
Lou et al., Sci. Adv. 8, eadd4339 (2022)     30 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 5

O P T I C S

Tunable guided resonance in twisted bilayer  
photonic crystal
Beicheng Lou1, Benjamin Wang2, Jesse A Rodríguez2, Mark Cappelli2, Shanhui Fan3*

We experimentally demonstrate tunable guided resonance in twisted bilayer photonic crystals. Both the numeri-
cally and the experimentally obtained transmission spectra feature resonances with frequencies strongly depen-
dent on the twist angle, as well as resonances with frequencies that are largely independent of the twist angle. 
These resonant features can be well understood with a simple analytic theory based on band folding. Our work 
illustrates the rich tunable resonance physics in twisted bilayer systems.

INTRODUCTION
The effect of guided resonance is very prominent in an optical thin-
film structure with periodic in-plane refractive index modulations. 
The modulation results in the phase matching of externally inci-
dent plane wave with the guided mode of the thin film, which can 
lead to strong resonance response and enhanced light-matter in-
teraction (1–3). Guided resonance has been used in many devices 
including sensors (4–7), filters (8–16), light-emitting diodes (17), 
and lasers (18–22) and in applications (23, 24) such as image dif-
ferentiation (25–27), slow light generation (28), and control of ther-
mal emission (29).

While the properties of guided resonance can be engineered by 
structure design, tuning guided resonance after the structure is fab-
ricated remains a challenge. Some previous work relies on perturb-
ing the refractive index of the film (10, 30–33), changing the incident 
angle (34), or by using a two-layer structure and changing the inter-
layer gap size (35, 36). The tuning range of all these techniques in 
practice is quite limited. In addition, in many applications, one 
prefers to operate the device at a fixed angle of incidence, for which 
the change of incident angle is not applicable.

In recent years, there has been much interest in twisted bilayer 
photonic structures (37–43). These structures consist of two thin films 
on top of each other. With proper design of each layer, the optical 
property of the bilayer system becomes strongly dependent on the 
twist angle, which can enable applications such as tunable circular 
dichroism (40–42), tunable frequency filter (44), tunable thermal 
emission (45), and tunable lens focus (43). In particular, when both 
of these layers consist of a periodic structure, for example, when both 
layers are photonic crystal slabs, the periodicity of the twisted bilayer 
system becomes strongly dependent on the twist angle because of 
the moiré effects (46–48). Because the phase-matching condition of 
the guided resonance with the external plane wave depends strongly 
on the periodicity, the frequency of guided resonance can become 
strongly dependent on the twist angle. This effect of using twist angle 
to tune guided resonance has been recently studied theoretically (46), 
but there has not been an experimental demonstration. Moreover, the 
previous theoretical study assumes that each layer is infinitely peri-
odic within the layer. From the previous study, it remains unclear 

how the effects may be in practical structures where each layer nec-
essarily has a finite spatial extent.

Here, we provide an experimental study of twisted bilayer pho-
tonic crystal slabs in the microwave frequency range, as illustrated 
in Fig. 1. We show that the guided resonances can be highly tunable 
by twist angle. The measured transmission spectrum agree well with 
both the simplified theory and the rigorous coupled wave analyses. 
It is a demonstration of tuning guided resonance in photonic crystal 
slabs by twist angle and points to the substantial opportunities in 
exploiting these structures in device applications.

RESULTS
Theory
In general, to the lowest-order approximation, the properties of 
guided resonance of a photonic crystal slab can be understood from 
a band folding picture starting from the guided mode band structure 
of the corresponding uniform slab (1). In our experimental structure, 
the total thickness of the two-layer structure is 0.73 cm, and the 
operating wavelength is around 1 cm. Therefore, the corresponding 
uniform slab is in the single-mode regime, as characterized by a single-
band eff(k).

For a wave incident onto the photonic crystal slab, with an in-
plane wave vector kinc, the frequency of the excited guided resonance 
can be approximated as

	​​ ​ g​​  = ​ ​ eff​​(​k​ inc​​ + g)​	 (1)

where g is a reciprocal lattice vector. At a nonzero twist angle, our 
structure in Fig. 1A forms a two-dimensional (2D) lattice as shown 
in Fig. 1B, with lattice vectors ​​a​ 1​​  =  a​​̂  y​ ′ ​ / sin ​ and ​​a​ 2​​  =  a​̂  y​ / sin ​ along 
the rods in the two layers, where a is the lattice constant of each layer, 
​​  y​​ is the unit vector along the rods in the first layer, and ​​​  y​ ′ ​​ is the unit 
vector ​​  y​​ rotated by angle  to be along the rods in the second layer. 
The corresponding reciprocal lattice is then

	​​ G​ 2​​  ≡  {g :  g  =  2n​̂  x​ / a + 2​n ′ ​​​̂  x​ ′ ​ / a, n, ​n ′ ​  ∈  ℤ}​	 (2)

where ​​  x​​ and ​​​  x​ ′ ​​ are unit vectors perpendicular to the rods in each 
layer, respectively. Alternatively, the reciprocal lattice can be under-
stood from a multilayer scattering picture. Incident plane wave with 
in-plane wave vector kinc passing through the first layer will be scat-
tered into plane waves of wave vectors ​{​k​ inc​​ + 2n​̂  x​ / a :  n  ∈  ℤ}​, which 
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will be further scattered by the second layer into plane waves of 
wave vectors ​{​k​ inc​​ + 2n​̂  x​ / a + 2​n ′ ​​​̂  x​ ′ ​ / a:  n, ​n ′ ​  ∈  ℤ}​, i.e., {kinc + g: g ∈ 𝒢2}.

Different choice of g in Eq. 1 gives rise to different dependencies 
of the resonant frequency on the twist angle. The choice of either 
n = 0 or n′ = 0 gives rise to resonances that are almost independent 
of the twist angle. The two lowest-order angle-independent reso-
nances have frequencies

	​​ ​ 1​​  = ​ ​ eff​​(​k​ inc​​ ± 2​̂  x​ / a ) = ​​ eff​​(​k​ inc​​ ± 2​​̂  x​ ′ ​ / a)​	 (3)

	​​ ​ 2​​  = ​ ​ eff​​(​k​ inc​​ ± 4​̂  x​ / a ) = ​​ eff​​(​k​ inc​​ ± 4​​  x​ ′ ​ / a)​	 (4)

These are guided resonances associated with the periodicity of 
one of the layers. On the other hand, when both n and n′ are not 
zero, the frequencies of the resulting guided resonance becomes 
highly dependent on the twist angle. The two lowest orders of these 
twist angle–dependent resonances have the frequencies

	​​  
​​ 3​​  = ​ ​ eff​​(​k​ inc​​ ± 2(​̂  x​ − ​​  x​ ′ ​) / a)

​   
                  = ​​ eff​​(​k​ inc​​ ± 2((1 − cos  ) ​  x​ + sin  ​̂  y​ ) / a)

​​	 (5)

	​​  
​ ​ 4​​  = ​ ​ eff​​(​k​ inc​​ ± 2(2​̂  x​ − ​​  x​ ′ ​) / a)

​   
                 = ​​ eff​​(​k​ inc​​ ± 2((2 − cos  ) ​  x​ + sin  ​̂  y​ ) / a)

​​	 (6)

From Eqs. 5 and 6, we can also see the connection of these twist 
angle–dependent resonances to the moiré wave vector ​​g​ m​​() ≡  
2(​̂  x​ − ​​̂  x​ ′ ​) / a​ (46). The tunability of these resonances is directly 

related to the strong dependency of the moiré wave vector on the 
twist angle, as illustrated in Fig. 2.

At normal incidence, kinc = 0 and the wave vector arguments 
for eff in Eqs. 3 to 6 have twist angle dependence shown in Fig. 3A.  
The choice of sign results in two dashed lines for each color. The 

Fig. 1. Illustration of the experiment setup. (A) Diagram of a twisted bilayer structure interacting with incident light. The y and y′ axes are along the rods in the 
two layers. (B) The lattice vectors of the real space (​​​̂  a​​ 1​​​, ​​​̂  a​​ 2​​​) and of the reciprocal space (​​​̂  b​​ 1​​​, ​​​̂  b​​ 2​​​) for the twisted bilayer structure shown in (A). (C) Photo of the experiment 
structure taken in the laboratory. (D) Measurement scheme where two horn antennas are placed on the two sides of the structure and connected to a vector network 
analyzer (VNA).

Fig. 2. Variation of the reciprocal lattice bases as the twist angle is varied, with 
the lowest-order moiré wave vector ±gm()traced out by the orange line as a 
function of twist angle. 

D
ow

nloaded from
 https://w

w
w

.science.org at Stanford U
niversity on M

ay 04, 2023



Lou et al., Sci. Adv. 8, eadd4339 (2022)     30 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 5

corresponding resonant frequencies, also as a function of twist angle, 
is shown in Fig. 3B. Each dashed line represents a doubly degenerate 
resonance, for the two choices of sign in Eqs. 5 and 6.

Transmission simulation and measurement
For our experimental structure, we first show in Fig. 4A the trans-
mission spectra as obtained from the rigorous coupled wave analy-
sis. The color indicates the transmitted power of linearly polarized 
light in the zeroth diffraction order in log scale. There are a large 
number of transmission spikes and dips, indicating a large number 
of guided resonances. While most resonances have twist angle–
dependent frequencies, there are two sets of resonances that are 
largely twist angle–independent, around the frequencies 0.50 c/a and 
0.71 c/a. The transmission spectra for the case of normal incidence 
can be found in section S1.

To better understand the results from the numerical simulations, 
we show the theoretically predicted resonant frequencies using Eqs. 3 
to 6 as a function of twist angle in Fig. 4B. We note that this theory 
simply takes as input the band structure of an effective uniform slab 
and then estimates the resonant frequency by wave vector matching 
consideration only. This theory does not take into account any scat-
tering or coupling effects from the grating. A more elaborate theory 
on the resonances can be developed following (46). Here, the dashed 
lines each are a doubly degenerate resonance as in Fig. 3B, corre-
sponding to kinc = 0. In our experiment, because the incoming light 
is at an incident angle  = 26.6°, kinc ≠ 0 and the degeneracies of the 
resonances are lifted, as shown by the solid lines in Fig. 4B. Moreover, 
because the incident beam has a transverse Gaussian profile, deviat-
ing from the plane wave assumption, there will be a broadening of 
the predicted resonant frequencies, as shown by the gray shades in 
Fig. 4B. Specifically, if we denote the Gaussian beam width as W, i.e., 
the transverse power distribution of the beam P(x, y) ∝ e−(x2 + y2)/W2

, then 
the gray shades in Fig. 4B correspond to resonant frequencies for 
wave vectors {kinc + k : ∣k∣ < 2/W}, as also obtained from Eqs. 3 
to 6. The theoretical prediction is based on eff(k) = 0.5∣k∣0.53. This 

parametric form is chosen to account for the band dispersion in 
photonic crystals and is obtained by fitting to the band structure of 
the bilayer structure at  = 0° within the frequency range of interest. 
All four pairs of bands in Fig. 4B could be identified with correspond-
ing transmission spikes and dips in Fig. 4A, despite a slight difference 
in dispersion.

The experimental measurement of transmission spectrum at var-
ious twist angles is shown in Fig. 4C. The color indicates the trans-
mitted power of linearly polarized light, with the polarization aligned 
to ​​  x​​, in the zeroth diffraction order in log scale. The measured trans-
mission as a function of frequency and twist angle has various sharp 
variations that reveal the corresponding guided resonances. There 
are two sets of transmission dips around frequencies 0.50 c/a and 
0.71 c/a that are largely independent of the twist angle. They cor-
respond to the guided resonance modes shown as red and blue in 
Fig. 4B, where the degeneracy is lifted because of off-normal inci-
dence. There are also two sets of resonant features that are highly 
dependent on the twist angle. One of them has the resonant fre-
quencies varying from 0.50 c/a to 0.65 c/a as the angle varies from 
0° to 90°. The other has the frequencies varying from 0.55 c/a to 
0.65 c/a as the twist angle varies from 45° to 50°. They correspond to 
the guided resonance modes shown as green and yellow in Fig. 4B. The 
experiment result matches the simulation reasonably well, despite 
showing fewer resonances than the simulation. This is expected be-
cause we are using a finite structure that cannot manifest the modes 
with sufficiently high-quality factors, while the simulation assumes 
infinite structure. All four sets of bands from the theory prediction 
based on low-order scattering processes are visible, indicating the 

Fig. 3. The origin of angle-dependent and angle-independent resonant fre-
quencies. (A) The contour lines are the frequencies of the guided modes in an ef-
fective uniform slab as a function of wave vectors. The slab has a thickness of 1.14a, 
where a is the lattice constant for individual layers, and a dielectric constant of 
r = 5.7. The frequencies are in the unit of c/a, where c is the speed of light. The 
dashed colored lines are the wave vectors of various guided resonances that couple 
to normally incident light at various twist angles. (B) The resonant frequencies of 
the twisted system as a function of twist angle for the various wave vectors shown 
as dashed lines in (A). Fig. 4. Transmission of linearly polarized light at incident angle  = 26.6°, as a 

function of frequency and twist angle. The numerical calculation from rigorous 
coupled-wave analysis is shown in (A). The theoretical prediction using the lowest-
order moiré wave vector is provided for reference in (B). Dotted lines are the resonant 
frequencies for normal incidence. Solid lines are the resonant frequencies for off-
normal incidence. Notice the lifting of some of the degeneracies as one moves from 
normal to off-normal incidence. The experimental measurement is shown in (C). The 
transmission spectra at a few twist angles (36°, 38°, 40°, 42°, and 44°), showing 
angle dependence of the guided resonance frequency, are collected in (D).
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robustness of these processes and the applicability of the low-order 
model. The highly tunable guided resonance mode from theory 
prediction (green line in Fig. 4B) is not completely visible in the nu-
merical result (Fig. 4A) because many other resonances correspond-
ing to higher-order processes cut across it as the twist angle is varied. 
However, it has an excellent match in the experiment result where 
high-order processes are less visible because of finite size, which fur-
ther motivates the low-order model. To see the tunable guided reso-
nances more clearly, we also show the transmission spectra between 
0.54 c/a and 0.60 c/a for a few twist angles in Fig. 4D. Here, the trans-
mission spectra are smoothened, and one can see the clear presence 
of resonance features that are strongly tunable by the twist angle. 
The transmissions are all below −15 dB because the chosen frequency 
range is near resonance. In fig. S3, we provide the experimental trans-
mission spectra at the same twist angles but over a larger frequency 
range. From these plots, we see that the experimental insertion loss is 
actually small. More details of the resonance features can be found 
in sections S2 to S4.

DISCUSSION
We experimentally demonstrate tunable guided resonance in twisted 
bilayer photonic crystals. Both the numerically and the experimental-
ly obtained transmission spectra feature resonances with frequencies 
strongly dependent on the twist angle, as well as resonances with fre-
quencies that are largely independent of the twist angle. These resonant 
features can be well understood with a simple analytic theory based on 
band folding. The transmission spectrum from rigorous coupled wave 
analysis have richer details than the experimental measurements, but 
many features can be matched between the two, which is remarkable 
given the small extent of our experimental structure. Our work illus-
trates the rich tunable resonance physics in twisted bilayer systems.

MATERIALS AND METHODS
Experimental setup
Our experiment structure consists of two layers of alumina rod arrays, 
as illustrated in Fig. 1A. The alumina rods are held by a 3D printed 
scaffold using polylactide (PLA) at low filling ratio, as shown in 
Fig. 1C. The alumina rods have a dielectric constant r = 9.8 and a 
radius of r = 0.17 cm, while the PLA scaffold has a dielectric con-
stant less than 2. The layers have a lattice constant of a = 0.64 cm 
and an interlayer gap spacing of 0.05 cm. With our setup, the in-
plane twist angle can vary continuously from 0° to 90°. A pair of horn 
antennas, with operating frequencies spanning multiple octaves be-
tween 18 and 40GHz, are placed on the two sides of the twisted struc-
ture and connected to a vector network analyzer, as illustrated in 
Fig. 1D. The vector network analyzer measures the transmission of 
a linearly polarized (along x axis) microwave beam with a Gaussian 
profile in the transverse direction. The Gaussian beam spans across 
a range of approximately 10 cm and does not directly see the edge of 
the structure. The incident angle is set at  = 26.6° to eliminate mul-
tiple reflections between the ports and the structure. We aim to 
measure the transmission in the zeroth diffraction order while con-
tinuously varying the twist angle .

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add4339
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