of the interference pattern of two laser beams with wavevectors of kn 73
and km is determined by the wave vector difference km-kn. Two sets of laser beams are 74
shown in Fig. 1a in the Fourier filter of 4f imaging system as green spots. The wavevectors 75
in the xy-plane of four outer beams are labelled as ki, ko, ks and ks while those xy 76
components of four inner beams are ks, ke, k7 and ks. As shown in Fig. 1a, the wave vector 77
difference (ks-ks) is rotated from (ki-ke) by an angle of aa. The dash blue square formed 78
by ((ks-ks), (ka-k7), (ki-ks) and (ko-ks) is rotated from the dash red square of ((ks-ks), (ks-ks), 79
(ki-ke) and (k2-kv) by an angle of aa too. When all eight beams are overlapped, a moiré 80
interference pattern can be formed as seen in Fig. 1b where the moiré period Pmoirc and 81
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lattice period Piatice are indicated. The moire interference intensity of these eight beams, 82

I(x,v,z), can be calculated by Eq. (1): 83
8 8
1(x,y,2) = (Z EX(x,y,z,t)) + Z EEje; - ejcos|(k; — ki) -7 + (6; — 6,)]. @) 84
i=1 i<j

where e is the polarization of the electric field, k is the wave vector of laser beams, E is the 85
electric field, and 0 is the initial phase. These four outer beams ki, ko, ks and ks deter- 86
minesdetermine the lattice constant Piatice. When the interference angles among the four 87
inner beams ks, ke, k7 and ks are much smaller than thoese of the four outer beams, ks, ks, 88
k7 and ks determine the moire lattice constant Pmoire. Thus tFheir relationship of Pmoirc and 89

Platice with the twist angle a can be approximately calculated by Eq. (1) [17] below: 90
P lattice

Proire S=—m ey 91
tan (7)

92

For the interference pattern in the xy plane in Fig. 1b with a unit super-cell size of 93
12pratticex 12 pratiice, the twist angle is calculated to be 9.5 degrees using Eq. (1). There are two 94
sublattices as indicated by the dash blue arrow for motif size increase and dash red arrow 95
for motif size decrease. The interference pattern in the xz plane is shown in Fig. 1c with 96
one z-period. There is a modulation in z-direction, however the modulation is gradient. 97
It is stronger in the central region than at the edge in Fig. 1c. The weak coupling between 98
dual-sub-lattices lead to a disappearance of the first-order diffraction spots of (1, 0), (0, 1), 99
(-1, 0) and (0, -1) as confirmed by experiments [ref]. 100

We generate two ypetypes of patterns. One is for conventional twisted PhCs where 101
there is no z-direction modulation in the top or bottom layer PhC separated by a spacer 102
in order to compare our results with Harvard’s research group [37, 38]. However, we add 103
moire pattern in the top or bottom layer that is different from Harvard’s research group. 104
There are many parameters of top (bottom) layer thickness, spacer thickness, rotation an- 105
gelangle and material permittivity that can modify the light confinement. We start with 106
parameters of top (bottom) layer thickness, spacer thickness, and rotation angelsangles 107
from Harvard in references 37 and 38 then further evaluate the light confinement related 108
to the thickness and material permittivity. SeeendThe second type of pattern maintains 109
the z-direction modulation in Fig. 1c. 110

We describe the generation of the first type of pattern below. For moiré PhC rotating 111
by an angle of a and overlaying on another moiré PhC, we calculated the interference 112
intensity for xy plane in z-location as indicated by dash red line in Fig. 1c using a Python 113
program. When the intensity of interference = I(x,y,0) is larger than a threshold intensity 114
Iin which is 18% of maximum of I(x,y,z) (Imax), we assign a refractive index n=3.48, other- 115
wise n=1 (air). In the python program, a certain thickness of pattern was obtained by fill- 116
ing it with the pattern I(x,y,0) as shown in Fig. 1d, an output image of the python simula- 117
tion. However, for the pattern in Fig. le, we assign n=1 if I(x,y,z)>In otherwise n=3.48 in 118
order to have a clear visual image of moiré patterns. 119

Because of large unit super-cell used in twisted PhCs, machine learning will be pre- 120
ferred otherwise it is not possible for human force to finish the simulations with many 121
variables. It is better to have simulations in Python language instead of conventional 122

scheme language. We have a detailed material parameter alignment below: 123
def Et(r): 124
return np.sum(doEside(r),axis=0) 125
def It(r): 126

return np.dot(Et(r),np.conj(Et(r))) 127
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def matfuncl(r): 128
newvec = np.array([r[0], r[1], z slice]) 129
Itnewvec = It(newvec) 130
if Itnewvec.real > thres: 131
return mathigh 132
else: 133
return matlow 134
Where we have matlow=square of 1 and mathigh=square of 3.48 in our simulations in Fig. 135
2. 136

For the generation of the second type of pattern for single layer 2D+ moiré PhCs, we 137
assign the interference intensity I (x,y,z) to p-type silicon [54] in Fig. 1c when Ii>Imax oth- 138
erwise to air (n=1).In the simulation, we setup a basis of 1 um for the lattice constant Piattice 139
(ain the simulation program). A super-cell of 24 Patticex24 Platiice is used for one layer PhC. 140
ActuallyActually, the simulation is scalable with the parameter a. If the frequency 141
f=a/A=0.3, we can change the parameter a based on the wavelength of interest. The per- 142
mittivity of p-type silicon in the simulation program is also scalable with the parameter 143

a. We use the Drude-model in Eq. (2) for p-type silicon: — 144
145

wZ
s(w) =gy — wZH‘;pw 2) 146

where the background permittivity ¢, = 11.7, the plasma frequency w, = 0.47 eV, the 147
carrier relaxation rate I}, = 0.095 eV. We convert these parameters usable for MEEP codes 148

from eV to angular frequency o and by normalizing them to MEEP units, divided by wA/a. 149

In the Python program, we setup scalable permittivity below: 150
# pSi 151

Si eps inf=11.7 152
Si_frg=1e-20 153
Si_gam = 0.076622725%a 154

Si sig =((0.379080721%*a)**2)/(5i frg**2) 155
pSi_susc=[mp.DrudeSusceptibility(frequency=Si frg,gamma=Si gam,sigma=Si sig)] 156

pSi = mp.Medium(epsilon=Si_eps _inf, E susceptibilities=pSi susc) 157
Thus the material of rod-type structure is p-type silicon or n=1 while the hole is aire 158
with n=1. 159

A gaussian source is placed in middle of simulation cell whose size spans the xy 160
dimensions of the photonic crystal. The width of the source (Adf) is broadband. We set 161
Adf = fmax-fmin where fmax and fmin are the maximum frequency and minimum fre- 162
quency respectively. We set the source to be broadband to study the light confinement 163
while df=0.002 was used for the study of resonance modes [17]. To collect the output, we 164
take either a vertical (zy) or horizontal (xy) slice through the center of the simulation cell 165
and output the E-field intensity on that plane. The simulation code was written in python 166
and made use of the program MEEP [55], which is a finite-difference time-domain (FDTD) 167
simulation software package developed at MIT to model electromagnetic systems. The 168
code was run using Amazon’s web servers on the AWS platform. The quality factor (Q- 169
factor) of in resonance modes was calculated using the harmonic inversion function that 170
was included in the MIT MEEP. The runtime for each simulation was in general around 171
45 minutes. 172

3. Results of light confinement in bilayer moiré-over-moiré PhC 173

The bilayer moiré-over-moiré PhCs in Fig. 2 (al, bl and c1) are designed following 174
Harvard group’s design [37, 38]: top moiré PhC has a thickness=180 nm with a refractive 175
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index contrast of 3.48/1; the coupler (spacer) between two moiré PhCs has a thickness=36 176
nm for a strong coupling and n=1.48 for polymethyl methacrylate (PMMA) [38]; the bot- 177
tom moiré PhC has the same structural and material parameters as the top one but is 178
rotated by twist angles of 1.89, 2.13 and 2.88 degrees in Fig. 2 (al, b1, and c1), respectively. 179
When a light source with both Ex and Ey polarization was used, there was a coupling 180
between top and bottom layers of PhCs for Ey polarization. In this study, we set a light 181
source in an Ey polarization. The light is confined in AA stacked region, similar to Harvard 182
group’s results. When the twist angle increases from 1.89 to 2.13 and 2.88 degrees, the 183
AA-stacked region becomes smaller thus it is reasonable to see that the light is confined 184
to a smaller region in Fig. 2(b1) and mostly localized in Fig. 2(cl). 185

We also calculate the E-field in the xy plane in twisted bilayer moiré-over-moiré 186
PhCs for a weak coupling case where the top and bottom moiré layer thickness=220 nm 187
and the spacer thickness=250 nm[37], for different twist angles of 1.89, 2.13 and 2.88 de- 188
grees in Fig. 2(a2, b2, and c2), respectively. Similar to Harvard group’s result, the light 189
becomes less localized from the twist angles of 1.89, to 2.13, to 2.88 degrees [37]. In Fig. 190
2(c2), the light appears outside the AA-stacked region and travels in direction of lattice 191
orientation of top moiré layer which is 2.88 degrees away from y-axis as indicated in the 192
figure. The cross-section view of E-field intensity in yz-plane in Fig. 2d shows a coupling 193
of light in AA-stacked region and light propagation in top moiré layer. The weak coupling 194
of E-fields between dual-sub-lattices is also observed as the blue colors concentrated in 195
one set of lattices in Fig. 2d. 196

197

Fig. 2. The twist angle for bilayer moiré PhCs is 1.89, 2.13 and 2.88 degrees for figures in column I, IT and III, respectively. (0, 0, z), 198

(x,.0,.0) or (0,y, 0) is at center of each figure. (al, b1, c1) E-field intensity xy-plane in twisted bilayer moiré-over-moiré PhC where 199

the thicness of top moiré layer, spacer and bottom moiré layer is 180, 36 and 180 nm, respectively. (a2, b2, c2) E-field intensity xy- 200

plane in twisted bilayer moiré-over-moiré PhC with layer thicknesses of 220, 250 and 220 nm, respectively. (a3, b3 and c3) E-field 201

intensity xz-plane as viewed along y=0 in twisted bilayer moiré-over-moiré PhC in (a2, b2 and c2), respectively.(d) E-field intensity =~ 202
yz-plane as viewed along x=0 in (c2). 203

Besides abewvethe above simulations with structural parameters and twist angles 204
from Harvard’s research group [37, 38], we perform more simulations on the relationship 205
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between the light confinement and spacer thickness. Starting from the structural param-
eters in Fig. 2a2 with (220, 250, 220) nm for the thickness of (top layer, spacer, bottom
layer), we change the spacer thickness to be 200, 150, and 100 nm. The twist angle is still
1.89 degrees. Fig. 3 shows the simulation results. With the thickness of 200 nm, the light
is confined inside the region as indicated by a rectangle in Fig. 3a, similar to the results in
Fig. 2a2. There is no big change in Fig. 3b when the spacer thickness is decreasedecreased
to 150 nm. However, the light confinement is very weak in Fig. 3¢ when the spacer thick-
ness is 100 nm. We can see that E-field distribution looks like a dumbbell shape. With a
small spacer thickness, the light confinement in the spacer is competing with those in AA
region. It can lead to an application of reconfigurable light confinement or cavity for nano-
photonics by a tunable thickness or refractive index of the spacer.

a b [

Y

200 nm 150 nm

Fig.3. (a,b, ¢) E-field intensity in xy-plane in twisted bilayer moiré-over-moiré PhC with layer thicknesses of (220, spacer, 220

nm) where spacer=200 nm (a), 150 nm (b) and 100 nm (c), respectively. The twist angle for bilayer moiré PhCs is 1.89 degrees for all

figures. (0,0,z) is at center of each figure.

Now we keep the same layer thickness and twist angle of 1.89 degrees as those in
Fig. 2a2, however, change the material property from n=3.48 for rod-type motif to a real
p-type silicon for top and bottom lavers. Fig. 4a shows E-field intensity in xy-plane in
twisted bilayer moiré-over-moiré PhC with layer thicknesses of (220, 250, 220 nm) at times
of 8/24 (al) and 16/24 (a2) period when E-field intensity switches color from red-blue (al)
to blue-red (a2). There are more modes confined inside or outside the rectangle in Fig. 4al
than those in Fig. 3a and Fig. 2a2 (rectangle is not drawn and mode numbers are com-
pared). It seems the real silicon has a dispersion that can meet the requirement of reso-
nance condition for more modes.

We assume that a small thickness ofin the spacer relative to that in top or bottom
layer in Fig. 2al and Fig. 3c leads toward a weak light confinement. We increase the thick-
ness to 455 nm for fepthe top and bottom layers, keep the same thickness of 36 nm for the
spacer and change the change the material property from n=3.48 for rod-type motif to a
real p-type silicon for top and bottom layers. Fig. 4b1 and 4b2 show E-field intensity in
xz-plane in twisted bilayer moiré-over-moiré PhC at times of 1/24 (b1) and 9/24 (b2) of
one period, respectively. Fig. 4c shows E-field intensity in yz-plane in the same structure
as (b). With a big thickness of top and bottom layers, the light is confined in the middle of
structure. The thickness of 455 nm for the top layer+ 455 nm for the bottom layer is close
to the halfhalf of the z-modulation period in Fig. 1c. The fabrication of twisted PhCs has
used a complex process of E-beam lithography patterning, SU-8 based suspending, spac-
ing and bonding. Instead of further study of multi-layer moiré-over-moiré PhCs, we turn
to a single layer 2D+ moiré silicon PhC in next section. Furthermore, the bilayer moire
PhCs may not easy to be directly integrated in a nanophotonic device, however, single
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al

layer 2D+ moiré silicon PhC is as easy as conventional PhCs for nanophotonics integra-
tion. A vervy-recent publication [56] in reconfigurable moire laser further stimulates such
aresearchresearch.
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Fig. 4. (a) E-field intensity in xy-plane in twisted bilayer moiré-over-moiré PhC with layer thicknesses of (220, 250, 220 nm) for

top laver, spacer and bottom layer at times of 8/24 (al) and 16/24 (a2) of one period. The twist angle for bilayer moiré PhCs is 1.89

degrees. (0,0,2) is at center of each figure. (b) E-field intensity in xz-plane in twisted bilayer moiré-over-moiré PhC with layer

thicknesses of (455, 36, 455 nm) for top layer, spacer and bottom layer at times of 1/24 (b1) and 9/24 (b2) of one period. (c) E-field

intensity in yz-plane in the same structure as (b). The twist angle for bilayer moiré PhCs is 1.89 degrees. (0,0, z) (a), (0, v, 0) (b) or

(x,0,0) (c) is at center of each figure.

4. Results of light confinement in 2D+ moiré silicon PhCs

The fabrication of single layer 2D+ moiré silicon can start from a thick photoresist of
SU-8 instead of Dipentaerythritol penta-/hexa-acrylate (DPHPA) used recently for 3D
moire PhCs [52,53]. The eight-beam interference pattern can be recorded in thiek-photo-
resist-such-as SU-8 that can be; post-exposure baked and developed. The developed PhCs
in SU-8 can be filled with SiO2 then burn away SU-8. Then PhCs in S5iO2 can be filled with
silicone and SiO2 is etched awayand-(_a double-conversion process)ted-inte-siticern. We
set the thickness of 2D+ moiré silicon PhCs to be half0-5 of the z-modulation period. The
simulated E-field intensity has been output into 20 images at the (1/20), (2/20), (3/20) ...
(20/20) step of the time-period. Eie—3Fig. 5(a,b) show the E-field intensity in 2D+ moiré
silicon PhCs in two of above moments when their intensities are switched, i.e. the blue
color becomes red while the red color becomes blue. In the central regions, the motif in
single-layer moiré PhC looks like alternative concave and convex lens. As indicated by
the dash red line, the light in Ex polarization is converged into a point as they travel from
the central region to the left in Eig—3Fig. 5(a,b). In Eig-3Fig. 5(c,d), the red color switches
with blue color and the light source in Ex polarization is also converged as indicated by
the dash red line. Eig—3Fig. 5(e,f) show E-field intensity in zy-plane in twisted single-layer
moiré PhC with a thickness equal to half=0-5the z-modulation period in pairs that switch
E-field strength in E: polarization during oscillations. They look like a standing wave with
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top and bottom edges as boundaries. If the single-layer moiré PhCs are fabricated ona 275
substrate, these modes will radiate into the substrate and air as shown below. 276

Hig—3lig. 5(g,h) show E-field intensity in the zy-plane for polarization Ex and E. re- 277
spectively, -in twisted single-layer moiré PhC with a thickness_equal to =half thef-5 z- 278
modulation period on 500 nm glass substrate. The oscillation modes in both figures main- 279
tain a mirror symmetry along y=0, however, don’t have a mirror symmetry along z=0 as 280
expected. It is clearly observed that the light source in Ex polarization is localized in the 281
single-layer moiré PhCs, however, the localization cannot sustain for E: polarization in 282

Eig3Fig. 5h. 283

~(0BSZEIE0R600 _DIORGELEBRONL
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284

Eig-—3Fig. 5. E-field intensity in zy-plane in twisted single-layer 2D+ moiré PhC with a thickness=0.5 z-modulation period in pairs 285

that switch E-field strength in Ex polarization during oscillations in (a,b) and (c,d) and pairs that switch E-field strength in E- 286
polarization during oscillations in (e,f). (g,h) E-field intensity in zy-plane for polarization Ex (g) and Ez (h) in twisted single-layer 287
2D+ moiré PhC with a thickness=0.5 z-modulation period on 500 nm glass substrate. 288

289

5. Discussion 290

In the simulation, we have used a resolution of 24 (relatively low) due to the large 291
3D unit super-cell size. In both fabrications and simulations, a thin single-layer moiré PhC = 292
is favored. Although the simulation of resonance modes and calculation of their Q-factors 293
were not in high resolutions, we observed a trend of increasing Q-factors with an increas- 294
ing thickness of single-layer moiré PhCs. The maximum Q-factor for resonance modes 295
with Ex polarization is in the magnitude order of 10° for single-layer moiré PhCs with a 296
thickness of 0.5 z-modulation period while it is the order of 10* when the thickness is one 297
z-modulation period. As shown in Eig—4Fig. 6(a,b,c) for E-field intensity in the xy-plane 298
and zy-plane, respectively, for polarization Ex in twisted single-layer 2D+ moiré PhC with 299
a thickness of one z-modulation period. Although it is a relatively lew—reselationlow- 300
resolution simulation, resonance modes are clearly visible and symmetric. As expected, 301
the E-field is propagating along the same set of sub-lattices. In zy plane in Eig-—4Fig. 6(b,c), 302
the resonance mode is not a standing wave in z-direction and can survive when the single- 303
layer 2D+ moiré PhCs are fabricated on a glass substrate. 304
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The validation of simulation results is necessary as did in recent application [56]. The 305
simulated E-field propagation along the same set of sub-lattices in Fig. 5(a, b, €) corre- 306
sponds to the disappearance of first order diffraction spots that have recently been ob- 307
served in experiments [48]. Next step we should work on the fabrication of the single- 308
layer 2D+ moiré PhCs in silicone through the double-conversion process described above. 309
For the single-layer moire PhCs in active medium for lasing application, it can be realized 310
by integrating 2D layered materials on PhCs. 311
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Fig4Fig. 6. (a) E-field intensity with Ex polarization in xy-plane in twisted single-layer 2D+ moiré PhC with a thickness=one z- 313
modulation period. (b,c) E-field intensity with Ex polarization in zy-plane in twisted single-layer 2D+ moiré PhC with a thickness of ~ 314
one z-modulation period in pairs that switch E-field strength. 315

6. Conclusion 316

We have studied light confinement in bilayer twisted moiré-overlapping-moiré PhCs 317

and single-layer 2D+ moiré PhCs. In weakly-coupled moiré-overlapping-moiré PhCs, the 318
light source is less localized with increasing twist angle while the light source is tightly 319
localized with increasing twist angle in the strong coupling case. For the single-layer 2D+ 320
moiré PhCs, the light source with E: polarization cannot survive when the PhCs are inte- 321
grated on a glass substrate. Lens effects and resonance modes are observed for the light 322
source with Ex polarization in single-layer 2D+ moiré PhCs. The most importantly, we 323
conclude that the single-layer 2D+ moiré PhCs is very promising and ready for an inte- 324
gration in nanophotonic devices. 325
326
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