Fabrications of twisted moiré photonic crystal and random moiré photonic
crystal and their potential applications in light extraction
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Twisted moiré photonic crystal is an optical analog of twisted graphene or twisted transition metal
dichalcogenide bilayers. In this paper, we report the fabrication of twisted moiré photonic crystals
and randomized moiré photonic crystals and their use in enhanced extraction of light in LEDs.
Fractional diffraction orders from randomized moiré photonic crystals are more uniform than those
from moiré photonic crystals. Extraction efficiencies of 76.5%, 77.8% and 79.5% into glass
substrate are predicted in simulations of LED patterned with twisted moiré photonic crystals,
defect-containing photonic crystals and random moiré photonic crystals, respectively, at 584 nm.
Extraction efficiencies of optically pumped LEDs with 2D perovskite (BA)2(MA)n-1Pbnlsn+1 of
n=3 and (5-(2’-pyridyl)-tetrazolato)(3-CF3-5-(2’-pyridyl)pyrazolato) platinum(II) (PtD) have been
measured.

Keywords: E-beam lithography, twisted moiré photonic crystal, random moiré photonic crystal,
light extraction efficiency,

Introduction

A photonic crystal (PhC) is a periodic nano/micro-structure where the refractive index is
modulated periodically at the operating wavelength of light.! PhCs have been used to manipulate
the light as a cavity, reflector, filter or a platform for photonics integration.>* One example is the
optical fiber grating (1D PhC) for a reflector and optical amplifier.>® In 3D PhCs, a complete
photonic bandgap can be achieved if all stop-bands form at the same frequency for all
wavevectors.”® Graded PhCs have been studied for light bending, nano-focus the light beam or
cloaking device by arranging gradient filling fraction of dielectric materials in PhCs.”!! Recently,
graded photonic super-crystals (GPSCs) have been produced through the eight-beam interference
from two sets of four-beams arranged in different cone angles.!? The GPSC has a gradient pattern,
dual period, dual lattice and super-cell, leading toward a broadband optical response and large
incident angle range for light coupling.'*'® Very recently, it has been verified that GPSC is
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actually a single-layer twisted moiré PhC.'”!® The size (S) of the super-cell in GPSC (or twisted
moiré PhC) is related to the twist angle o by S=A/tan(a/2),!”-'® where A is the period of the
traditional PhC. Twisted moiré PhC is an optical analog of twisted graphene or twisted transition
metal dichalcogenide bilayers where significant interest has been triggered by the discovery of
resonant modes, topological states, and flat photonic bands in moiré PhCs. '*-3°

Light-emitting diodes (LEDs) are 4™ generation light sources with high efficiencies and
long lifetimes.’! For the organic LED, the internal quantum efficiency approaches almost 100% in
small-molecule, phosphorescent materials. 3> However more than 50% of the generated light
is wasted as a waveguide mode in the device or even worse as a surface plasmon mode at the
cathode surface that becomes a hear source for the device. The light extraction layer is needed to
improve the overall efficiency in LED. An extraction efficiency of 75% is targeted by the year
2035 by US Department of Energy. A gradient index layer on LED has reduced the total light
reflection.®*® An incorporation of scatters such as meshed or nanoparticles was applied in
LED.**** Micro-lens arrays have been used to extract the waveguide mode in LED.*#¢ In order
to reduce the loss in surface plasmon mode, light extractions through diffraction, scattering or
coupling of surface plasmon polaritons (SPPs) into air mode have been effective using corrugated
substrate or blazed gratings.*’>* PhCs including GPSC as a group have shown promising for
extracting light from both waveguide and SPP modes.****% The simulation has predicted an
extraction efficiency of 72% if the cathode of OLED is patterned with square GPSC and the
extraction efficiency increases with the percentage of graded region over whole GPSC.> When
the disorder is incorporated into the GPSC and metasurface, the broadband optical response, wide-
angle coupling and high order Fourier frequency components can appear and be used for light
extraction applications. 6176

In this paper we report the fabrication of twisted moiré PhCs and random moiré PhCs, and
the simulated extraction efficiency of light into glass substrate from LED patterned with a twisted
moiré PhC. By adding defects into the uniform area in the super-cell of moiré PhCs, the extraction
efficiency can be improved. We further randomize the lattice positions in moiré PhC, and obtain
more uniform diffraction pattern and higher extraction efficiency than these in regular moiré PhCs.

Experiments and simulations

Fabrication of PhCs: The twisted moiré PhC was fabricated by E-beam lithography (EBL).
The design parameters for the hole size and location in the lattice were obtained from the eight-
beam interference pattern that was generated by Matlab program. The unit super-cell is shown in
Figure Sla. Iso-intensity surface was used for the determination of the hole size. The diameters
for holes in rows #1 and #2 are also shown as examples. These design parameters were input into
an E-beam exposure control program. A thickness of around 66 nm of polymethylmethacrylate
(PMMA) was spin-coated on a Si substrate for 45 seconds with a speed of 3500 RPM using Laurell
WS-650 tabletop spin coater. The sample was then post-baked at 180 °C for 90 seconds. The
thickness of 66 nm was estimated from a graph of the thickness versus the spin coating speed
in the nanofabrication clean-room. The thickness of films in the graph was measured after the
post-baking process. EBL pattern generator was used for EBL in JEOL JSM-7001F SEM
machine. The sample was developed in a diluted solution of isopropanol and distilled water (3:1)
for 10 seconds. The refractive index of PMMA might change after EBL.%® The average refractive



index is 1.49 for PMMA in the visible range. For the randomized moiré PhC, we modified the
design parameters for the position of holes in the twisted moiré PhC through a random number
generator. For example, we changed x-component in the position (x, y) from 1000 nm to 985, 974,
or 1050 nm; changed 2000 nm to 1978, 1956 or 2060 nm. In the simulation code, the random
parameters were assigned to the position of holes in one quadrant of unit super-cell of random
moire PhCs and these parameters were repeated for other three quadrants through an operation of
mirror symmetry with x-axis or y-axis. One example of simulation code for assigned parameters
in one quadrant is included in SI computation code-I for others to reproduce our results. The design
of random moiré PhC is shown in Figure S1b where the positions are listed for holes in row #1
and #2 as examples.

Deposition of films and PL measurement: Deposition of (5-(2’-pyridyl)-tetrazolato)(3-
CF3-5-(2’-pyridyl)pyrazolato) platinum(Il) (PtD) film® was performed inside Trovato 300C
OLED fabrication system. A film of 2D Ruddlesden-Popper perovskites (M A )n-1Pbnlsn+1 of n=3
where BA and MA standing for butylammonium and methylammonium, respectively) with a
thickness of 300 nm was prepared as described in elsewhere.®® The film is most optimized in
terms of film quality and morphology (coverage).®%° (MA)n_1Pbalsn+1 of n=3 instead of n=1 or 2
was selected because its orientation’’ and PL from layer edge states’*’! around 700 nm have been
studied. The same thickness of 300 nm was also used for PtD film in this study. PLs from PtD
with random moiré PhCs and without PhCs were measured with a Renishaw inVia Raman
Microscope with a grating with a line densities of 1200 lines/mm, 473 nm laser and 50x/NA-0.50
microscope lens. PLs from 2D (BA)2(MA)2Pbslio film with and without moiré PhCs were
measured with a different Renishaw inVia Raman Microscope with a grating with a line densities
of 1800 lines/mm, 532 nm laser and 100x/NA-0.85 microscope lens. To make sure an almost
same thickness for a valid comparison, the measurement locations for PL with and without PhCs
are very close and in a same horizontal level as shown in Fig. S2. Ten PL sets of (without, edge,
center and corner) were measured with a total number of 40 measurements for 2D perovskite
(BA)2(MA)2Pbslio film. For PtD films, twelve PL sets of (with and without random moiré PhCs)
were measured.

Results

Figure 1a shows the SEM of a fabricated twisted moiré PhC in PMMA with a 12Ax12A
super-cell as indicated by a red square, corresponding to a twist angle of 9.5 degrees, where A is
labelled in the figure (A=1 um). The edge, corner and center of the super-cell are labelled for the
position of photoluminescence measurement. Fig. 1b shows the SEM of random moiré PhC in
PMMA where the circle positions are randomly shifted from the regular moiré PhC. The dashed
line indicates the position of one column of circles. For example, the circle positions indicated by
blue and red arrows, however, are shifted toward left and right, respectively. A diffraction pattern
of 532 nm laser from the twisted moiré¢ PhC and random moiré PhC are shown in Fig. 1¢ and 1d,
respectively, where diffraction orders of (-1,-1) and (-2,0) are labelled. There is no diffraction
maximum in first order diffractions of (£1,0) and (0,£1) as explained further in Fig. 2. Comparing
diffractions in both figures, there is a strong secondary maximum around the diffraction maximum
in Fig. 1¢ while the secondary maximum is not obviously visible in Fig. 1d. The diffraction pattern
is more uniformly distributed in the fractional diffraction in Fig. 1d than that in Fig. 1¢. We can
see some weak fractional diffraction spots between the labels of (-2,2) and (0,2) in Fig. 1c. These



diffractions in both Fig. 1¢ and Fig. 1d can help decouple the light with p-polarization into the air
mode through equation (1):>°

21 2m .
k—m?— Tsme, (1)

Where k is the wavevector of light, m the integral number, P the one of periods in moiré PhCs, A
wavelength of light, and 6 the diffraction angle.
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Fig. 1. (a) Scanning electron microscope (SEM) of fabricated twisted moiré PhC in PMMA with a thickness
of 66 nm. The unit super-cell is indicated by a solid red square. A=1 pum. The positions for center, edge
and corner of a super-cell are indicated. (b) SEM of fabricated random moiré PhC in PMMA. The unit
super-cell is indicad by a solid red square. The position of circle is shifted toward left, right and up indicated
by blue, red and yellow arrows, respectively. (c-d) 532 nm laser diffraction patterns for twisted moiré PhC
(c) and random moiré PhC (d). Some 1* order and 2™ order diffraction spots and fractional diffraction are
labelled.



For the LED with moiré¢ PhC, an Al film is first deposited on top of the twisted moiré PhC and
random moiré PhC. If we deposit light emitting material in the next step, the air cylinders in PhCs
will take extra materials for light emitting. In order to have a reasonable comparison of PL intensity
from the regions with and without PhC, we spin-coat 50 nm PMMA on the sample as shown in
Fig. S3 and then prepare 300 nm light emitter of PtD or 2D (BA)2(MA)2Pbslio. Thus the structure
has PMMA cylinders in Al background as shown in Fig. S3a. Al was selected in the study as it has
been used in commercial products due to its low cost. In future, mask nano-patterning can print
holes into organic layers and deposit Al into holes, thus forming Al cylinders in organic
background. We simulate both cases of Al cylinders in organic background and organic cylinders
in Al background and compare their results. The simulation of light in waveguide mode, SPP mode
and glass substrate is performed using MIT MEEP,”? a FDTD program run on Amazon Web
Service’s cloud computing platform. The structural parameters of the LED device in the simulation
are listed in Fig. S4a where a glass substrate is added for the comparison of extraction efficiency
in the traditional device and other simulations.”® We set the refractive index of glass and light
emitter to be 1.45 and 1.75, respectively. A calculated permittivity for (BA)2(MA)2Pbslio (one of
light emitters) was used in the discussion section. The Drude-Lorentzian parameters for Al were
obtained from a reference.’3 Simulation results for a glass thickness=10 pm and light emitter
thickness=300 nm were almost same as those with thickness=1 pm and 200 nm, respectively.*
All simulations in this study used structural parameters in Fig. S4a. The fractions of light in glass
for dipole orientation perpendicular (Ez) to and parallel (Ex) to the LED layers are shown in Fig.
S4b and S4c, respectively. As seen from the figures, the LED integrated with a PhC of organic
(organic means PMMA thereafter) cylinders in Al background has a relatively higher efficiency
than that with Al cylinders in organic background for wavelengths above 540 nm. Overall
extraction efficiency of light into glass substrate is shown in Fig. S4d. There is no big difference
in extraction efficiency whether the LED is integrated with organic cylinders or with Al cylinders.
Their extraction efficiency can reach 76.5% at 584 nm.

The twisted moiré PhC has a gradient pattern in the center of super-cell for the destructive

interference of SPP thus improving the extraction of light with s-polarization through equation
@)

21
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Where PL is the surface plasmon path length, netr the effective refractive index at dielectric/metal
interface, A the wavelength, m the integer number, and [3 the phase shift due to the reflection. Due
to the gradient size of cylinders (or hole) and the destructive interference in Eq. (2), the SPP is
localized within cylinders (holes) (as shown in Fig. 2a) with a similar size (as shown in Fig. 2b for
a comparison of size and location of cylinders) for a certain wavelength. Furthermore, the
simulation in Fig. 2a shows resonance directions in [1,1] and [0,2], however, does not support the
resonance direction in [ 1,0], corresponding to strong diffraction spots at (1,1) and (0,2) and missing
diffraction spots at (1,0) in Fig. lc-d. As shown in Fig. 2c, the SPP loss over the total power in
OLED varies with the twist angle (unit super-cell size) of moire PhCs. SPP loss is smaller at the
twist angle of 9.5 degrees (unit super-cell size 12Ax12A) than other angles. We focus on the moire
PhCs with a unit super-cell size 12A%12A in this study.
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Fig. 2: (a) Simulated electric field intensity in the organic materials above the metallic layer. (b)
A schematic showing the SPP resonance path for a comparison with the SPP pattern in (a). (¢)
Calculated SPP loss over the total power in OLED integrated with moire PhCs with different twist
angles.

This idea in equation (2) is further tested by destroying the relatively uniform pattern at the
edge and corner of the super-cell through placing 4 defects, each at the edge and corner as shown
in insets for Al cylinders and organic cylinders-type PhCs in Fig. 3a and 3b, respectively. The
addition of these defects changes the uniform regions into a non-uniform region for a destructive
SPP resonance. When comparing the fraction of light in glass with defects in twisted moiré PhC
and that without defects (regular twisted moiré PhC), there is no big change for dipoles with E.
polarization. For dipoles with Ex polarization, the fraction of light in glass is higher in PhCs with
defects than those without defects in longer wavelengths above 500 nm in Fig. 3a. The overall
extraction efficiency of light into glass is 77.7% at 584 nm in Fig. 3b.
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Fig. 3. Simulated fraction of light in glass substrate for dipole orientations perpendicular to (red symbols))
and parallel to (blue symbols) the layers of LED with PhCs of Al cylinders in organic background (a) and
organic cylinders in Al background (b) that contain defects at 8 locations (squares), compared with these



without defects (circles). Insets are the moiré PhCs with defects at 8 locations for the purpose of generating
less uniform pattern.

We now compare the simulation prediction with experimental results. Fig. 4a shows the
PL measurement from 2D perovskite (BA)2(MA)2Pbslio film in LED layers integrated with twisted
moiré PhCs and without PhCs, and their intensity ratio (solid red line, in secondary y-axis). The
empty squares correspond to the simulated intensity ratio assuming that 93.4% of the dipole
orientations are in horizontal direction parallel to the LED layer, as calculated from polarized PLs
in a reference.”* The 2D layered structure in (BA)2(MA):Pbslio film is perpendicular to the
substrate,’® as shown in Fig. S5a, and therefore the PL is highly polarized.’-”*"> The ratio of PL
intensity from (BA)2(MA)2Pbslio film integrated with twisted moiré PhCs over that without moiré
PhCs is measured to be between 1.3 and 1.9 in a wavelength range of 670-760 nm, comparing with
the predicted ratios between 1.68 and 1.76. Near the PL. maximum around 700 nm, the simulated
PL intensity ratio is 1.68 versus 1.47 in measurement in Fig. 4a.
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Fig. 4. (a) PLs from 2D (BA)>(MA),Pbslio LED layers integrated twisted moiré PhC measured at the center,
corner and edge of the unit super-cell, PL from LED layers without moiré PhC (blue line), and ratio of
average PL intensity with moiré PhC over that without PhC, comparing with the simulated intensity ratio
for 2D (BA)2(MA),Pbslio with 93.4% E, dipole with a constant refractive index (empty red squares) and a
calculated permittivity in the discussion section (solid red squares). (b) Simulated fraction of light in glass
substrate for dipole orientations perpendicular to (red symbols)) and parallel to (blue symbols) the layers



of LED for moiré PhCs with random position of organic cylinders in Al background (squares), compared
with these in moiré PhC without random positions (circles). Inset is the simulation generated random moiré
PhC. (c) Measured PLs from PtD LED layers integrated with random moiré PhC (orange line), without PhC
(blue line) and their intensity ratio (red line), comparing with the simulated intensity ratio for PtD with 92%
of dipoles in parallel to the LED layer (empty red squares). (d) Computed E-field intensity distribution in
the glass substrate in LED integrated with random moiré PhCs.

We further randomized the lattice position in moiré PhCs. We simulated the light extraction
into the glass substrate from the LED layers when the LED is patterned with random moiré PhCs.
As shown in Fig. 4b, the fraction of light in glass for Ex dipole is higher in structures with random
moiré PhCs than those without random lattice (i.e. regular moiré PhCs), while the fraction of light
in glass is lower for Ez dipole in structures with random moiré PhCs than those with regular moiré
PhCs. The overall extraction efficiency of light into glass substrate is 79.5% at 584 nm. PLs from
PtD film in LED integrated with random moiré¢ PhC and without PhC (blue line) are shown in Fig.
4c¢ and their intensity ratio is plotted in a red line. The ordered arrangement of PtD film is
schematically illustrated in Fig. S5a.7%7° With 92% of dipoles in Ex polarization as measured by
angle-dependent PL method,’® the simulated intensity ratio is between 1.80 and 1.87, while the
measured ratio is between 1.25 and 1.88 for the wavelength range of 520-670 nm in Fig. 4¢. At
the peak center near 571 nm, the measured PL intensity ratio is 1.69, in comparison with the
simulated intensity ratio of versus 1.81.

We also computed the E-field intensity in the glass substrate in Fig. 4d during the
simulation in Fig. 4b when the LED is integrated with random moiré PhCs. Although the lattice
position is randomly shifted from the regular moiré PhCs, the square symmetry is retained as seen
from the square shape indicated by the dashed white square in Fig. 4d. The light travels in different
directions as indicated by the dash arrows in Fig. 4d, as expected, due to the randomized lattice.

Discussions

Firstly, we discuss the effect of randomization. In this study, the lattice position is
randomized by less than 5% of the period (which is 1000 nm). Following the Eq. (1), the
decoupling of light with E; polarization into air mode is weakened due to the destruction of the
periodicity of the lattices. It can explain why the extraction efficiency from LED integrated with
random moiré PhCs is less than that with regular moiré PhCs for E: polarization in Fig. 4b. The
resonance condition in Eq. (2) for Exy polarization is further destroyed in randomized lattices in
random moiré PhCs. It can explain the higher extraction efficiency from LED integrated with
random moiré PhCs than that with regular moiré PhCs in Fig. 4b. Although the extraction
efficiency drops for Ez polarization, the overall extraction efficiency is higher in LED with random
moiré PhC than that with regular moiré¢ PhC, as shown in Fig. S6. For example, the extraction
efficiency is 79.6% at a wavelength of 584 nm for random moiré PhC case compared to 76.5% for
regular moiré PhC case. The predicted increase of extraction efficiency from regular moiré PhC,
to defect-containing moiré PhC, and to random moiré PhC, is due to the increased number of



photonic modes in these PhCs.”” Experimentally, we observed an intensity increase of 1.47 and
1.69 in LED with regular moiré PhC and random moiré PhC, comparing with that without PhCs.

Next, we discuss the disagreement between simulation and experimental results. The
simulation shows an almost equivalent PL intensity ratio in the measured PL range, while the
experimental data show an increasing intensity ratio from short to long PL wavelengths, with a
maximum ratio in the long wavelength side, as shown in Fig. 4a and 4c. We used a constant
refractive index of 1.75 for the simulation in Fig. 4a and 4c. In order to have an accurate simulation,
the permittivity of PtD and 2D perovskite and their dispersion need to be included in the simulation.
Our co-authors have published the refractive index n and k for 2D Ruddlesden-Popper perovskites
(MA)n-1Pbnl3n+1 of n=3 using a combined Tauc-Lorentz model.”® We used Drude-Lorentz model”
in Eq. (3) to fit their data using one Lorentz term:

2 2
Wy fro1
w2+ilbw w?—-w?-ilw
P 1 1

e(w) =g, —

(3)

We applied the published parameters:’® &, = 5.3 for the background permittivity, [, =0.06eV
for the carrier relaxation rate, and f; = 0.35 for the strength of the Lorentz oscillator. We selected
center frequency w; = 1.77 eV for the PL central frequency, relaxation I} = 0.17 eV for the
Lorentz oscillation line width, and the unscreened plasma frequency w, = 1.3 eV for the real
permittivity close to 5 around 900 nm. The generated permittivity is shown in Fig. 5 that can catch
necessary features near 700 nm. The simulated light intensity ratio is 1.58 (1.5) at 690 (723) nm,
very close to the measured PL ratio at the central wavelength. The simulated ratio in a large range
is included in Fig. 4a.
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Fig. 5. (a) Calculated dielectric function spectra for 2D (BA).(MA),Pbsl; using Drude-Lorentz model.
(b) The ratio of PL from (BA)2(MA),Pbsly integrated with moiré PhC over that without PhC, comparing
with the simulated intensity ratio (solid blue squares) in the PL range of full width half maximum.

We further discuss the Ex and Ez polarization effects. The waveguide mode can be easily
reduced by integrating patterns in the LED. The coupling of E- polarized light into air mode can
be enhanced through multiple periodicities in moiré PhCs. The destructive interference of SPP can



increase the extraction efficiency for light with Exy polarizations. PL from PtD or 2D perovskites
are highly Ex,y polarized. It is nice to use these materials to test the theory governed by Eq (1)
and (2) individually. However, the simulation needs a full verification by using other materials
although it predicts an extraction efficiency above the targeted 75% as set for year 2035 by
Department of Energy. In future, nonlinear optical properties in moire photonic crystals can also
be included to advance the research in this field.®

Conclusion

We have fabricated twisted moiré photonic crystals and randomized moiré photonic crystals
through e-beam lithography, and simulated light extraction efficiencies of 76.5%, 77.8% and 79.5%
into the glass substrate for an LED integrated with a twisted moiré PhC, defect-containing moiré
PhC and random moiré PhC, respectively. We have measured and obtained ratios of light intensity
of LED integrated with a twisted moir¢ photonic crystal and a random moiré photonic crystal over
that without moiré photonic crystal, that are 1.47 (perovskite) and 1.69 (PtD), respectively,
comparing with the predicted ratios of 1.68 and 1.81 at the central PL wavelength. The material
dispersion needs to be further included for an accurate prediction.
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Computation Code-I
One example of simulation codes for random twisted photonic crystal:

(set! *random-state* (seed->random-state (+ (car time) (cdr time)))))

(set! geometry (list (make block (material glass) (size infinity infinity (+ dpml tglass))
(center 0 0 (- (* 0.5 sz) (* 0.5 (+ dpml tglass)))))

(make block (material perovskite) (size infinity infinity tito)

(center 0 0 (- (* 0.5 sz) dpml tglass (* 0.5 tito))))

(make block (material org) (size infinity infinity torg)

(center 0 0 (- (* 0.5 sz) dpml tglass tito (* 0.5 torg))))

(make cylinder (material org) (radius 0.314) (height 0.04) (axis 0 0 1)

(center 0 0 (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.51) (height 0.04) (axis 0 0 1)

(center O (/ sxy -11.3) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.51) (height 0.04) (axis 0 0 1)

(center (/ sxy -14.09) 0 (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.323) (height 0.04) (axis 0 0 1)

(center (/ sxy -10.89) (/ sxy -13.79) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.48) (height 0.04) (axis 0 0 1)

(center (/ sxy -6.15) (/ sxy -13.85) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.343) (height 0.04) (axis 0 0 1)

(center (/ sxy -4.15) (/ sxy -8.62) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.46) (height 0.04) (axis 0 0 1)
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(center (/ sxy -3.09) (/ sxy -13.9) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.32) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.3) (/ sxy -14.08) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2) (/ sxy -14) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.283) (height 0.04) (axis 0 0 1)

(center (/ sxy -5.7) 0 (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.43) (height 0.04) (axis 0 0 1)

(center (/ sxy -4.09) 0 (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.284) (height 0.04) (axis 0 0 1)
(center (/ sxy -2.89) 0 (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.34) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.46) 0 (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)
(center (/ sxy -2) 0 (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.314) (height 0.04) (axis 0 0 1)

(center 0 (/ sxy -6.1) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 1t))))

(make cylinder (material org) (radius 0.45) (height 0.04) (axis 0 0 1)

(center O (/ sxy -3.75) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.3) (height 0.04) (axis 00 1)

(center 0 (/ sxy -2.9) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.365) (height 0.04) (axis 0 0 1)

(center 0 (/ sxy -2.3) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 1t))))

(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center O (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))

(make cylinder (material org) (radius 0.47) (height 0.04) (axis 0 0 1)

(center (/ sxy -13.7) (/ sxy -5.95) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.334) (height 0.04) (axis 0 0 1)

(center (/ sxy -5.89) (/ sxy -6.09) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.43) (height 0.04) (axis 0 0 1)

(center (/ sxy -4.08) (/ sxy -5.5) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.357) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.9) (/ sxy -6.07) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.42) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.3) (/ sxy -6.45) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2) (/ sxy -6) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.36) (height 0.04) (axis 0 0 1)

(center (/ sxy -13.61) (/ sxy -4.09) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.42) (height 0.04) (axis 0 0 1)

(center (/ sxy -13.75) (/ sxy -2.87) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.315) (height 0.04) (axis 0 0 1)

(center (/ sxy -13.55) (/ sxy -2.35) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.315) (height 0.04) (axis 0 0 1)

(center (/ sxy -14) (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.42) (height 0.04) (axis 0 0 1)



(center (/ sxy -6.07) (/ sxy -3.9) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.347) (height 0.04) (axis 0 0 1)

(center (/ sxy -5.85) (/ sxy -3.07) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.4) (height 0.04) (axis 0 0 1)

(center (/ sxy -6.1) (/ sxy -2.55) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.315) (height 0.04) (axis 0 0 1)

(center (/ sxy -6) (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.32) (height 0.04) (axis 0 0 1)

(center (/ sxy -3.95) (/ sxy -3.75) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.46) (height 0.04) (axis 0 0 1)

(center (/ sxy -4.08) (/ sxy -2.85) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.347) (height 0.04) (axis 0 0 1)

(center (/ sxy -3.89) (/ sxy -2.3) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.315) (height 0.04) (axis 0 0 1)

(center (/ sxy -4) (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.43) (height 0.04) (axis 0 0 1)

(center (/ sxy -3.08) (/ sxy -3.92) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.36) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.95) (/ sxy -2.82) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.39) (height 0.04) (axis 0 0 1)

(center (/ sxy -3.09) (/ sxy -2.38) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.315) (height 0.04) (axis 0 0 1)

(center (/ sxy -3) (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.366) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.35) (/ sxy -4.09) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.37) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.43) (/ sxy -2.97) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.396) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.35) (/ sxy -2.42) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2.4) (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2) (/ sxy -4) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2) (/ sxy -3) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2) (/ sxy -2.4) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2) (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
(make cylinder (material org) (radius 0.335) (height 0.04) (axis 0 0 1)

(center (/ sxy -2) (/ sxy -2) (- (* 0.5 sz) dpml tglass tito torg (* 0.5 rt))))
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Fig. S1. (a) Unit super-cell as indicated by solid or dashed square for the twisted moiré photonic
crystals (PhCs). The diameters of circles in row #1 and #2 inside the dashed square are listed below
the super-cell as examples. (b) Unit super-cell for position-randomized moiré PhCs. The positions
of circles in row #1 and #2 are listed below the super-cell as examples.



Fig. S2. (a) Optical microscope image of 2D Ruddlesden-Popper perovskites of n=3 on areas with
and without moiré PhCs. The super-cell is indicated by the dashed red square. The arrows indicate
the photoluminescence measurement orders to make the best effort of same sample thickness for
one set of 4 measurements at corner, center and edge of the unit super-cell and at an area without
PhCs.
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Fig. S3. (a) Schematic of the PMMA cylinders in Al background. (b) Schematic of LED without
(left) and with (right) moiré PhCs: PMMA spin-coated on Si substrate (1), e-beam lithography
(2), Al deposition (3), PMMA spin-coated on Al (4) and light emitter deposition (5). The light
will not pass through the Al layer. We remove the PMMA below the Al layer and Si substrate in
the to-be-simulated structure in Fig. S4a.
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Fig. S4. (a) Schematic of simulated LED without (left) and with (right) moiré PhCs: glass substrate
was added for the comparison with traditional LED structure. (b-c) simulated fraction of light in
glass for dipole orientations perpendicular to (b) and parallel to (c) the layers of LED with PhCs
of organic cylinders in Al background (empty squares), and Al cylinders in organic background
(solid squares) and without PhCs (solid triangles). (d) Overall extraction efficiency of light into
glass substrate (squares and triangles are for same LED structures as these in (b) and (c)).

Fig. S5. Schematic of the ordered arrangement of 2D (BA)2(MA)2Pbslio film (a) and PtD film (b)
on the substrate.
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Fig. S6. Overall extraction efficiency of light into glass substrate for LED integrated with random
moiré PhC (squares) and with regular moiré¢ PhC (circles) where organic cylinders sit in Al
background.



