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On-chip multi-degree-of-freedom control of 
two-dimensional materials

Haoning Tang1, Yiting Wang1, Xueqi Ni1, Kenji Watanabe2, Takashi Taniguchi2, 
Pablo Jarillo-Herrero3, Shanhui Fan4, Eric Mazur1 ✉, Amir Yacoby5 ✉ & Yuan Cao5,6,7 ✉

Two-dimensional materials (2DM) and their heterostructures offer tunable electrical 
and optical properties, primarily modifiable through electrostatic gating and twisting. 
Although electrostatic gating is a well-established method for manipulating 2DM, 
achieving real-time control over interfacial properties remains challenging in 
exploring 2DM physics and advanced quantum device technology1–6. Current 
methods, often reliant on scanning microscopes, are limited in their scope of 
application, lacking the accessibility and scalability of electrostatic gating at the device 
level. Here we introduce an on-chip platform for 2DM with in situ adjustable interfacial 
properties, using a microelectromechanical system (MEMS). This platform comprises 
compact and cost-effective devices with the ability of precise voltage-controlled 
manipulation of 2DM, including approaching, twisting and pressurizing actions.  
We demonstrate this technology by creating synthetic topological singularities,  
such as merons, in the nonlinear optical susceptibility of twisted hexagonal boron 
nitride (h-BN)7–10. A key application of this technology is the development of integrated 
light sources with real-time and wide-range tunable polarization. Furthermore, we 
predict a quantum analogue that can generate entangled photon pairs with adjustable 
entanglement properties. Our work extends the abilities of existing technologies in 
manipulating low-dimensional quantum materials and paves the way for new hybrid 
two- and three-dimensional devices, with promising implications in condensed-matter 
physics, quantum optics and related fields.

Two-dimensional materials (2DM) emerge as a transformative class of 
materials with the potential to uncover new physics and device appli-
cations, because of their remarkable tunability by electrostatic gating 
and through van der Waals (vdW) stacking11. The introduction of twist 
in vdW stacks, together with intrinsic lattice mismatch, further offers 
control over their band structures and many-body correlations by 
moiré effects12–17.

For two decades, assembling vdW heterostructures has relied on 
dry and wet transfer18,19. These methods are reliable, simple to imple-
ment and amenable to subsequent processing, such as etching and 
electrode evaporation. However, as the complexity of the stacks of 
2DM continues to evolve, a limitation becomes increasingly evident. 
Each stack is inherently unique and non-reconfigurable20. The associ-
ated non-reproducibility precludes convenient exploration of stacking 
parameters, such as twist angle, and many conclusions are reached 
only from a handful of samples.

Recently, an approach based on scanning microscopes has been 
proposed, allowing control of the twist angle and performing tunnel-
ling spectroscopy simultaneously6. Although it represents a marked 
advancement, it requires a highly specialized and costly setup, and 
expertise that few laboratories possess1–5. These limitations indicate 
the need for a universal approach to manipulate the stacking in vdW 

heterostructures at the device level. Here we design and implement an 
on-chip platform based on microelectromechanical systems (MEMS) 
for generic manipulation of 2DM with unprecedented flexibility and 
accuracy. This platform, named MEMS-based Generic Actuation plat-
form for 2D materials (MEGA2D), not only addresses the need for in situ 
control over 2DM stacking but also provides a lot of opportunities 
in condensed-matter physics, optics and beyond. MEGA2D renders 
the stacking in a 2D heterostructure on par with electrostatic gating, 
in terms of convenience, scalability and accessibility to the broader 
research community. It is compatible and can be easily integrated into 
any existing transport and optical measurement systems.

Micromachine designed for twisting 2DM
Our objective is to tune the twist angle, θ, and the separation distance, 
h, between two 2DM (Fig. 1a). Two primary challenges arise when using 
MEMS for manipulating 2DM: (1) MEMS actuators exhibit limited 
travel21,22, necessitating that the layers of 2DM be in close proximity  
(a few micrometres) at rest. Thermal expansion and magnetostriction, 
when working under conditions involving low temperatures and/or 
high magnetic fields, can further distort the MEMS. To maintain scal-
ability, it is essential to preserve this initial gap without using an external 
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mechanical or piezo stage. (2) The mating interface between 2DM must 
be exceptionally flat and parallel to ensure consistent engagement.

Both challenges are resolved by design in MEGA2D (Fig. 1b). Each 
MEGA2D device is bonded from a top MEMS die and a bottom substrate 
using an SU-8 spacer. There are two main components in each MEMS 
die: a 60-µm silicon (Si) MEMS device layer and a 450-µm Si MEMS 
handle layer, separated by SiO2. Figure 1c,d shows an optical image and 
a cutaway schematic of a fully assembled MEGA2D device. At the core 
of MEGA2D is an Si pillar attached to the centre of the device layer, 
driven to translate vertically or rotate along its axis. At the bottom of 
the Si pillar, a pyramid is etched to provide a protruding platform, in 
which a flake of 2DM will be transferred6 (Fig. 1d). A second flake of 
2DM is placed on the substrate and aligned with the pyramid, which 
interacts with the on-pyramid 2DM as the MEMS is vertically trans-
lated or rotated. Figure 1e,f shows an optical image and an atomic force 

microscopy (AFM) image of an h-BN flake on the pyramid, in which it 
forms a flat surface, the dimension of which is defined by the etched 
pyramid (4 × 4 µm2). The complete device has a dimension of 1 × 1 cm2 
and can be mounted in any measurement apparatus without requiring 
any special equipment beyond a few electrical connections.

As the Si pillar and the handle layer are monolithically etched from 
the same wafer and have the same height (about 450 µm), thermal 
expansion and magnetostriction will have the same effect on both, and 
their effects on the distance between the 2DM cancel out. The flatness 
of the interface of the 2DM is also guaranteed, for which we estimate 
the tilt between the 2DM to be less than 0.01° and is further correctable 
(Methods). The free-standing distance between the 2DM is determined 
by the difference between the thickness of the SU-8 spacer and the 
height of the pyramid, which equals around 1.6 µm in our experiment 
and is highly reproducible.
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Fig. 1 | MEGA2D, an on-chip MEMS platform for twisting 2D materials.  
a, Illustration of the high-level idea of controlling the stacking in 2DM 
heterostructures using nanomechanical systems. We wish to control the twist 
angle θ and distance h between two 2DM independently. b, Exploded schematic 
of the main components in a MEGA2D device. c, Photograph of a fully assembled 
MEGA2D device. Scale bar, 2 mm d, Cross-sectional schematic of an assembled 
MEGA2D device. At the bottom of the central silicon pillar (circled with red 
dashed lines and magnified in the bottom panel), the 2DM are integrated,  
one on the pyramid etched on the bottom of Si pillar and the other on the 

substrate. e, Photograph of a piece of h-BN flake on the pyramid. Scale bar, 
20 µm. f, AFM image of an h-BN flake on the pyramid with a height of about 
0.6 µm, exhibiting a flat surface at the top with a size of 4 × 4 µm2. g, Calculated 
actuation curve of the MEMS vertical actuator. A control voltage of Vz ≈ 38 V is 
necessary to bring the pyramid into contact with the substrate. h, Measured 
and fitted actuation curves of the MEMS rotator. A rotation up to ±10° can be 
achieved at a rotational control voltage of Vr = 120 V. The fit curve is a quadratic 
curve with respect to Vr.
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To ensure hysteresis-free operation, we use electrostatic mechanisms 
for all actuators (Methods). Figure 1g shows the calculated actuation 
curve of the vertical actuator. The rotational actuator has a stepper 
motor design23 with a step size of 0.33° and a range of ±10°. The rotation 
axis is within about 1–2 µm of the pyramid centre. Figure 1h shows the 
measured actuation curve of the rotator. Smaller steps are achievable 
by voltage interpolation.

The biggest advantage of MEGA2D is its flexibility. Apart from θ 
and h, other interesting stacking parameters in 2DM, such as lateral 
translation, stretching, tilting and shearing, can be incorporated in 
the MEMS24–27 (see Methods for tilting). There is also no limitation on 
the substrate material. This unlocks a variety of experiments, such as 
optics in 2DM, which we demonstrate below.

Moiré nonlinear optics
We measure the second-harmonic generation (SHG) in twisted h-BN 
single-crystals. 2DM with broken inversion symmetry, such as h-BN, 

have a strong second-order nonlinear optical response (χ(2)) that is 
highly sensitive to lattice orientation and stacking28–30. Further enhance-
ment of the SHG signal can be achieved by the use of cavities31–33,  
plasmonic structures34 and quasi-phase-matching7.

We first use SHG as a sensitive probe for h between the h-BN flakes. 
We assemble a MEGA2D device with an h-BN flake on the pyramid and 
another h-BN flake on a fused silica substrate. A λ = 780 nm femto
second laser excites the h-BN through the fused silica substrate and the 
reflected SHG signal at λ/2 = 390 nm is collected (Fig. 2a; see Methods 
for full setup). The h-BN flakes have thicknesses ranging from about  
15 to 200 monolayers. Thick h-BN flakes can have nonzero SHG regard-
less of the parity of its number of layers because of electric quadrupole 
processes7.

We measure the SHG signal as a function of the vertical control  
voltage Vz, which tunes h (Fig. 2b). We find that SHG is tunable by more 
than an order of magnitude as a result of the Fabry–Pérot cavity formed 
by the two h-BN surfaces. It oscillates four periods before settling to a 
constant value, which indicates contact between the flakes. The cavity 
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Fig. 2 | Nonlinear optical probing and Raman spectroscopy of twisted  
h-BN tuned with MEGA2D. a, Measurement scheme. A femtosecond laser at 
frequency ω is focused onto the backside of a MEGA2D device through its fused 
silica substrate, and the reflected signal, part of which is at the frequency 2ω, is 
collected. At the focus are two pieces of h-BN crystal, one on the fused silica and 
the other on the MEMS pyramid tip. b, Measured SHG power in an h-BN MEGA2D  
device as a function of Vz. On the top axis, the corresponding separation between 
the two h-BN, h and the applied pressure after h reaches zero are shown. The 
red curve shows the calculated SHG power (Supplementary Information).  
c, A hysteresis is seen when bringing the two h-BNs in and out of contact. The 
amount of hysteresis, as converted to equivalent distance, is used to deduce 
the vdW interaction force (see main text). d, SHG power map of an as-fabricated 

MEGA2D device. e, SHG power map when the h-BNs are brought into contact, 
which shows a possible bubble present in the middle of the pyramid top. f, On 
several rotations to ±10° when engaged in contact, the bubble disappears and 
the SHG map appears more uniform. The square in d–f denotes the top surface 
of the pyramid, which is approximately 4 × 4 µm2. g, An optical micrograph of 
the state in f. Scale bar, 5 µm. h, Measured second-harmonic circular dichroism, 
with P P P P( − )/( + )SHG SHG SHG SHG

↺ ↻ ↺ ↻ , where ↺P SHG and ↻P SHG are the SHG powers 
measured using LCP and RCP excitations, respectively. i,j, Raman spectroscopy 
of a MEGA2D h-BN sample when the twisted h-BN flakes are air-spaced by 
0.8 µm (i) and in contact ( j). Lines with different colours were taken at different 
twist angles. The dashed lines denote the centre of the E2g peak fit with a 
Lorentzian.
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enhancement is periodic in λ/2 = 390 nm, and the observation thus 
matches well with the designed gap of about 1.6 µm.

The flatness of the mating interface is crucial for achieving a pristine 
2D interface, which is maintained by the built-in mechanism discussed 
above. Figure 2d shows a typical SHG map of a free-standing device 
(h = 1.6 µm). When the two flakes are brought into contact (Fig. 2e), 
we found that the SHG initially became non-uniform, which can be 
attributed to bubbles that formed between the flakes, as typically found 
during stacking of 2DM. However, on several rotations between ±10° 
while in contact, the SHG becomes more uniform (Fig. 2f), demonstrat-
ing the self-cleaning property of the 2D interface6,35.

MEGA2D also enables us to directly measure the mechanical proper-
ties of a 2D interface, such as the vdW attraction, traditionally meas-
ured by scanning probe techniques36,37. Figure 2c shows the SHG signal 
measured during forward and backward scanning of the vertical control 
voltage. We find a clear hysteresis on disengaging from contact, in 

which the SHG suddenly jumps from the contact value, at h = 220 nm. 
Using the calculated MEMS vertical stiffness kz = 300 N m−1, we estimate 
the maximum binding force Fb = kzd = 66 µN, which corresponds to a 
vdW tensile strength of 4 MPa. This is comparable but smaller than 
the intrinsic cleavage strength of h-BN37, presumably because of the 
twist between the flakes.

H-BN crystals feature a mirror plane aligned with its armchair direc-
tion. For two h-BN twisted by θ other than multiples of 60°, this sym-
metry is lifted by the emergent moiré pattern that imparts chirality, 
regardless of h. We can directly detect this breakdown in our experi-
ment. Chiral materials respond differently to left (LCP) and right (RCP) 
circularly polarized light, as was demonstrated in twisted bilayer  
graphene38. To probe the chirality by SHG, we measure the SHG circu-
lar dichroism (CD) defined as P P P P( − )/( + )SHG SHG SHG SHG

↺ ↻ ↺ ↻ , where PSHG
↺   

and ↻PSHG are the SHG powers excited using LCP and RCP, respectively. 
We purposefully fabricated a MEGA2D device with a free-standing twist 
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Fig. 3 | Experimental realization of synthetic merons (half-skyrmions) in 
the nonlinear susceptibility of twisted h-BN. a, A typical polarization- 
dependent SHG measurement in twisted h-BN. From each measurement,  
we can fit the SHG power to a cosine function with respect to the polarization  
to obtain three independent parameters: SHG power maxima Pmax, minima  
Pmin and polarization α of the maxima. The polarizations of maxima αtop and 
αbottom, if only top or bottom h-BN is measured, are also shown. b, The effective 
nonlinear susceptibility of twisted h-BN, if written as a nonlinear pseudospin ψ, 
represents a direction on the Poincaré sphere. Its azimuth and elevation equal 
6α and ±2 tan−1(Pmin/Pmax)1/2, respectively. The x-, y- and z-directions represent 
nonlinear pseudospins [1, 0], [1, 1]1

2
 and i[1, ]1

2
, respectively. The function  

f(x) = ±2 tan−1(x1/2). The sign ambiguity is experimentally fixed by SHG CD 
(Methods). c, Evolution of the azimuth 6α in the synthetic space for a system 
with ntop = 20 and nbottom = 30. In this space, we found four types of merons, 
labelled as (p, v) by their core polarity p and vorticity v. d–g, The pseudospin 
texture of the four types of merons in more detail. The product of p and v 
defines the topological charge Q = p × v, which equals +1 for a meron and −1 for 
an anti-meron. h, Experimentally measured 6α and Pmin/Pmax. i, The numerical 
simulation for a MEGA2D device, which exhibits a (+1, −1) anti-meron in the 
accessible synthetic space. The device has an initial twist of θ = 43° at Δθ = 0°. 
j,k, The experiment ( j) and simulation (k) for a similar device that possesses a 
(+1, +1) meron instead.



1042  |  Nature  |  Vol 632  |  29 August 2024

Article

angle near 0°. We can see from Fig. 2h that although the SHG CD varies 
strongly with h, it is always antisymmetric with θ and vanishes at θ = 0°. 
We have thus demonstrated the ability to continuously vary the degree 
of symmetry breaking ‘on-the-fly’ using MEGA2D.

To further demonstrate the intimate contact between the 2DM when 
the vertical actuator is fully engaged, we measured the Raman spec-
troscopy of the twisted h-BN stack. The E2g peak of h-BN centred around 
1,365 cm−1 caused by in-plane phonon modes is sensitive to stacking 
configuration and the layer number39,40. We find that the E2g peak can 
shift by up to 0.6 cm−1 when the h-BN flakes are brought into contact and 
twisted within ±8° (Fig. 2i), whereas no shift is observed when the flakes 
are not in contact (Fig. 2j). We believe that it is the twist-dependent 
phononic coupling between the two h-BN flakes that is causing this shift.

Topological texture in χ(2)

We can treat the stacking parameters offered by MEGA2D as synthetic 
dimensions8,9 to realize topological physics in the nonlinear properties 
of 2DM. In nonlinear optics involving 2DM, the second-order suscep-
tibility χ(2) has eight components in the 2D plane. Materials with C3 
crystallographic symmetry have two independent components: 
χ χ χ χ χ= = − = − = −xxx yyx yxy xyy1

(2) (2) (2) (2)  and χ χ χ χ χ= − = = =yyy xyx xxy yxx2
(2) (2) (2) (2) .  

Other terms that contain the subscript z can in principle be excited  

but do not contribute substantially in our scenario (Methods). We can 
write them as a pseudospin: ψ = [χ1, χ2], representing a direction on the  
Poincaré sphere (Fig. 3b). For crystalline h-BN (D3h symmetry), ψ ∝ [1, 0] 
(x is armchair direction). For a generic stack of nonlinear 2DM, the 
effective ψ is a phase-coherent superposition of ψ from each constitu-
ent layer. In twisted h-BN, h and θ control the SHG phase and polariza-
tion difference between the two flakes, respectively. ψ is periodic in 
both h (periodicity λ/2) and θ (periodicity 120°), and the h–θ synthetic 
space has the same torus-like topology as a 2D Brillouin zone.

Figure 3c shows the calculated azimuth map of ψ for ntop = 20 layers 
of h-BN monolayers on fused silica and nbottom = 30 layers of h-BN mono
layer on silicon, respectively. Rich features exist at certain locations 
in the synthetic space, around which the azimuth acquires full ±360° 
rotations. These singularities are analogous to topological defects 
known as half-skyrmions or merons in magnetic materials10,41. A meron 
is characterized by its topological charge Q = p · v = ±1/2, determined 
by the core polarity p = ±1 and the vorticity v = ±1; p = +1 or −1 means 
that ψ points to +z or −z on the Poincaré sphere at the core, whereas 
v = +1 or −1 means that ψ forms a vortex or anti-vortex. In our system, 
we theoretically found all four types of synthetic merons (Q = +1/2) and 
anti-merons (Q = −1/2) (Fig. 3d–g).

With MEGA2D, we can access these topological features experimen-
tally. To probe ψ, we measure the SHG power as a function of linear 
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Fig. 4 | Tunable classical and quantum light source with MEGA2D. Twisted 
h-BN has an intrinsic dimensionless complex number γ = tan−1(χ2/χ1) that 
characterizes its nonlinear susceptibility. a, In the SHG process, two photons 
with polarizations α1 and α2 (typically the same) combine into a photon with 
polarization α3. These angles obey a sum rule, such that α3 can be controlled  
by γ, which is in turn tunable by h and θ. b, In SPDC, which is the inverse process  
of SHG, the same sum rule is obeyed. However, α1 can generally be different  
from α2, which results in an ambiguity. This ambiguity is related to the inherent 
quantum randomness of the SPDC process, and what we obtain is entangled 
photon pairs as shown in the table. The extent and direction of the entanglement 

is tunable by γ and thus by h and θ. Experimentally, we demonstrate only the  
SHG process here. c, Demonstration of tunable SHG light source with MEGA2D. 
We show the measured α3 as a function of h and θ. Each ellipse in this plot 
represents a polarization state, with colour representing its ellipticity. The 
(+1, +1) synthetic meron located near the bottom right corner enables us to tune 
α3 into left circular polarization. d, The six main polarizations that we can access 
in this MEGA2D device. e, The coverage of the Poincaré sphere. The upper and 
lower halves of the Poincaré sphere are split for clarity. The lower hemisphere 
shows less coverage because the accessible meron has p = +1.
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polarization in a parallel configuration (Methods), yielding the charac-
teristic six-fold symmetric pattern with respect to the polarization28–30 
(Fig. 3a). We can identify the maximum and minimum SHG powers 
Pmax and Pmin, and the polarization of the maxima, α (0° ≤ 6α < 360°), 
which are directly tied to the geometrical angles of ψ on the Poincaré 
sphere (Fig. 3b and Methods). In particular, when ψ is at the north or 
south pole, α becomes undefined and Pmin/Pmax = 1, that is, the pattern 
in Fig. 3a becomes circular.

Figure 3h–k shows the measured and calculated 6α and ratio Pmin/Pmax 
in two MEGA2D devices. In one device (Fig. 3h,i), we can identify an 
anti-meron (Q = −1/2) labelled by (p, v) = (+1, −1). At its core, Pmin/Pmax 
approaches unity, consistent with the theoretical expectation. In the 
other device with different numbers of h-BN layers (Fig. 3j,k), we found 
a meron of the type (+1, +1) with similar behaviours. We note that p is not 
directly determinable by linear polarization SHG but can be separately 
identified by SHG CD (Methods).

Towards a tunable quantum light source
These synthetic topological features imply that χ(2) of an active optical 
stack can be engineered to cover a large space, whereas h and θ need to 
be tuned only slightly. We can use this advantage to design full-Stokes 
tunable classical and quantum light sources.

A second-order nonlinear process involves three photons with 
energies ħω1, ħω2 and ħω3, where ħ is the reduced Planck constant, 
ω1 + ω2 = ω3 and polarizations are α1, α2 and α3, respectively. In a bulk 
nonlinear material, these polarizations typically need to be fixed on 
certain crystallographic planes to satisfy phase-matching require-
ments42. In nonlinear 2DM, these requirements are relaxed, and the 
polarizations can be connected by a fourth polarization γ = tan−1(χ2/χ1), 
by a sum rule (Methods)

α α α γ k k+ + = + , = 0, ± 1, ± 2, … (1)π1 2 3

Here polarizations are represented by complex numbers with their 
real parts denoting their polarization angles and the imaginary parts 
encoding their ellipticity.

With γ tunable by h and θ, we realize a light source at frequency 2ω 
with tunable polarization state α3. In previous experiments in 2DM, 
active tuning of SHG polarization could be achieved only by intricate 
control of the arrival times of the two fundamental photons, and the 
tuning range was limited43. The tunability of ψ in our case can span the 
entire Poincaré sphere. We demonstrate this by fixing α1 = α2 = 0 and 
measuring α3 using quarter-wave plate polarimetry (Methods) in a 
MEGA2D device (Fig. 4c). We directly see the polarization vortex in α3 
at a synthetic meron, around which α3 rotates by 180°. Exactly at the 
centre, the SHG becomes LCP (α3 = γ = +i∞). Figure 4d shows that all prin-
cipal polarizations on the Poincaré sphere are approximately reached 
within the accessible synthetic space, and Fig. 4e shows the coverage 
on the sphere. Future generations of MEGA2D devices with a wider θ 
range that allows access to a pair of merons with opposite polarity could 
provide better coverage of the sphere. The wide tunability of ψ can also 
potentially lead to new methods for generating spatiotemporal modu-
lated light and quantum sensing of symmetry-breaking phenomena.

Another possibility using the same principles lies in the reciprocal 
process of SHG, known as spontaneous parametric down-conversion 
(SPDC)44, converting one photon at 2ω to two photons at ω. Although 
SHG is fundamentally classical, SPDC is inherently quantum and can 
create entangled photon pairs with high purity. SPDC relies on the 
same χ(2) tensor, and the same sum rule (equation (1)) applies to the 
resulting photon pairs (Fig.  4b; see Methods for derivation). If 
α1 + α2 = γ − α3 = 0, we obtain a Bell’s state (|↔↔⟩ − |↕↕⟩)/√2. If 
α1 + α2 = π/2, we obtain another Bell’s state (|↔↕⟩ + |↕↔⟩)/√2. If γ = +i∞ 
(that is, ψ ∝ [1, i], reachable at the core of a meron), α1 and α2 are both 
forced to be LCP, and the resulting photons have zero entanglement 

( ↺↺| �, a product state). This flexibility of tuning both the polarization 
and the entanglement entropy is not available in other SPDC platforms. 
2DM with a stronger nonlinear response than h-BN is probably neces-
sary to experimentally realize such a tunable quantum light source42,45.

The abilities of MEGA2D will speed up the exploration of the rich 
phase space of stacked 2DM and their applications. The nonlinear optics 
discussed in this Article is applicable to other C3 monocrystalline thin 
films too. The MEMS-based technique can also be integrated with opti-
cal metamaterials and enable new ways to manipulate photons and to 
study light–matter interactions46.
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Methods

MEMS working principle
The core of the on-chip MEGA2D platform is the MEMS die in which 2D 
material resides. Here we briefly outline the working principle of the 
MEMS device and the fabrication procedure.

MEMS actuators that are commonly used in research and commer-
cial products are broadly classified into electrostatic, piezoelectric 
and thermal actuators. Each category has different advantages and 
disadvantages. Among them, electrostatic actuators are the only ones 
that offer fast response, zero backlash (hysteresis) and compatibility 
with the widest operating environment. Compared with piezoelectric 
actuators, which typically have a small percentage of deformation, non-
negligible hysteresis and expansion and contraction due to changes 
in temperature and magnetic field, the electrostatic actuator is much 
more friendly for on-chip integration of 2D materials.

The basic working principle of electrostatic actuators relies on a 
parallel-plate capacitor. The energy of a parallel-plate capacitor in a 
vacuum is

E CV
ε AV
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=
2

, (2)2 0
2

where C is capacitance, V is voltage on the capacitor, ε0 is vacuum per-
mittivity, A is the area of overlap and d is the distance between the plates. 
We assume the width of the capacitor w is much larger than d and ignore 
any edge effects. If a capacitor has a fixed plate and a movable plate 
that can displace perpendicularly (towards the other plate, which we 
call z-direction), as well as parallelly (which we call x-direction), the 
electrostatic forces are
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where l is the extent of the capacitor in the y-direction, and A = wl.  
A MEMS electrostatic actuator essentially uses one of these two 
forces to balance the reaction force of a MEMS spring (simply mod-
elled by Hooke’s law f = kδ, where k is the spring constant) to achieve a 
voltage-controlled displacement δ = f/k. Notably, the vertical actuation 
force is typically larger than the parallel actuation force, as w is typically 
larger than d. The drawback of vertical actuation, however, is that there is 
a pull-in instability that limits the maximum displacement to about d/3.

Our MEMS device consists of a rotator (R) stage cascaded on the 
vertical stage (Z). The Z stage uses the perpendicular force equation (3). 
As mentioned above, this type of actuator can provide large forces but 
has a limited range. We devised a lever-based mechanism to amplify the 
motion (Extended Data Fig. 1a,b). The resulting actuator can provide 
up to 5 µm of motion when actuated to around 50 V. We put mechanical 
limiters on the levers to prevent shock damage and electrostatic pull-in.

By contrast, the R stage uses the actuation force from equation (4). 
To achieve considerable motion with this smaller force, we note that 
equation (4) is independent of the dimension of the capacitor along 
the motion (w). It is therefore desirable to break the capacitor into as 
many smaller capacitors as possible (until w ≈ d). We end up either in a 
‘comb’ design or a ‘teeth’ design. The latter is more suitable for rotary 
motion, as we can construct actuator teeth around the rotary core to 
create a stepper motor without sacrificing force for range23. The design 
of the R stage is shown in Extended Data Fig. 1c. For continuous rotation, 
the teeth are split into three groups that are shifted a third of a tooth 
from each other (Extended Data Fig. 1d).

To cascade the R stage on top of the Z stage, we designed an inter- 
stage electrical network with vias to connect the control voltages of 

the R stage. Proper design of this network ensures that there is minimal 
crosstalk between the Z and R stages.

MEMS fabrication
The MEMS die is fabricated from a commercial silicon-on-insulator 
wafer and contains no metal or polymer. The die is thus extremely 
robust against heat, refrigeration or magnetic fields. The fabrication 
procedure is outlined in Extended Data Fig. 2. The main processing 
steps are
•	 tip etching,
•	 through-silicon vias (TSV) fabrication,
•	 MEMS structure etching and release and
•	 bonding.

Tip etching. We start with a 6-inch silicon-on-insulator wafer, consist-
ing of a 450-μm Si handle layer, a 2-μm buried oxide (BOX) layer and a 
60-μm Si device layer. Each wafer contains 332 dies. The wafer is first 
coated with thermally grown silicon dioxide on both sides (Extended 
Data Fig. 2a). On the back side of the wafer (Si handle), the oxide is 
etched into a small square (Extended Data Fig. 2b). The underlying 
silicon layer is etched into a pyramid (either sharp or flat-top) using a 
45% potassium hydroxide solution at 75 °C. The height of the pyramid 
is controlled by etching time to be around 600 nm. The oxide mask 
is subsequently removed in a dilute hydrofluoric acid (HF) solution 
(Extended Data Fig. 2c).

TSV fabrication. The TSVs act as electrical connections between 
top and bottom p-doped silicon layers. The TSVs are first patterned 
on the device layer by photolithography on a thick photoresist. The  
device layer and the BOX layer are subsequently removed by reactive-ion 
etching. The wafer is thoroughly cleaned to remove etching residues. 
A conductive layer, for example, poly-silicon, is conformally depos-
ited on the wafer, ensuring full coverage of the TSVs. To protect the 
back side of the wafer from deposition, an oxide film is grown with 
plasma-enhanced chemical vapour deposition. This oxide and the 
poly-silicon on it are removed by reactive-ion etching before proceed-
ing (Extended Data Fig. 2d).

MEMS structure etching and release. This fabrication step comprises 
three steps: backside patterning, front side patterning and HF release 
(Extended Data Fig. 2e). A tetraethylorthosilicate oxide mask is first 
grown on both sides of the wafer. The Si handle layer is patterned and 
etched from the bottom up to the BOX layer, using deep reactive-ion 
etching. After plasma cleaning, the front side is then patterned and 
etched from the front side down to the BOX layer. At this stage, the 
wafer becomes fragile and must be handled with extreme care. The 
final stage is the HF release. The wafer is thoroughly cleaned to remove 
fluorocarbon residue. The BOX layer, as well as the remnant oxide mask, 
is etched using an HF vapour etcher (AMMT GmbH) at 35 °C for 45 min. 
This step releases the MEMS actuators and suspends the Si pillar. We  
used a dicing-free design such that the wafers are automatically  
released into chips without the need for saw-cutting47.

Bottom chip fabrication and bonding. The bottom chip is fabricated 
from a fused silica wafer pre-patterned with alignment markers. After 
the 2DM flakes are transferred, a 2.2-μm thick SU-8 layer is patterned 
on the wafer. The fused silica wafer is then diced using a commercial 
dicing saw into 1 × 1 cm2 chips. Each MEMS die is aligned to a fused silica 
chip and bonded using heat and pressure (Extended Data Fig. 2f) to 
become a complete MEGA2D device. Finally, each device is electrically 
connected to a measurement printed circuit board by wire bonding.

2DM transfer. To transfer flakes of 2DM onto the MEMS pyramid with-
out damaging the suspended MEMS structures, which is susceptible 
to shock and stiction if exposed to liquid, we developed a modified 
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dry transfer method using poly(bisphenol A carbonate) (PC) film. 
We prepare thin PC and polypropylene carbonate (PPC) film by spin 
coating on a clean Si wafer and stack them on a pre-moulded polydi-
methylsiloxane (PDMS) flat-top pyramid (the tip diameter is 500 μm). 
We stack the PC on top of the PPC before putting them down onto 
the PDMS pyramid, to provide a thermal releasing mechanism at 
200 °C, at which temperature the PPC has completely melted. The 
higher tackiness of the PC facilitates the pick-up of 2DM. We first pick 
up h-BN flakes at 70–90 °C 40-μm-tall ridges etched on a Si wafer to 
cut the PC/PPC stack at 180 °C into a small square. This step makes it 
easier to release the PC/PPC stack onto the MEMS Si pillar. The segre-
gated PC/PPC square with h-BN flake is released on the MEMS Si pillar  
at 200 °C. The PC and PPC are removed in chloroform in a special 
holder that prevents the solvent from entering the active MEMS struc-
ture because any liquid in the MEMS will cause stiction. The MEMS 
die is subsequently annealed in a vacuum at 300–500 °C overnight 
to remove the PC and PPC residue. Extended Data Fig. 3 shows an  
h-BN flake before and after the transfer.

A simpler procedure is performed on the fused silica substrate 
side. We use a PC/PDMS stack to pick up the h-BN at similar tem-
peratures as above and directly release it onto a clean fused silica 
substrate at 150 °C. SU-8 is subsequently spun and patterned on the  
substrate. The substrate is then cut with a dicing saw into 1 × 1 cm2 
chips. The assembly of the MEMS chip and fused silica substrate takes 
place at 200 °C, which activates the SU-8 and forms a strong bond 
between the two chips. Cleanliness of the fused silica and MEMS chips 
is crucial to the success, which means any dust that is larger than a few 
microns must be removed. In all the steps described above, we take 
note of the orientation of the h-BN flakes that was pre-determined by 
SHG measurement and use that information to align the h-BN flakes 
to be within about 2°.

We demonstrate the abilities of the MEGA2D platform mainly using 
SHG. The SHG response to different polarized light is measured in a 
reflectance setup as shown in Extended Data Fig. 4a. The light source is 
a 780-nm femtosecond fibre laser with a nominal pulse width of about 
100 fs. After rotating the polarization using a λ/2 plate and optionally a 
λ/4 plate (for SHG CD measurements), the light beam is focused onto 
the MEGA2D sample from the fused silica side using a 40× objective. 
The reflected SHG light is collected with the same objective, goes back 
through the same waveplates and is separated from the incident beam 
using a dichroic mirror. This reflected beam is further filtered by a 
bandpass filter to remove the fundamental light, passed through a 
linear polarizer (set to be parallel with incident laser polarization) and 
measured by a custom-made camera spectrometer.

We also use quarter-wave plate (QWP) polarimetry to measure the 
polarization of the reflected SHG wave directly. The modified setup is 
shown in Extended Data Fig. 4b. The fundamental polarization is fixed 
to vertical in this case. The polarizer is also fixed to pass vertical polar-
ization. The SHG signal is measured as a function of the QWP angle θ 
when it is rotated from 0° to 180°. This information is used to extract 
the Stokes parameters S0, S1, S2 and S3 of the SHG light48. The Stokes 
parameters are normalized with respect to S S S+ +1

2
2
2

3
2  and plotted 

either as polarization ellipses or on the Poincaré sphere (Fig. 4).
The Raman spectroscopy in Fig. 2i,j is performed in a commercial 

Horiba Raman spectrometer at room temperature, using a 532-nm laser 
excitation, an excitation power of 10 mW and an integration time of 30 s.

Supplementary Video 1 shows the in situ twisting of two pieces of 
h-BN under an optical microscope.

Theory of SHG and SPDC in twisted h-BN
See Supplementary Information for details.

Experimental data post-processing
The raw experimental data (SHG versus h, SHG CD, α and Pmin/Pmax maps, 
and polarization map) are all measured as functions of Vz, the MEMS 

vertical actuation voltage. We first need to convert Vz into h. The nomi-
nal dependence of h on Vz is shown in Fig. 1, and the MEGA2D devices 
from the same batch typically do not deviate from this curve consider-
ably. The small deviation can be corrected by a simple scaling factor 
on h. This factor is fit from the SHG versus h measurement (Fig. 2b), 
because the distance between the periodic peaks must be equal to λ/2. 
Accuracy of h calibration is, therefore, dependent on precise knowledge 
of the fundamental wavelength λ, which is from the ultrafast fibre laser 
we use for pumping and is stable at 780 nm.

Despite our best efforts, there is a small crosstalk between the Z 
and R stages, which results in a quadratic drift of vertical position with 
respect to θ, that is, there is a drift in the form of

h θ θ∆ ∝ ( − ) ,0
2

where θ0 is a constant. We fit our measurement data with this formula 
to remove the quadratic background. Extended Data Fig. 5 shows 
a comparison between the raw and corrected SHG CD data as an  
example.

Experimental data in Figs. 2h, 3h,j and 4c and Extended Data Figs. 5 
and 6 are interpolated into a rectangular grid of the same resolution 
as the raw data for the purpose of plotting. Figure 4d,e shows the raw 
data points corresponding to Fig. 4c without any interpolation.

Additional SHG CD simulation and experiment data
Extended Data Fig. 6a shows the simulated SHG CD corresponding to 
Fig. 2h. The number of layers of the top and bottom h-BN is ntop = 39 
and nbottom = 190.

Extended Data Fig. 6b,c shows the measured SHG CD data at the 
meron and anti-meron shown in Fig. 3h–k. Although measuring α 
and Pmin/Pmax alone cannot pinpoint the polarity p of the meron and 
anti-meron, the polarity of the SHG CD data help us to unambiguously 
identify p = 1 for both the anti-meron and meron shown in Fig. 3h–k.

Other nonlinear responses allowed by C3 symmetry
Apart from χxxx, χyyy and the terms derived from them, C3 symmetry 
allows several other nonzero terms in a rank-3 χ(2) tensor, including 
χxxz, χyyz, χxyz and χzzz and their permutations. All these terms require an 
electric field along the z-direction (perpendicular to the 2DM) to excite. 
In SHG experiments on twisted bilayer graphene, it was shown that the 
interfacial effects can greatly enhance χxyz, which could be observed in 
a setup using large numerical aperture (NA) pumping (NA ≈ 0.9). As 
graphene does not have an intrinsic χxxx response, the interfacial χxyz 
can be large and dominate the observed SHG polarization pattern. The 
observed SHG polarization pattern can become three-fold symmetric 
when both χxxx and χxyz are present.

In our experiment, we used an NA ≈ 0.25 and at a wavelength of 
780 nm, the Rayleigh range is about 4 μm for a Gaussian laser beam. 
Therefore, even at the largest MEMS separation h = 1.6 μm, the entire 
air-spaced h-BN stack sits within a small fraction of the Rayleigh range 
from the beam waist. In these conditions, the electromagnetic field has 
only a tiny fraction out of plane. Using the estimation from literature49, 
the out-of-plane electric field is at most 1% of the total field. We can 
arbitrarily create a large out-of-plane electric field by oblique pump-
ing50, but we have used perpendicular pumping in all our experiments. 
In these conditions, any effect of χxyz (or χxxz, χyyz) is at least 100 times 
smaller than the effect of χxxx or χyyy.

As h-BN does not have an intrinsic χxyz but does have a large intrinsic 
χxxx, we believe the combined result is that any appreciable SHG we 
observe in our experiments originates from the χxxx and χyyy terms, that 
is, the nonlinear pseudospin we introduced. We also do not observe a 
three-fold SHG pattern in our experiments accordingly.

We note that if the pump beam is not Gaussian, however, a much 
larger fraction of the electric field can become out of plane at the 
beam waist. Pumping the twisted h-BN system with such a spatially 



modulated light source—for example, a vortex light with orbital angular  
momentum—could be exploited to engineer even more versatile  
tunable light sources that use χxyz.

We also note that the C3 symmetry, which is inherent to h-BN or many 
TMDs, implies the well-known SHG selectivity rule: LCP excitation gen-
erates RCP SHG light only, and vice versa. This could be directly cap-
tured in our sum rule formula, by setting α1 = α2 = +i∞ (corresponding 
to LCP). For any value of γ, the only possible solution is α3 = −i∞ , which 
means an RCP SHG output. We note that this selectivity is different 
from the SHG CD we measured. Although LCP fundamental generates 
only RCP SHG and vice versa, these two processes can have different 
rates if the system breaks chiral symmetry (that is, lowering from D3h 
to C3). The in situ breaking of this chiral symmetry is shown in Fig. 2h.

Interfacial flatness, parallelism and strain profile of MEGA2D
To achieve an intimate 2D contact, it is crucial that the two mating flakes 
in the MEGA2D are flat and parallel, and the strain profile of the flake 
on the Si pyramid is controlled.

The flatness of the 2DM in a MEGA2D device is guaranteed by the 
intrinsic flatness of the underlying substrate, that is, the fused silica 
substrate and the Si pyramid. Extended Data Fig. 7a shows the AFM 
line scan of an h-BN flake on the Si pyramid. It can be seen that the h-BN 
flake is extremely flat with an average roughness (Ra) of 0.11 nm, and 
the maximum deviation over a 4-μm baseline is less than 0.5 nm.

The parallelism between the two flakes in a MEGA2D device can be 
estimated by a few simple experiments. Extended Data Fig. 7b shows 
the AFM line scan across the Si pyramid over the Si pillar (Fig. 1e). We 
can see that the baseline of the Si pyramid is essentially parallel to the 
Si pillar surface. Therefore, as it is difficult to check the parallelism of 
the mating interfaces of MEGA2D directly, we can use the Si pillar as a 
reference to determine whether it is parallel to the fused silica substrate.

The air gap between the Si pillar and fused silica substrate displays 
a characteristic colour because of interference, when viewed under 
a white-light microscope. If the two surfaces are tilted, it displays 
coloured stripes (that is, Newton rings). This allows us to determine 
the distance variation between the two surfaces with precision down 
to a fraction of the visible light wavelength. Extended Data Fig. 7c,d 
shows the optical images (colour saturated) of a normal and a defective 
MEGA2D device, respectively. The defective device has a dust particle 
at one corner of the SU-8 spacer. The defective device displays coloured 
stripes, whereas the normal device does not. We performed a simple 
TMM calculation to simulate the colour of a SiO2–air–Si stack under 
white-light illumination. From the simulation (Extended Data Fig. 7e,f), 
we can easily detect a tilt angle of 0.01° using this technique. Therefore, 
the fact that we did not see any clear coloured stripes indicates that the 
Si pillar, and by extension the Si pyramid, is parallel within 0.01° with 
the fused silica substrate.

The MEGA2D device further provides a built-in mechanism to com-
pensate for this level of remnant tilt angle, which might result when 
a temperature or magnetic field gradient exists. The MEMS vertical 
actuator consists of four quadrants, each of which can be driven inde-
pendently. For pure vertical movements, they are tied to the same 
voltage Vz. To achieve tilting, we can apply different voltages to them. 
For example, as shown in Extended Data Fig. 7g, applying 60 V to the 
top-side actuators while applying zero voltage to the bottom-side 
actuators causes the Si pillar to tilt towards the y-direction. Similarly, 
applying a voltage to the right side but not the left side actuators causes 
the Si pillar to tilt towards the x-direction (Extended Data Fig. 7h). The 
maximum tilt that can be achieved this way is approximately 0.008°, 
and tilting in x- and y-directions can be combined to achieve a tilt along 
any direction.

We further perform an experiment to check the strain of the h-BN 
flake after it is transferred onto the Si pyramid. We first perform 
pre-patterning of an h-BN flake by e-beam lithography and a short 
reactive-ion etching to create a precise array of holes with a spacing 

of 250 nm and a diameter of about 50 nm. After transferring the flake 
to the Si pyramid, we clean the flake and perform AFM to accurately 
determine the new positions of the holes. If there is an in-plane strain 
on the flake, it can be extracted from the change in spacing between 
the holes (Extended Data Fig. 7i). After extracting the hole spacing, 
we use a median filter to calculate a smoothly varying strain profile.

We measured two samples, and their strain profiles are shown in 
Extended Data Fig. 7j,k. We showed only the strain component εxx here 
because the determination of the y-spacing between the holes is subject 
to AFM artefacts, distortion and drifting, and thus is less accurate. We 
find that the strain within the pyramid region (denoted by red dashed 
lines) is of the level of 0.2%, whereas outside the pyramid region, it can 
reach up to 0.5%. Therefore, h-BN flakes transferred to Si pyramids have 
low residual strain on top of the pyramid.

Although beyond the scope of the current work, we would also like 
to briefly comment on the strain profile when there are other 2DM on 
top of the h-BN, for example, monolayer graphene or TMDs, for other 
types of measurements. We note that in a multilayer system such as 
this, there could be additional strain or strain gradient between the 
h-BN and the graphene/TMD above it. We believe that there are sim-
ple methods for mitigating these unwanted effects. For example, we 
can ‘pin’ the graphene/TMD layer to the h-BN by reactive-ion etching 
slightly outside the region above the Si pyramid. Some pinning effect 
can also be achieved by pre-annealing the h-BN/graphene stack3,51. Once 
the graphene/TMD is pinned with the h-BN, its strain profile can be 
well controlled and optimized, as shown above. Moreover, local strain 
always exists in twisted devices, even those made using conventional 
stacking methods, because of the interatomic interactions and lattice 
relaxation that are extremely strong. Although putting an exfoliated 
layer on the Si pyramid might introduce a small amount of additional 
strain, when the two surfaces are in contact this strong atomic interac-
tion will locally dominate to produce a strain field that is comparable 
to the existing devices.

For future experiments that involve, for example, a monolayer gra-
phene layer on h-BN, further study is needed to determine whether 
twisting in situ could change the strain profile. It was demonstrated 
very recently that52 a standalone graphene can be strained by rotating 
a small piece of h-BN on top of it, by up to 2.5% in strain and 1° μm−1 of 
twist angle gradient. Compared with this demonstration, which uses a 
long and narrow strip of graphene, the 2DM (for example, monolayer 
graphene) on our Si pyramid has an aspect ratio of 1:1, fully supported 
from all sides, and should, therefore, be much more rigid in-plane. 
We thus believe that it should be much more stable against in-plane 
twist disorder and strain gradient. The mechanical stability of 2DM 
transferred on a pyramid is further supported by the demonstration in 
ref. 6, albeit the MEGA2D has a slightly larger area of contact between 
the 2DM compared with this demonstration.

SPDC efficiency
We notice that the SPDC photon count is linearly dependent on the 
pump power, so local enhancement of the electrical field at the 2DM 
(for example, 3-R MoS2, r-BN) has a direct enhancement on the overall 
SPDC conversion efficiency. This could be achieved with nanophotonic 
structures, where Q-factor (and thus enhancement factor) more than 
107 can be expected theoretically53. As tunable SPDC requires only 
enhancement at a single wavelength, this type of photonic crystal cav-
ity can be readily designed and integrated, either on the substrate or 
etched onto the nonlinear 2DM with a thickness equal to the coher-
ence length.

A different approach to achieving a sizable SPDC efficiency while 
retaining all the entanglement tunability is to use patterned nonlin-
ear metasurfaces in place of nonlinear 2DM. Metasurfaces can use 
materials, such as LiNbO3 and GaAs, with high χ(2), and the resonant 
nanostructures can further enhance SPDC by several orders of mag-
nitude54,55. Higher-Q photonic structures, for example, those involving 
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bound-state in-continuum, could be used for this improvement. To 
keep all the tunability of a C3 2DM, especially retaining the nonlinear 
pseudospin physics and the sum rule we introduced, it is possible to 
use a metasurface design that has C3-symmetric unit cells, following 
a recent demonstration that this type of metasurface can generate 
tunable SHG that follows a similar sum rule as C3-symmetric 2DM56. We 
have also shown recently that this photonic structure can be seamlessly 
integrated with our MEGA2D platform (in a modified arrangement)57.

Additional comments
As we demonstrated above, our MEGA2D platform can tilt by a small 
amount in both x- and y-directions to compensate for the possible 
tilt angles caused by the temperature or magnetic field changes. This 
tilting, combined with our ability to apply pressure, can, in principle, 
be used to compensate for a small heterogeneity in twist angle in cer-
tain systems, such as twisted bilayer graphene, because changing the 
local pressure has a similar effect as changing the local twist angle in 
this system58. Although the optical experiments demonstrated in this 
work do not require these capabilities, it is certainly interesting to 
compensate, or to even engineer, an effective twist–pressure gradient 
in future experiments using the tilting mechanism.

We also note that in our MEGA2D system, the two-dimensional 
material does not lock up to commensurate/aligned angles (that is, 
0°, 60°, 120°), as was observed previously3. We have purposefully 
designed the MEGA2D platform from the very first design to avoid the 
locking effect from occurring to avoid sudden jumps when changing 
the twist angle so that high accuracy and repeatability in twisting can 
be achieved. There are two reasons why the locking cannot happen 
in our design: (1) As the two-dimensional material on the Si pyramid 
is tented, the part of the two-dimensional material on the Si pyramid 
is rigidly connected to the part of the two-dimensional material on 
the Si pillar that does not touch the two-dimensional material on 
the substrate. Therefore, even if locking occurs, this added rigidity 
helps to unlock the 2D interface that is in contact (at most 4 × 4 μm2). 
(2) The MEMS rotational spring is stiff enough to provide the torque 
necessary to unlock the interface.

Although the MEGA2D technology does not eliminate the reproduc-
ibility issue, we wish to emphasize that the additional reproducibility 
of MEGA2D comes from the fact that only a single device is necessary 
to explore a wide range of parameter space. Therefore, although the 
assembly of MEGA2D devices still uses a dry transfer method, MEGA2D 
can already increase the reproducibility by at least 5–10 times (assuming 
that 5–10 conventional 2DM devices are necessary to explore the same 
parameter space, which is, in our experience, far from being enough). 
We predict that the reproducibility could be further enhanced if the 
2DM of interest can be directly grown on the Si pyramid of the MEGA2D 
device, for example, by chemical vapour deposition, epitaxy or other 
scalable methods.

Data availability
All relevant data presented in this paper can be found in the data reposi-
tory at https://doi.org/10.7910/DVN/UTIA0K.
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Extended Data Fig. 1 | Illustration of the principle of the vertical actuator 
and rotary three-phase stepper. (a) Illustration of the vertical actuator at rest 
position. (b) Vertical actuator driven by a voltage Vz. (c) Illustration of the rotary 

actuator with a three-phase electrode. (d) Micro-stepping voltage waveform 
for driving the rotary actuator. The vertical axis is normalised voltage on each 
phase.
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Extended Data Fig. 2 | MEMS Fabrication process. (a) Thermal silicon dioxide 
is grown on a commercial SOI wafer. (b) Back-side oxide patterning. (c) Tip KOH 
etching and oxide removal. (d) TSV etching and coating. (e) Back-side and 

front-side RIE etching and vapour HF release. (f) Bonding to bottom substrate. 
Blue: Silicon. Gray: Silicon oxide. Orange: Poly-silicon. Yellow: SU-8.



Extended Data Fig. 3 | Example of an h-BN flake before and after transferring to MEMS. (a) the as-exfoliated flake. (b) the transferred and annealed flake.



Article

Extended Data Fig. 4 | Detailed measurement setups. (a) Parallel SHG (χ(2)) measurement setup. The quarter wave plate (QWP) before the objective is optional 
and only used for SHG CD measurements. (b) Quarter-wave plate polarimetry setup for arbitrary polarisation generation.



Extended Data Fig. 5 | Correction of Z/R crosstalk in measured SHG data. (a) Raw data of SHG CD corresponding to Fig. 2h. (b) Data corrected for a quadratic 
drift with respect to θ.
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Extended Data Fig. 6 | Additional SHG CD simulation and experimental 
data. (a) Simulated SHG CD corresponding to Fig. 2h. (b-c) Measured SHG CD 
data at the anti-meron (Fig. 3h,i) and meron (Fig. 3j,k), respectively. The sign of 
SHG CD at the meron/anti-meron core is used to determine their polarity p, 

which is +1 in both cases. Combined with the vorticity (v), which is determined 
from α measurements shown in Fig. 3h–k, their meron (Q = + 1/2) or anti-meron 
(Q = −1/2) nature could be pinpointed.



Extended Data Fig. 7 | Interfacial quality of MEGA2D devices. (a) AFM line 
scan of a clean h-BN flake on a Si pyramid. The average roughness is 0.11 nm  
over about 4 μm. (b) Large-scale AFM line scan of a Si pyramid, showing the 
parallelism between the Si pyramid (pink) and Si pillar surface (green). While the 
Si pillar has an increased roughness, the Si pyramid has the intrinsic roughness 
of a commercial Si wafer. (c-d) The optical image of (c) a normal MEGA2D device 
and (d) a defective MEGA2D device, taken through the fused silica substrate. 
The colours are saturated to show the colour variation. Defective devices 
typically show colour bands that indicate a tilt angle, whereas working devices 
do not show such bands. (e-f) Simulated colour (saturated) of an air gap 

(540 nm) between fused silica and silicon, (e) without tilt and (f) with a tilt of 
0.01°. Colour variation can be seen on the upper-right corner of the Si pillar 
(circle). (g-h) Our MEMS actuators can be driven differentially to tilt the Si pillar/
pyramid in either (g) y direction or (h) x direction, by an amount that is on the 
order of 0.008°. (i) Illustration of patterned h-BN for strain measurements.  
( j) Extracted strain profile along horizontal direction for a 45 nm thick h-BN 
flake on square pyramid (denoted by red dashed lines). The right panel shows 
the raw AFM image (amplitude channel). (k) Same measurements for a rounded 
pyramid and a 30 nm thick h-BN flake.
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