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Broken symmetries induce strong even-order nonlinear optical responses in materials and at interfaces. Unlike
conventional covalently bonded nonlinear crystals, van der Waals (vdW) heterostructures feature layers that can
be stacked at arbitrary angles, giving complete control over the presence or lack of inversion symmetry at a crystal
interface. Here, we report highly tunable second harmonic generation (SHG) from nanomechanically rotatable
stacks of bulk hexagonal boron nitride (BN) crystals and introduce the term twistoptics to describe studies of op-
tical properties in twistable vdW systems. By suppressing residual bulk effects, we observe SHG intensity modu-
lated by a factor of more than 50, and polarization patterns determined by moiré interface symmetry. Last, we
demonstrate greatly enhanced conversion efficiency in vdW vertical superlattice structures with multiple symmetry-
broken interfaces. Our study paves the way for compact twistoptics architectures aimed at efficient tunable
frequency conversion and demonstrates SHG as a robust probe of buried vdW interfaces.

INTRODUCTION

Optical frequency conversion is a nonlinear process where an elec-
tromagnetic (EM) field strongly interacts with materials to generate
light at new colors. Processes such as second harmonic generation
(SHG), optical rectification, and optical parametric amplification
arise exclusively from noncentrosymmetric crystals in the limit
where EM fields vary slowly over critical length scales of the system
(i.e., the electric-dipole limit) (I, 2). For state-of-the-art tunable
light sources, optical information processing, and quantum optics
(3-6), a compact solid-state platform with a tunable and efficient
nonlinear response is highly desirable. Despite recent progress (7-10),
this remains a challenge.

Van der Waals (vdW) heterostructures feature twist angle-
dependent crystal symmetry (11) and strong optical nonlinearities (12).
In this article, we demonstrate highly tunable nonlinear twistoptics
in homostructures of hexagonal boron nitride (BN) by combining
twistronic (13) techniques for assembly and control (11, 14, 15)
with powerful nonlinear optical probes. We investigate twist angle,
layer number and its parity, and pump field wavelength as tuning
parameters for second-order nonlinear optical response in these all-
BN devices. We simulate the system with a transfer matrix model
that incorporates interface and bulk effects in the propagation of
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coupled pump and second harmonic waves, allowing us to optimize
devices for tunability and efficiency.

In contrast to prior works focused on stationery few-layer hetero-
structures (12, 16, 17) (18), we demonstrate highly tunable and
enhanced SHG from a dynamically twistable vdW interface buried
inside bulk BN crystals. We show that the bulk SHG response
(18, 19) can be precisely engineered by layer number control and
tuning of the quadrupolar SHG component and that the dipole-
allowed interfacial nonlinearity can be effectively modulated by
nanomechanical manipulation. In these microrotator devices, broad-
band SHG tuning can be achieved over an intensity range an order
of magnitude larger than conventional electric field-induced effects
occurring within a narrower frequency band (8-10), with promising
applications as compact optomechanical transducers and high-energy
light sources with variable intensity and polarization. Furthermore,
by artificially alternating crystal orientations in BN multilayers, we
demonstrate vdW vertical superlattice structures where the second
harmonic waves generated at each interface can be coherently har-
nessed to greatly enhance nonlinear efficiency.

Besides potential technological applications in nonlinear nano-
photonics, our results show that SHG can serve as a sensitive and
selective probe to deeply buried vdW interfaces within bulk encap-
sulation layers, as well as twist planes (20) inside an otherwise
homogeneous crystal. This work should also be relevant to any
experiment or application that incorporates bulk BN as an encapsu-
lation material, as the techniques and modeling ultimately provide
a complete, noninvasive means to characterize key characteristics of
the crystal stack, such as the alignment state between bulk BN pieces.

RESULTS

SHG from bulk BN crystals and homostructures

Bulk BN crystals follow an AA’ interlayer stacking sequence (21)
(Fig. 1A). Thus, a given BN crystal belongs to the centrosymmetric

10f7

T20Z ‘S Yyosrew uo /610 Bewasuslds saoueApe//:dny woly papeojumod


mailto:jh2228@columbia.edu
mailto:p.j.schuck@columbia.edu
mailto:p.j.schuck@columbia.edu
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

D34 point group if the total number of layers N is even, while BN
crystal with odd N belongs to the noncentrosymmetric D3, point
group. The second-order nonlinear polarization P, from BN can
be expressed as a multipole expansion (I, 2), P20,=x(2):EwEw+
x(qz): E,VE, + ..., where x(z) and x(qz) are the second-order suscepti-
bility tensors for dipole and quadrupole moments, respectively, and
E,, is the pump electric field. In few-layer BN, SHG is observed only
in samples with odd N, where broken centrosymmetry results in an
allowed dipole moment per unit volume (22). When the BN thick-
ness becomes non-negligible compared with the optical wavelength,
thin-film interference results in a gradient of the pump field E,, that
breaks net inversion symmetry in the out-of-plane direction (2)
(Fig. 1A), such that the quadrupole contribution becomes impor-
tant. Figure 1B shows an exfoliated BN crystal with N ranging from
121 to 124 layers, as determined by combined atomic force micros-
copy (AFM) and SHG data (see Materials and Methods). In this
sample, the region with nominally even N shows bright SHG de-
spite being centrosymmetric, reflecting the existence of a quadru-
pole effect. Meanwhile, in regions with an odd number of layers,
weaker SHG is observed as a result of interference between dipole
and quadrupole contributions.

The measured SHG from several BN crystals is summarized in
Fig. 1C with pump wavelength at 860 nm. The experimental data
clearly fall onto two branches, consistent with the dipolar signal’s
layer number parity dependence. The data are well described by
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nonlinear transfer matrix simulations (23) for odd and even layer
number N that incorporate the nonlocal multipolar effects (section
S1). The phase and magnitude of the quadrupole response vary
largely with layer number, forming different interference condi-
tions with the dipole response, as shown by fig. S2. The evolution
and reversal of even-odd SHG contrast results from the variation of
quadrupole contribution with N, allowing nonlinear response tai-
loring by layer number engineering. With the layer number parity
and SHG linked, we can corroborate layer number estimates for
bulk BN as in Fig. 1B. The data in Fig. 1C also include AA" homo-
structures made by stacking two exfoliated BN crystals, listed as
devices 0 to 2, confirming that the artificially constructed AA’ inter-
face does not give rise to additional SHG.

In a BN-BN homostructure, local symmetry can be broken at the
interface by introducing a twist angle 6 between the top and bottom
crystals. Figure 1D depicts the case of 8 = 60°, for which AB interfa-
cial stacking is the lowest energy configuration based on first prin-
ciples calculations (fig. S3). In AB-stacked BN, boron (nitrogen)
atoms in the top BN layer are located right above the nitrogen
atoms (hollow sites) of the adjacent BN layer to create a noncen-
trosymmetric interfacial bilayer. Strong dipole-allowed SHG arises
from this interface, in coherent superposition with bulk SHG engi-
neered by layer number N. Figure 1E shows an SHG image of a BN
homostructure created by breaking a single N = 192 layer flake,
rotating selected pieces by 60° and subsequently stacking to create
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Fig. 1. SHG from bulk BN crystals and homostructures. (A) Schematics of crystal structure and bulk SHG (wavy blue arrow) for BN crystal with AA"-stacked layers. Red
B (blue N) labels boron (nitrogen) atoms. Black arrows represent nonlinear dipole moments within each layer. E, denotes pump field. (B) AFM topography (top) and
confocal SHG imaging (bottom) of a bulk BN crystal, with corresponding line cuts (right) along the white dashed lines. Scale bar, 5 um. Ixa' denotes SHG intensity for
AA'-stacked BN normalized to that from monolayer BN. (C) /aa’ versus total layer number Nyora. for AA™-stacked BN. Solid (dashed) lines are nonlinear transfer matrix calcula-
tion results for BN with an odd (even) Nrorac. Gray plus signs (colored markers) represent data for exfoliated BN (AA" homostructures). (D) Schematic of a BN homostruc-
ture with an AB-stacked interface formed by twisting top BN to 6 = 60°. Strong dipole-allowed SHG (thick wavy blue arrow) arises from the interfacial bilayer with broken
inversion symmetry (green highlight). Nrop (Ngot) denotes the layer number in the top (bottom) BN. (E) SHG image of a BN homostructure. Scale bar, 20 um. Top right
schematic shows top BN (outlined green), comprising two pieces twisted 0° (region Il) and 60° (region IV) with respect to bottom BN (outlined blue), all atop a fused silica
substrate (outlined purple). SHG intensity along the white dashed line is shown on bottom right, with dashed line guides labeling corresponding regions. (F) SHG
enhancement factor /ag/laa as a function of Nyorar, where /ag is total SHG intensity for AB homostructures. Solid lines are calculation results. Blue (red) dot (square) is exper-

imental data for device 1 (2). Cascading curves separated by 20-layer increments.
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2N = 384 layer AA’ and AB homostructures (regions II and IV,
respectively), as well as the N layer source crystal (region III). Uni-
formity of layer number over the majority of regions II to IV was
verified by AFM. The AB homostructure shows enhanced SHG due
to symmetry breaking, while the AA” homostructure shows substan-
tially weaker signal despite having the same layer number. To eval-
uate SHG tunability, we define the SHG enhancement factor Izp/Iaa,
where Iop and s are defined as the SHG intensity from the AB
and AA’ homostructure configurations of a given single device.
Because SHG sensitively depends on layer number and its even-odd
parity, nonlinear transfer matrix calculations are performed for dif-
ferent combinations of top and bottom layer numbers (Ntop and
Ngor, with Ntorar = Ntop + Npor) for optimized enhancement
factor. Figure 1F shows the results for odd and even Nrtorar, with
the cascaded curves representing variations of Ngor. More detailed
calculations of the dependence on layer number and parity, as well
as bulk and interface contributions, are shown by figs. S2 and S4.
We find that the interface dipolar SHG can be effectively turned on
and off by twisting, while for a set layer number, the bulk SHG re-
mains relatively constant as a function of twist angle. This is sketched
in Fig. 1 (A and D), with calculation results in fig. S4. Therefore,
large twist angle-dependent SHG tunability can be achieved by se-
lecting layer numbers to maximize the interface contribution and
minimize bulk effects.

Tunable SHG from BN microrotators
With an understanding of the SHG response from bulk BN and the
buried symmetry broken interface in BN homostructures, we can
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design nanomechanically rotatable all-BN devices to considerably
modulate the SHG response. We tune the interface configuration
continuously between the two extremes of AA’ and AB stacking by
adjusting the twist angle with an AFM tip (11, 14, 24). Figure 2A
illustrates nanomechanical rotation of a BN homostructure to a
twist angle of 0, which is defined as a counterclockwise (CCW; as
seen from the top) rotation from the AA’ configuration where 6 = 0°.
Figure 2B shows AFM scans of an assembled rotatable homostruc-
ture, comprising an array of bulk BN microrotators atop a larger
BN substrate. These can be rotated such that some become crystal-
lographically aligned at extremes that are 60° apart. At these extremes,
the rotators become locked and can no longer be rotated by further
pushing. The locking behavior is illustrated with schematics and
corresponding AFM images by fig. S6. Locking occurs when the in-
terface is twisted to be at AA” and AB stacking and may be explained
by enhanced interlayer friction at these lowest-energy stacking con-
figurations. As shown by Fig. 2 (C and D), SHG imaging can further
reveal whether the locking angles correspond to AA’ or AB interfa-
cial stacking. Depending on the initial placement of the BN rotators
during assembly, one can either operate in the 6 = 0° to 60° range,
where CCW rotation transitions a given rotator from AA’ to AB
interface as in device 1, or in the 8 = 60° to 120° range, where CCW
rotation transitions a given rotator from AB to AA’ as in device 2.
The uniqueness of twist configuration over a 120° interval that re-
spects the handedness of the twist angle definition is consistent with
the threefold rotational symmetry of the bulk BN lattice.

Figure 2E shows the tuning of SHG intensity with twist angle 6
for two devices, each with different thicknesses and therefore
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Fig. 2. Dynamical tuning of SHG from BN microrotators. (A) Schematic of a top BN rotator pushed by an AFM on bottom BN. Inset illustrates a top view of the interface
at twist angle 6. Blue arrows represent tunable nonlinear dipole moments. (B) AFM images of BN rotators dialed to locking positions at 0° (blue arrows) and 60° (red
arrows) with respect to bottom BN. Bottom BN edge (blue dashed line) is parallel to a crystallographic direction of the bottom BN (illustration, left). Purple arrows indicate
orientations of freely rotatable top BN. Scale bar is 5 um. (C) AFM image and (D) SHG image of BN rotators dialed to different twist angles. Scale bars in (C) and (D) are 3 um.
(E) SHG intensity versus 8 data for device 1 (blue dots) and device 2 (red squares), with calculated trends (solid lines) and layer numbers indicated by insets. SHG images
for rotation states 8 < 60° shown above. (F) Energy-dependent SHG intensity for AB (6 = 60°, solid markers) and AA’ (6 =0°, open markers) interfacial configurations. Data

in (D) to (F) normalized to monolayer BN SHG intensity at 2.88 eV.
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different ranges in SHG intensity modulation. Despite large differ-
ences in their bulk thicknesses, both devices 1 and 2 exhibit behavior
consistent with the changing interface symmetry—highest (lowest)
SHG is observed at close to AB (AA’) interface configuration. An
SHG modulation enhancement greater than 50 can be achieved be-
tween AB and AA’ interface configurations. For comparison, this is
about 10 times larger than achievable by electrical tuning mecha-
nisms based on third-order susceptibilities in plasmonic cavities (8)
and excitonic SHG from tunable oscillator strength in monolayer
semiconductors (9, 25). Moreover, the high tunability of SHG in-
tensity persists over a broad band of frequencies in the visible spec-
trum, covering at least several hundred millielectron volts as shown
by Fig. 2F. The operation frequency window is more than an order
of magnitude wider than in devices relying on plasmonic or exci-
tonic resonances (8, 9). Furthermore, the SHG intensity for an AB
interface increases substantially at higher energy, entirely consistent
with a predicted exciton-influenced smaller optical bandgap as
compared with the native AA’-stacked BN crystal (26-29).
Nonlinear optics can serve as an accurate and selective probe of
deeply buried interfaces (30). For BN rotators with minimized bulk
SHG, the infrared pump beam penetrates the entire structure, and
the reflected SHG reports information from the symmetry-broken
interface, as illustrated by Fig. 3A. Moreover, the polarization pat-
terns of SHG directly reflect the point group of the lattice (1, 2) and
have been relied upon to understand properties of moiré lattices in
vdW heterostructures (31). We can therefore probe the tunable
moiré symmetry at the deeply buried vdW interface by examining
polarization-resolved SHG from the microrotators. Figure 3B

A

Pump SHG

ez

Top BN

Z0 oW

Bottom BN

illustrates the unit cell of the moiré pattern formed by the interfacial
bilayer BN near AB stacking, which belongs to the noncentrosym-
metric D3 point group. With broken inversion symmetry, the electric
dipole moment plays the dominant role in SHG from the bilayer
interface. The nonvanishing elements of the % tensor respons1ble
for in-plane polarization are x ox = x(z)xyy x },xy x yyx (I).In
our measurements where pump and SHG collection are collinearly
polarized, a sixfold polarization pattern is expected since the SHG
intensity varies as Isyg, // o< cos2(3(8poL. — On)), where Opoy is the
light polarization angle in the laboratory frame, and 6y is the moiré
angle defined here as orientation of the three equivalent C, axes
(Fig. 3B). The interfacial moiré patterns and experimental SHG po-
larization patterns from microrotators are compared in Fig. 3 (C
and D) over a broad range of twist angle 8. The above equation is fit
to the polarization data measured from devices 1 and 2. The mea-
sured SHG symmetry angle 8syg is found to closely follow the ex-
pected moiré angle that evolves as 6/2.

Far from 6 = 60°, a deviation is observed between Og1g and 0y,
as shown by Fig. 3E. The difference is attributed to finite residual
bulk SHG, which can be included in the transfer matrix calculation
that accounts for the entire structure. By tuning the layer number of
the top and bottom BN crystals, we minimize the bulk contribution
to be about 2% for device 1 and 4% for device 2, as shown by fig. S3.
However, at small twist angle, 8 = 60° to 61.2°, the SHG symmetry
angle is found to remain at a constant value as shown by the zoom-
in plot of Fig. 3F. The bilayer moiré model and the transfer matrix
model shown here both assume a rigid lattice for the BN, and nei-
ther successfully predicts the pinning of polarization symmetry in
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Fig. 3. Probing tunable crystal symmetry by polarization resolved SHG. (A) Schematic of SHG as a selective probe to a symmetry-broken interface. (B) Moiré unit cell
formed by the interfacial bilayer at 6 = 63°, with rotational invariance along three in-plane C, axes as labeled (left and right) and an out-of-plane Cs axis (right). Side view
of AB-stacked BN site, encoding top (bottom) boron as red (green) circles and top (bottom) nitrogen as blue (orange) circles (lower right). (C) Interface moiré patterns and
(D) corresponding measured SHG polarization patterns at various twist angles 6. Arrows 8y in (C) indicate one of the three C, axes of the moiré pattern as shown by (B).
Blue (red) dots (squares) are measured from device 1 (2). Arrows Bsp indicate the SHG symmetry angle determined from the fit of the polarization data displayed (solid
line). (E) Measured 6syc as a function of rotator twist angle 6. Dashed line follows 8s. = 6 as the expected trend for the interfacial bilayer. Solid line shows nonlinear
transfer matrix calculation results involving the entire bulk structure. (F) Device 2 data near 60° [black dashed box in (E)].
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(B) Optical image of lithographically patterned BN crystal on fused silica. (C) Optical and (D) confocal SHG image of a device assembled from patterned BN shown in (B)
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the number of aligned bulk BN crystals in the stack. Data are normalized to intensity from the 1N layer region. Solid circle markers are experimental data, and open square
markers are calculation results. Inset shows SHG emission spectra from regions of different thickness.

this range. On the other hand, the BN interface is likely subject to
mechanical relaxation when the twist angle is close to alignment,
between 60° and 61°, as verified by calculations of stacking energy
and moiré domain area as a function of twist angle, for the simpli-
fied case of bilayer BN (see section S9 and fig. S12). Lattice relax-
ations and soliton formation have also been observed in buried
mismatched planes within bulk BN crystals (20). Recent work on
BN/graphene heterostructures also shows changes of SHG upon a
commensurability transition induced by thermal annealing (18).
Therefore, we hypothesize that interfacial atomic reconstruction
may explain the constant SHG polarization angle in this range.

SHG enhancement in BN vertical superlattices

Building on the results from BN rotators, one can imagine a multi-
layered vdW superlattice structure where the crystal orientation of
BN is artificially reversed in every other period. As shown by
Fig. 4A, multiple AB interfaces between BN thin films can be coher-
ently coupled within the phase-matching limit to enhance SHG
intensity. The vertical superlattice structure may provide efficient
solutions for applications in frequency-converted light sources,
nonlinear optical information processing, and spontaneous down-
conversion for generating entangled photon pairs (5, 7). The struc-
tures are assembled by lithographically cutting a BN crystal with
odd layer number N and stacking the pieces with AB interfacial ori-
entation (see Materials and Methods). Figure 4B shows lithograph-
ically patterned pieces of a BN crystal with N = 25, and Fig. 4C
shows the stacked sample with regions of different numbers of bulk
BN crystals layered on top of one another. Figure 4D shows confo-
cal SHG imaging of the resulting structure shown in Fig. 4C. Owing
to the coherent superposition between neighboring layers, the SHG
field amplitudes from multiple interfaces are added up, and thus,
the SHG intensity grows superlinearly with the number of AB inter-
faces (Fig. 4, D and E). The growing trend of SHG intensity is also
theoretically modeled using the nonlinear transfer matrix calcula-
tion. The SHG intensity is increased by more than an order of mag-
nitude with homostructure stacks consisting of four BN crystals,
measuring a total of 33 nm in thickness, i.e., only about 2% of the
SHG pump wavelength. The trend becomes saturated in thicker de-
vices due to the onset of phase mismatch, which could be overcome
by using a quasi-phase-matched structure (3) using twist and
layer number.

Yao etal., Sci. Adv. 2021; 7 : eabe8691 3 March 2021

DISCUSSION

In conclusion, nonlinear twistoptics in deeply buried symmetry-
broken vdW interfaces are demonstrated for highly tunable nonlin-
ear optical applications. In rotatable BN homostructures, the twist
angle and the underlying moiré interface are dynamically controlled
by nanomechanical means, resulting in symmetry tuning of the in-
terfacial lattice and, hence, drastically modulated SHG. The en-
hanced SHG arising from the interface in an optimally designed BN
homostructure proves to be a sensitive reporter of twist angle-
dependent crystal and optoelectronic properties at the buried interface.
With the rapid development in wafer-scale growth of single-crystal
BN (32-34) and large area disassembly and reassembly techniques
(35), we envision that the prototypical demonstrations provided
here can be scaled up to further enhance nonlinear efficiency and
open new possibilities for compact optical microelectromechani-
cal systems.

MATERIALS AND METHODS

All BN homostructures are assembled using established dry-transfer
vdW assembly techniques with a poly-propylene carbonate (PPC)
film on a polydimethyl siloxane stamp (36), using a high-precision
rotation stage (I15). Rotatable structures are fabricated and then
mechanically actuated using techniques and processes that are
identical to those described in detail in (11, 14), sans graphene pro-
cessing steps. To minimize possible residue contaminations (37),
we note that the surfaces that form the interface in these structures
do not come into contact with the PPC, as the transfer polymer only
touches the top surface of the top flake, and the surrounding ex-
posed regions of the bottom flake during transfer. In the case of the
sample featured in Fig. 4, for which the source BN was lithographi-
cally defined using a polymethyl methacrylate (PMMA) mask, the
residues were removed using oxygen-argon annealing (38) before
vdW assembly. Unless otherwise mentioned, all devices and exfoli-
ated samples rest atop a fused silica substrate for study. The bottom
BN in device 4 appearing in section S3 and figs. S2 and S4 was exfo-
liated using large-area disassembly techniques (35). The crystallo-
graphic orientations of the top BN rotator and the bottom BN
substrate are predetermined by performing polarization-resolved
SHG before the assembly (fig. S5). Straight edges of bulk BN crystals
that are found to be typically aligned with either the armchair or
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zigzag orientation serve as references for defining the straight arms
of the rotators.

For SHG measurements, a Ti:sapphire femtosecond pulsed laser
and optical parametric oscillator are used as pump sources, with
typical power on the order of a few milliwatts. An objective with
numerical aperture of 0.95 is used for confocal imaging, with a typical
beam spot diameter of about 550 nm. For accurate measurement of
nonlinear intensity, each sample is always piezo scanned along the
z-direction to optimize focus. An electron-multiplying charge-coupled
device is used for fast signal collection with spectral resolution. For a
complete diagram of the measurement setup, see fig. S13.

For the bulk BN thickness and layer number parity-dependent
BN measurements shown in Fig. 1 (B and C), the thickness (¢) with
corresponding layer number (N = #/0.334) of a given BN crystal is
measured from AFM scans. The uncertainty in thickness measure-
ments of a given bulk flake BN is estimated to be +0.5 nm. Confocal
SHG measurements for mono-to-few layer steps on the top surface of
the BN crystal (corresponding to measured total thickness Ntorar = ..,
N-2,N-1,N,N+ 1, N+ 2,..) are compared with the prediction
given by the nonlinear transfer matrix calculations, which allows us
to assign the layer number parity for the given region based on our
model and, therefore, the layer number parity of N.

Angle measurements of BN micromechanical rotators are ex-
tracted from AFM scans using a digital protractor. The twist angle 6
between a given BN rotator and the bottom BN is assigned on the
basis of its angle relative to the locked rotators that are 60° apart
from one another. Assignment of 6 for the locked rotators is given
through a comparison of the measured SHG intensity from each
rotator and the calculated prediction for AA’- and AB-stacked
bulk-on-bulk BN with comparable thicknesses. Locking is determined
by observing an inability to continue pushing the BN rotator with-
out physically damaging it with the AFM tip. Further details regard-
ing this locking behavior are provided in section S5 and fig. S6.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/10/eabe8691/DC1
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