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Two-dimensional (2D) materials with large band gaps, and strong, tunable second-harmonic generation (SHG) coefficients play an
important role in the miniaturization of deep-ultraviolet (DUV) nonlinear optical (NLO) devices. Despite the existence of numerous
experimentally synthesized 2D materials, none of them have been reported to meet DUV NLO requirements. Herein, an
experimentally available graphene-like BeO monolayer only formed by NLO-active [BeOs] units is suggested as a promising 2D DUV
NLO material due to its ultrawide band gap (6.86 eV) and a strong SHG effect ()(g)(ZD) = 6.81 A-pm/V), based on the first-principles
calculations. By applying stacking, strain and twist engineering methods, a number of 2D BeO sheets have been predicted and the
flexible structural characteristics endow them with tunable NLO properties. Remarkably, extremely stress-sensitive out-of-plane
)(g)(ZD) and )(g)(ZD) and robust in-plane )(g)(ZD) can be achieved together in AC-, AAC-, AAE, and ACE-stacking BeO sheets under
in-plane biaxial strain, exhibiting emergent phenomena not yet seen in other known 2D NLO materials. Our present results reveal that

&tacking-induced SHy

2D BeO systems should be a new option for 2D DUV NLO applications.
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Background and Originality Content

Deep-ultraviolet (DUV) nonlinear optical (NLO) materials that
can produce coherent light below 200 nm by direct sec-
ond-harmonic generation (SHG) output from solid-state lasers are
of worldwide interest for their advanced applications, such as
lithography, precise microfabrication, ultraviolet communication,
and high-resolution photoelectric spectroscopy. However, excel-
lent DUV NLO materials are rare in nature due to the difficulty in
not only satisfying strict requirements on optical properties such
as wide transparency window (i.e., ultrawide band gap, £ 2 6.2
eV), large SHG, suitable birefringence to make the shortest
phase-matching wavelength below 200 nm and so forth(*7], but
also having the advantages of integration and compatibility due to
the trend of integrated miniaturization of multifunctional
devices!#10, Dramatically reduced dielectric screening and signifi-
cantly enhanced Coulomb interactions mean 2D NLO materials
possess unique electronic, mechanical properties and superior
optical properties!®: 12 such as large optical nonlinearities, large
light-matter interaction, ultrafast broadband and tunable optical
response, and strong excitonic effects, which satisfy the growing
needs for miniaturized, integrated, highly efficient and broadband
photonic and optoelectronic devices. Furthermore, 2D NLO mate-
rials are free of phase-matching bottleneck by virtue of the atomic
layer thickness and have unique and tunable properties, leading
to potential applications in modern on-chip nanophotonics.

Many 2D materials with large SHG coefficients have been the-
oretically predicted!!3-16l and experimentally observed('”], includ-
ing graphenel8], hexagonal boron nitride!'®], phosphorene, mon-
ochalcogenides (e.g., GaS[20, GaSel2ll, GeSel?2], SnS[22], SnSel22]),
metal dichalcogenides (e.g., TiS>[23], NbSe,[24, Mo0S,[1%], MoSe,[23],
MoTe,[?6], Janus MoSSel?7], WS,[251, WSe,[25], Janus WSSel?7],
PdSe,[28. 291 7ZnS,1301,  CdO,3Y, Janus Bi,TeSe;32l), metal
phosphorous trichalcogenides (e.g., SnP:Se33l,  SnP,Seql34,
CuCrP,Sel35], CulnP,S6!3¢1), metal oxide dihalides (e.g., NbOX,[8 37-40])
NbOXY™ 1 (X, Y = Cl, Br, | and X # Y)), 2D CrX510l, 2D perovskitel42],
a-Sb and a-Bil*3! and so on, which cover transparent regions from
infrared to ultraviolet. Moreover, the SHG coefficients in 2D NLO
materials can be significantly enhanced by electric controll44,
chemical doping!8l, strain!?, interlayer sliding(46], pressure!36.39,40]
and resonant excitonic excitation!4’l. However, the vast majority of
existing successfully synthesized 2D materials!® 9 28,29,48,49] do not
have sufficiently large DUV (A < 200 nm) band gap (Eg 2 6.2 eV) or
intrinsic noncentrosymmetric structures, and their optical fea-
tures are not sufficiently diverse to satisfy broadband optoelec-
tronic applications including UV photodetector and transparent
transistor.

Despite significant efforts to expand the family of 2D ul-
trawide band gap semiconductors and explore their ultraviolet
region applications in recent years, this field is still in its early
stages of development!4 15 48,501 |t js noteworthy that the BeO
monolayer (ML) with sp2-hybridized hexagonal latticel>!! only
composed of [BeOs] groups has been synthesized

experimentallyl®2.531 and has excellent physical properties>¥: high
air stabilitys>], hardness, melting point and thermal conductivity
(266 Wm1K-1[56], 278 Wm-1 K1 57, and 385 Wm-K? [58] with dif-
ferent theoretical methods), ultrawide band gap (6.8 eV)[*8 and
extraordinary elastic modulus (408 GPa) as well as tensile strength
(53.3 GPa)l*8l. This can be attributed to a significant covalent
component in the primarily ionic BeO bond, as revealed by
Compton scattering measurements®l, The coplanar [BeOs] group
has been proven to be superior NLO-active functional unit(60-62],
which has the comparable microscopic SHG coefficients with that
of the conventional NLO-active [BOs] units!®3 €4, However, to the
best of our knowledge, the NLO properties of BeO sheet remain
unexplored, despite so much attention paid to 2D BeO systems!5],
The comprehensive estimation and understanding of SHG are
essential for expanding the NLO applications to DUV region in
nanoscale.

In this work, we systematically investigated the NLO proper-
ties of 2D BeO systems by first-principles methods. 2D BeO ML
can exhibit both an ultrawide DUV E; (6.86 eV) and a strong sheet

SHG response ()(S)(ZD) = 6.81 A.pm/V). The dependence of the
SHG and bandgap on the stacking layer, strain, and twisted angle
in 2D BeO sheet are reported. The typical AA-stacking configura-
tion was confirmed to be optimal for enhancing SHG in 2D BeO
sheets. Moreover, the band gap of BeO decreases gradually and
converges to 6.48 eV (slightly above the band gap of the
AA-stacked BeO bulk phase of 6.47 eV) with increasing number of
AA stacked layers. Using the effective thickness defined by the
electrostatic potential method, the SHG of 2D BeO sheet gradually
increases with the number of stacked layers until it reaches the
same SHG coefficients as the AA-stacked bulk phase (2.19 pm/V).
More interestingly, within the same stress (€) range -5% < € < 5%,
the out of plane )(g)(ZD) and )(3(5)(20) values in AC-, AAC-, AAE,
and ACE-stacking BeO sheets can be linearly changed by ~ 30%
because of out-of-plane polarization, while the in-plane )(g)(ZD)
values can even maintain constant. Besides, the SHG coefficients
of BeO bilayers decrease with increasing twisting angle, showing
high tunability of NLO effects. And the suppressed SHG in twisted
BeO bilayers is predominantly attributed to the strong interlayer
coupling between the two adjacent MLs. Thus, the discovery of
2D BeO materials constructed by only excellent functional motifs
[BeOs] provides an unprecedented opportunity to explore NLO
materials and applications in nanoscale.

Results and Discussion

The optimized 2D BeO ML possesses non-centrosymmetric

space group P6m2 (no. 187) with lattice constants a = 2.68 A,
which agrees well with the experimental value of 2.65 A2, The
BeO ML is a one-atomic-layered 2D crystal comprised of alternat-
ing Be and O atoms by strong sp? covalent bonds in a flat hexago-
nal honeycomb lattice like graphene and BN MLs (Figure 1. (a)).
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Figure 1 (a) Top and side views of optimized structure of BeO monolayer. Green and red spheres represent Be and O atoms, respectively.
The hexagonal marked by black line denotes a unit cell. (b) Phonon dispersion and phonon density of states (phDOS) of BeO monolayer.
Red and green color represent the contribution of O and Be atoms to the phonon bands, respectively. (c) Thermodynamic properties:
Helmholtz free energy (F), entropy (S) and heat capacity (Cy) for BeO monolayer. Angle-dependent SHG responses of BeO monolayer (d).
The green and red lines represent parallel and perpendicular signals. (e) Band structure, electronic density of states (DOS), and
band-resolved SHG contribution of the BeO monolayer, with the corresponding SHG-weighted density (f). ve, vh, veocc and veunocc
represent virtual-electron, virtual-hole, virtual-electron-occupied and virtual-electron-unoccupied states, respectively.

The absence of imaginary frequencies throughout the entire Bril-
louin zone confirms that 2D BeO is dynamically stable. The two
highest optical modes are separated from others by a large pho-
non gap around 25 THz because of mass differences between Be
and O atoms. There are three acoustic branches and three optical
branches in 2D BeO MLI®], similar to graphene. The frequency
optical modes of 2D BeO ML are governed by Be atom, and the
low frequency acoustic branches are mainly dominated by O atom.
Detailed analysis of the atom-resolved phonon density of states
(phDOS) also reveals that high-frequency phonon modes mainly
result from Be atoms, the low frequency phonon modes primarily
come from the heavier O atom, whereas in the mid-frequency,
both Be and O atoms have contributions to phDOS, as shown in
the right pattern of Figure 1(b).

A series of thermodynamic properties can be derived based
on the calculated phonon spectrum as shown in Figure 1(c). With
increasing temperature (T), entropy (S) increase, while Helmholtz
free energy (F) decreases. As the T increases from 0 K to 2000 K,
the S increases from 0 Jmol2K? to 100 Jmol1K?, but F decreases
from 22 kimol? to -100 kJmol. For the heat capacity (C,), with
increasing T, increases faster and follows the T3 power function
dependence at lower T (< 400K)[%€l, And then it increases slowly in
the higher T region and goes close to 46.07 Jmol-1K'L. Hence, the
BeO ML with high C, and thermal conductivity[56-58] could be ex-
pected to have more resistance to laser damage.

Given the established structural properties of the BeO ML, we
next investigated the SHG response properties of 2D BeO sheets.
Because the BeO ML belongs to the D3y point group, only one
independent nonzero component _X)Sfy) = —XSXZX) = )(\533 is
allowed by the limitation of Kleinman symmetry, which are fur-

ther reduced to )(g). The static SHG susceptibilities of 2D BeO ML
are calculated, which are the zero-frequency limit of the SHG sus-
ceptibilities. The results demonstrate that the BeO ML exhibits
larger E; (6.86 eV) and )(S)(ZD) = 6.81 Apm/V than those of

KBe;BOsF2(KBBF)-like 2D Be,COsF, (Eg = 5.20 eV; 4 (2D) = 5.50
A-pm/V), slightly lower than those in B;03 ML only formed by

n-Conjugated [BOs] units (12R-B,05 ML: £, = 7.20 eV; x> (2D) =
16.23 Apm/V and 18R-B,05 ML: E; = 8.18 eV; »(?) (2D) = 6.86

Apm/V, {2 (2D) = 10.22 A-pm/V) (Table S1). Such large static
SHG susceptibility indicates a strong frequency-doubling effect in
BeO ML, which can be attributed to a strong bond in the plane
and the high polarization from the asymmetry sublattices of Be
and O atoms!®s], and indicates that [BeOs] is an effective group for
designing two-dimensional DUV NLO materials. Besides, the an-
gular-dependent SHG responses (Figure 1(d)) reveal a six-fold
symmetry and highly polarized SHG response of the BeO ML. The
maximum value of SHG in the parallel direction appears at 30°,
90°, 150°, 210°, 270° and 330°, and the maximum value in the
vertical direction appears at 0°, 60°, 120°, 180°, 240° and 300°.
The vertical and parallel directions differ by 60°. Consequently, the
SHG coefficients of the 2D BeO ML exhibit an incident an-
gle-dependent anisotropy. To our best knowledge, the 2D BeO ML
is the first binary metal oxide that has been successfully fabricated
which can be an ideal candidate for DUV NLO crystals.

To identify the SHG origin of BeO ML at the (virtual) electron-
ic-transition level, the band structures and density of states (Fig-
ure. 1(e)) were calculated, and the band-resolved SHG contribu-
tion and corresponding SHG-weighted density (Figure. 1(f)) were
obtained. As shown in Figure 1(e), BeO ML possess a DUV E; ~
6.86 eV, which is larger than those of h-BN (6 eV)[67l and other 2D
KBBF family materials Be,COsF, (5.20 eV)[®8] and AIBeBOsF, (5.50
eV)[®l ML, and lower than those reported 2D DUV NLO materials
B,S,09 (8.63 eV)5] and BeP,04Hs (7.84 eV)!14, The calculated
density of states indicate that the valence-band maximum and
conduction-band minimum are mainly composed of O-2p and
Be-2s orbitals, respectively. The band-resolved SHG contribution
reveals that virtual-electron processes exhibit the main contribu-
tion (99%) to the SHG effect. The SHG-weighted density analyses
of the virtual-electron process illustrates that the occupied states
are mainly the contribution of O-2p orbitals, and the unoccupied
states are mainly the contribution of Be-2s orbitals in BeO ML, as
shown in Figure 1(f). This result is consistent with the density of
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Figure 2 (a) Unit cell of 2D BeO with different atomic arrange-

ments. (b) Calculated band gap Eg, SHG coefficients xz(i)(ZD) as
well as the different layers with different stacking patterns. ML, BL
and TL stand for monolayer, bilayer, and tirlayer. BL-AA indicate
the BeO bilayer in AA stacking configuration. And the rest is the
same.

states and band-resolved analysis (Figure 1(e)). The electronega-
tive difference between Be and O atoms results in the charge
transfer and the high density around O atoms[®3l, It is evident that
O atoms in 2D BeO ML play a crucial role in contributing to the
SHG effect.

We further investigate van der Waals stacking induced SHG
effects in 2D BeO sheets. All possible bilayer (BL) and trilayer (TL)
BeO structures were built based on the various prototypical
structures of the ML BeO, considering different stacking patterns
and orders (Figure 2 (a)). Among these, the BL BeO sheet shows
six stacking configurations and possesses three distinct space

groups (P6m2, P3m1 and P3m1). Their energies range from -7.07
to -7.09 eV/atom, which are much lower than that of the BeO ML
(-7.01 eV/atom) (Figure S3). The 2D BeO sheets in BL-AB, -AD, and
-AF stacking is centrosymmetric and belong to the space group (P

§m1), displaying no second-order NLO response. The AE-stacking
configuration is obtained by flipping AC-stacking by 180° and

First author et al.

translating it along the diagonal. Therefore, the subsequent dis-
cussion on BL-AB, AD, AE and AF stacking will not be too much. In
contrast, the TL BeO sheet has sixteen stacking configurations and

belongs to two noncentrosymmetric space group (P6m2 and
P3m1). Their energies are in the range of -7.01 to -7.10 eV/atom,
which don’t show a significant decrease and is comparable to
those of BeO BL (Figure S3), indicating an appropriately favorable
metastable state.

Although the interfacial van der Waals force is generally quite
weak, the stacking patterns, orders and number of layers always
play significant roles in determining the ground state (Figure S3),
interlayer interaction strength (Figure S4), electronic energy band
structure (Figure S5), and static SHG susceptibilities of 2D BeO
sheets. From Figure 2(b), the band gap of 2D BeO is not only in-
fluenced by the number of stacked layers but also varies with the
stacking patterns and orders, especially in the BeO TL. In 2D BeO
TL, the bandgap of TL-ABE is up to 6.92 eV, which is the optimal
stacking pattern and order to maximise the bandgap. And the
band gaps of TL-ACE (6.85 eV) and TL-ABD (6.85 eV) are compara-
ble to that of 2D BeO ML (6.86 eV), while the bandgap of TL-ADE
(6.67 eV) as large as that of BL-AA (6.67 eV). Notably, the 2D BeO
sheets are all indirect bandgap insulators. The stacking patterns,
orders and the number of stacked layers do not affect the valence
band maximum (K points) of band structure in the 2D BeO sheet,
which differs from the behavior observed in TMDs!19],

Clearly, there are also significant differences in the SHG of 2D
BeO sheets with different layers and stacking patterns. Figure 2(b)
indicates that AA(A..) stacking is the optimal stacking pattern to
promote SHG in 2D BeO sheets. Notably, SHG can be generated
regardless of the parity of the layer number of the 2D BeO sheets,
which contrasts with previously observed phenomena where the
SHG of even-layered TMDs is negligible(!?]. For 2D BeO sheets in
the same stacking patterns, BL-AA and TL-AAA stacking have
stronger sheet SHG coefficients than the BeO ML owing to a de-

crease in the band gap (Figure 2(b)). BeO BL-AA has larger Eg (6.67
eV) and stronger sheet SHG coefficients ()(g)(ZD) =14.39 A-pm/V)
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Figure 3 The effective thickness LE of 2D BeO system defined using (a) electrostatic potential (EP), (b) van der Waals thickness (vdW)

()

and (c) interlayer distance (ID) methods. Band gap (E) (d), effective thickness L and SHG coefficients y,5" as function of number layers
(N) in AA stacking order. The red dashed line represents the )(g) of the BeO bulk in AA stacking.
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Figure 4 The dependences of band gap, out-of-plane polarizations and SHG effect under biaxial strain in 2D BeO sheets.

compared to those of KBBF-like 2D AlIBeBOsF, (Eg = 5.2 eV;
)(ﬁ)(ZD) =11 A-pm/V)69. TL-AAA BeO exhibits a remarkable SHG
effect (Eg = 6.61 eV, )(g)(ZD) = 21.40 A-pm/V) slightly lower than
that in h-BN (E = 6.00 eV; x 2(2D) = 60.80 A-pm/V)[14.15) Among
2D BeO sheets in different stacking patterns, TL-ACE and TL-AAB
have the same band gap (6.63 eV), but the SHG coefficient of

TL-ACE (x$2(2D) = 19.26 A-pm/V) is 2.78 times greater than that

of TL-AAB (x\2(2D) = 6.96 A-pm/V). In the TL structures of 2D
BeO sheets, the SHG coefficients of TL-AAA, TL-AAC, TL-AAE, and
TL-ACE are significantly larger-about three times greater-than
those of other stacking types. It can be observed that all these
remaining trilayer structures consist of non-centrosymmetric ML A
and centrosymmetric BL configurations, resulting in SHG coeffi-
cients comparable to that in BeO ML. As mentioned earlier, the
magnitude of SHG coefficients in 2D BeO sytem is either inde-
pendent of or sensitive to the number of layers, depending on the
stacked patterns.

As shown in Figure 3, the layer-dependent SHG effects in 2D
BeO sheets are investigated. As the layer number (N) of BeO lay-
ers increases, Eg of 2D BeO sheets in AA stacking order slightly
decreases from 6.86 eV to 6.67 eV (N = 2), then to 6.61 eV (N = 3),
and ultimately to 6.47 eV (N = o=), which is consistent with those
of other 2D materials!’ (Figure 3(d)). When comparing 2D BeO
materials with other NLO bulk materials, one can define an effec-
tive thickness L. We employed three models to determine the
effective thickness of the 2D BeO sheet: electrostatic potential
thickness (EP), van der Waals thickness (vdW)?22l methods, and
interlayer distance (ID)146l. We define the difference between the
upper and lower layers of the 2D BeO material where the elec-
trons are absent, as the effective electrostatic potential thickness
L‘Eflg, as shown in Figure 3(a). This represents the point at which
the electrons reach the vacuum energy level. Figure 3(b) illus-
trates the effective thickness LS, which includes the thickness
of the 2D material (dzp) and the van der Waals thickness on two
sides of the material (usually approximated by ~3.4 A)(22.311 such
that Lf,fjfw = 3.4 x 2 + d,p. Additionally, Figure 3(c) depicts effec-

tive thickness LT = n x dip, where n is layer number in 2D BeO

sheet and dyp is interlayer distance in the bulk BeO materials in AA
stackingl#6l, The effective thickness of 2D BeO sheet as a function
of number of layers (N) in AA stacking order is shown in Figure
3(e). The order of effective thickness is LT < L&, < LSff.

Obviously, the existence of inversion asymmetry is independ-
ent of N in 2D BeO sheets due to its AA stacking order. Unlike the
experimental observation that the SHG coefficients of MoS,!19!
oscillate with increasing N, the relationship between SHG and N
for 2D BeO sheets satisfies an exponential relation because of
weak interlayer coupling, as shown in Figure 3(d). The SHG coeffi-
cients of 2D BeO sheets gradually increases with the increase N
and approaches a stable constant. The SHG coefficients obtained
using the effective thickness L%f{, are comparable to that of the
BeO bulk phase in the AA stacking (2.19 pm/V), which is about

twice that of the well-known KBBF crystal (xﬁ) = 0.94 pm/V)71l
(Table S2). This suggests that the effective thickness defined by
the EP method is particularly suitable for 2D BeO sheets. Conse-
quently, such a large static SHG susceptibility indicates a strong
frequency-doubling effect in 2D BeO sheets, making them prom-
ising candidates for ultrathin DUV NLO devices and spectrosco-
pies.

Strain inevitably occurs when integrating materials into devic-
es, and it can modulate the electronic and optical properties of
the material. Therefore, it is essential to evaluate the
strain-dependent band gap and SHG coefficients in 2D BeO sheets.
As shown in the Figure 4(a), (b), and (c), the band gap of the 2D
BeO sheet exhibits a monotonically decreasing trend with de-
creasing compressive strain or increasing tensile strain. The effects
of stacking patterns on the variation of the band gap are minimal,
with changes of only 3.2% for BL-AC, 4% for BL-AA, 4.3% for
TL-AAC, 4.5% for TL-AAE, 4.6% for TL-ACE and 4.8% for TL-AAA
within stress (€) range of -5% < £ < 5% (Figure S6). However, it is
noteworthy that the change in band gap increases the numbers of
stacking layers with values of 2.5% for ML, 4% for BL-AA, and 4.8%
for TL-AAA under biaxial strain in 2D BeO sheets (Figure S7). Un-
doubtedly, the strain-induced changes in the atomic distances(¢®],
the in-plane stiffness C and Poisson’s ratio v (Figure S6) modulate
the band gap, as there is no significant charge transfer within the
stress range (Figure S8).
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Figure 5 Calculated band gap Eg, SHG coefficients )(g)(ZD) as well as the twist angle. (b) Calculated interlayer spacing between the

top and bottom MLs and binding energy in twisted BeO BLs.

It is worth noting that tunability of SHG is achieved in the 2D
BeO sheet under biaxial strain. 2D BeO sheets in ML, BL-AA stack-
ing, and TL-AAA stacking exhibit a positive correlation as the biax-
ial strain varies within + 5%; specifically, their SHG reached 7.08,
14.93, 22.77 A-pm/V at 5% strain, respectively, as illustrated in
Figure 4(d). The strain-induced SHG effects in these 2D BeO sheets
arise from an increase in polarization due to the asymmetry of
sublattices of Be and O atoms as the strain amplitude increases.
Importantly, the change of SHG response increases with the
number of layers (ML: 3.9% < BL-AA: 5.5% < TL-AAA: 7.5%) in Fig-
ure S7(a). This can be attributed to the increased thickness of the
2D BeO sheets, which amplifies the strain amplitude and conse-
quently leads to larger SHG effects. Thus, these 2D BeO sheets
would offer unprecedented tunability in mechanically-sensitive
nano-optical devices and flexible devices with strain-modulated
SHG effect.

More significantly, the diverse and rich modulation effect on
the SHG of 2D BeO sheets with P3m1 symmetry under biaxial
strain for stacking types other than AA stacking are illustrated in
Figure 4(e), (f) and Figure S9. Because the lack of mirror symmetry
puts these 2D BeO sheets in the Cs, point group, which exhibits
both in-plane and out-of-plane SHG susceptibilities. Taking 2D
BL-AC and TL-ACE BeO sheets as examples,, except for the

in-plane )(g), )(g), and )(g), five additional out-of-plane ele-
@ @ ,@ @

ments X,c°, Xa » X31 . X35 » and )(3(? are allowed by the

breaking of mirror symmetry. Meanwhile, these elements satisfy

. . 2 2 2 2 2 2
the relationship: ng) = )(gl) = —)(gz), X%s) = )(2(4) = )(3(1) =
)(g). Under in-plane biaxial strain (-5% < € < 5%), the out-of-plane

12 (20) and x{2(2D) values in these 2D BL-AC, TL-AAC, TL-AAE,
and TL-ACE BeO sheets emonstrate negatively/positively corre-
lated tendency for the out-of-plane polarization (Figure 4(b) and
(c)). This is because these 2D BeO sheets exhibit pronounced
out-of-plane polarization that varies with strain (unlike the
AA-stacked 2D BeO as shown in Figure 4(a)). In other words,
strain-mediated interlayer coupling and dipole-dipole interaction
contribute to the strong vertical NLO response components. In-

terestingly, within the same € ranges, the in-plane )(g)(ZD) values
for 2D BeO sheets in AC-, AAC-, AAE- and ACE-stacking demon-
strate robust SHG effects, changing only slightly by 1.5%, 3.9%, 3.9%
and 2.3%, respectively. This behavior is attributed to the strong
covalent bonds in plane, which is markedly different from that
observed in conventional 2D MoS,[!5 46, Thus, such remarkable
sensitivity of out-of-plane SHG to compressive or tensile stress
and unexpected robustness of SHG against large strains show
great potential for applications in mechanically-sensitive
nano-optical devices under extreme conditions.

Twistable interfaces play critical role in tunable crystal sym-

metry!!8l and optical nonlinearities!” of 2D van der Waals materi-
als and heterostructures. To illustrate the effect of stacking orien-
tation on SHG, we chose 9 structures for angles within the range
of two representative stacking orientations, the nearly parallel (6
= 0°) and antiparallel (6 = 60°) configurations. Before investigating
the SHG of the BeO BL with the twist angle ranging from 0° to 60°,
we should explore the geometrical structure firstly. The space
group of the twisted BeO BL with 6 = 13°, 22°, 32° and 42° is 150
(P321), while the 6 = 28°, 38° and 47° have the space group P312
(no. 149). They all belong to the non-centrosymmetric D; point
group and thus allow strong SHG. As shown in Figure 5 (a), as the
twist angle increases, the SHG gradually decreases, and the
bandgap oscillates in the range of 6.53-6.72 eV. The interface an-
gle has a relatively large effect on the band structure (especially
for valence band as shown in Figure S11) and a relatively small
effect on the band gap, which is slowly changed by ~3.5% (Figure
S12). The twisted BL with 6 = 0° (AA stacking configuration) has
the strongest sheet SHG susceptibility, which is twice that of the
BeO ML. When the angle is 38°, the SHG susceptibility in the
twisted BL is comparable to that of the ML, while the band gap of
the twisted BeO BL (6.70 eV) is smaller than that of the BeO ML
(6.86 eV). For the twisted BL with 8 = 60° (AB stacking configura-
tion) with inversion symmetry, the SHG signal is completely sup-
pressed. Whereas, the sheet SHG susceptibility of twisted BeO BLs
decreases with the increasing of twist angles, revealing a high
tunability in the NLO effects!’?], which can be modulated as large
as ~70% (Figure S12). This is consistent with the experimentally
observed pattern of SHG variation with angle in twisted
WSe,/WSe, BLsl73!,

Next, the angle-dependent mechanism of twisted BeO BLs
was explored as shown in Figure 5(b). Normally, interlayer cou-
pling generally exists in twisted BeO BLs, regardless of the differ-
ent angles. It is worth noting that interlayer coupling originates
from the combination of decreased interlayer spacing and in-
creased binding energy in the twisted BeO BLs[’3l. The strongly
suppressed SHG from twisted BeO BLs with the increasing of twist
angles is presumably due to the strong interlayer coupling. As
shown in Figure 5, the values of the binding energy/interlayer
spacing in twisted BeO BLs are the minimum/maximum for the
twist angle at 6 = 0° and 8 = 60°, and those for other angles are
almost the same. In other words, the interlayer coupling is the
strongest for these small stacking angles. The increase in interlay-
er coupling strength can effectively increase the band repulsion
around the K point (Figure S11), and significantly promote inter-
layer charge transfer(74 (Figure S13) in twisted BeO BLs for the
twist angle in the range of 0° and 60°, which ultimately reduces

22 (20).



Conclusions

In summary, our findings provide a theoretical prediction of
exceptional DUV NLO responses in experimentally realizable 2D

BeO systems only composed of an effective NLO-active [BeOs] unit.

An ultrawide band gap (6.86 eV) and a strong SHG response

()(g)(ZD) = 6.81 A-pm/V) simultaneously emerge in 2D BeO ML.
Notably, 2D BeO sheets exhibit an extremely tunable SHG effect,
which can be modulated by the number of stacked layers, stacked
patterns, strain and twist angle. The SHG of 2D BeO sheets in AA
stacking increases exponentially with the number of stacking lay-

ers, converging to that of its bulk phase ()(g) =2.19 pm/V), which

is about twice that of benchmark bulk-KBBF crystal ()(ﬁ) =0.94
pm/V). BeO sheets in AC-, AAC-, AAE, and ACE-stacking exhibit an
outstanding 30% variation in in-plane )(g)(ZD) and )(3(?(2D) due
to out-of-plane polarization and unexpected robustness in-plane
)(g)(ZD) again large strain effects owing to the strong bond in
plane under stress stimuli (£5%), differing from other reported 2D
NLO materials. Besides, the SHG coefficients of BeO BL decreases
with increasing twist angle due to the strong interlayer coupling,
showing extremely high tunable SHG effect. Our theoretical re-
sults suggest that 2D BeO sheets are the first synthesized metal
oxides as good candidates for application in novel DUV nonlinear
integrated nano-optoelectronics.

ness, which is determined as three methods as above. To com-
pensate for the underestimated band gap at the PBE level, we use
the scissor correction of the band gap difference in the calcula-
tions of SHG for higher accuracy.

The interlayer spacing indicates the average perpendicular
distance of atoms in adjacent layers, and the binding energy be-
tween the two layers is defined by (Ets - Et - Eg)/S, where Ets, Er,
Eg, and S are the total energy of optimized top and bottom layers,
the energy of separate top and bottom layers, and the surface
area, respectively.
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