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Hexagonal boron nitride (hBN) flakes are key building blocks for encapsulating two-dimensional (2D)
materials, providing atomically flat surfaces and an excellent dielectric environment for high-mobility field-effect
transistors and tunneling devices. However, strain induced during mechanical exfoliation and assembly of van der
Waals heterostructures may lead to plastic deformations of the hBN surface, injecting dislocation lines between
the topmost layer and the underlying film. Since a monolayer of hBN is noncentrosymmetric and exhibits a
piezoelectric response to deformation, individual dislocations and, in particular their networks, can generate
electrostatic-potential modulations in the encapsulated 2D material. Here, we examine scenarios in which the top
hBN layer is uniaxially strained and/or twisted, and show how lattice reconstruction into dislocation networks
leads to the formation of piezoelectric-charge hotspots that effectively behave as charged defects.
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I. INTRODUCTION

Encapsulation in hexagonal boron nitride (hBN) films is
widely used to achieve exceptionally high carrier mobili-
ties and sharp optical resonances in two-dimensional (2D)
materials [1-7]. Owing to their atomic flatness, chemical sta-
bility, and large band gap [8], hBN films are often regarded
as providing an electrostatically benign environment for van
der Waals heterostructures. An important exception occurs in
crystallographically aligned graphene/hBN structures, where
the small lattice mismatch generates a periodic moiré per-
turbation that can strongly modify graphene electronic states
through scalar and pseudogauge field contributions [9-14]. In
contrast, for the more common case of misaligned interfaces,
such periodic effects are strongly suppressed and hBN is usu-
ally treated as a passive dielectric substrate or spacer [15-19].

In practice, however, the fabrication of van der Waals
stacks relies on mechanical exfoliation, transfer, and anneal-
ing processes that can induce strain in hBN flakes through
shear forces or thermal-expansion mismatch between the
constituent materials [20]. Such inhomogeneous strain and
misalignment is expected to be particularly relevant for the
topmost hBN layer, leading to a slight incommensurabil-
ity with the underlying film, which can drive reconstruction
into stacking domains separated by interlayer dislocations.
While dislocations [21,22], moiré reconstruction [23—-27], and
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intrinsic piezoelectric response of hBN [28-30] have been
studied separately, their combined consequences in realistic
multilayer hBN substrates remain largely unexplored.

In this work, we show that strain- and/or twist-induced
reconstruction of the top hBN layer generates extended
dislocation networks carrying piezoelectric-charge textures
that produce surface electrostatic potentials. These textures
contain localized hotspots that act effectively as charged de-
fects for an encapsulated 2D material, implying that hBN
should not always be regarded as a passive environment.
Using a stacking-order-dependent interlayer adhesion energy
parametrized from density-functional theory (DFT), together
with continuum elasticity theory, we determine the formation
of 2H stacking domains (vertical alignment of boron and
nitrogen atoms in adjacent layers) separated by domain walls
and calculate the resulting charge distribution and piezopoten-
tial landscape.

The superlattice formed at the interface between a top
monolayer and bulk hBN acts as a magnifying glass for
small distortions and relative rotations [31,32]. As a conse-
quence, the geometry of the reconstructed dislocation network
is highly sensitive to the magnitude and orientation of strain.
In particular, different strain configurations generate quali-
tatively distinct piezoelectric-charge textures, as illustrated
schematically in Fig. 1. We first analyze the different types of
dislocations that can arise in these systems, which then guides
the analysis of dislocation networks in superlattices.

The paper is organized as follows. In Sec. II, we present
the DFT-parametrized stacking-dependent adhesion energy
density. Section III discusses the energetics of interlayer
dislocations in hBN multilayers. The geometry and lattice
reconstruction of moiré superlattices formed by a uniaxially
strained top layer are analyzed in Sec. IV, and their electro-
static effects are examined in Sec. V. Concluding remarks are
given in Sec. VL.
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FIG. 1. Piezoelectric-charge textures from strained and/or
twisted monolayer on top of an hBN film with thickness wygn. The
presence of inhomogeneous strain on the top layer of hBN gives
rise to multiple regions with highly anisotropic piezoelectric-charge
densities originated from lattice reconstruction effects. Four possible
regions are illustrated: two corresponding to uniaxial strain on the
top layer (green for strain along the zigzag axis and purple along
armchair), one for a relative twist angle (red), and one corresponding
to the combination of the two previous cases (blue).

II. STACKING-DEPENDENT ADHESION ENERGY

The stacking properties of multilayer hBN, in which
consecutive layers have antiparallel unit-cell orientations,
are modeled using an interpolation formula that captures
the energy deviations from the 2H ground-state stacking
[33-37]. The adhesion energy functional of antiparallel
hBN bilayers was computed using QUANTUM ESPRESSO
[38,39]. Vanderbilt ultrasoft Perdew-Burke-Ernzerhof (PBE)
pseudopotentials were used to approximate core elec-
trons [40], with plane-wave and charge-density cutoffs of
EYf = 70 Ry and E/,, = 700 Ry, respectively. Brillouin-zone
sampling employed a 31 x 31 x 1 Monkhorst-Pack k-point
mesh with Fermi-Dirac smearing of width ¢ = 0.01 eV [41].
Dispersion interactions were treated using the van der Waals
density functional vdW-DF2-c09 [42-47]. A 30 A vacuum
spacing in the out-of-plane direction was used to suppress
spurious interactions between periodic images.

Adhesion energies were calculated by implementing an
interlayer displacement between hBN monolayers over a uni-
form two-dimensional grid of lateral translations, where the
lateral displacement vector between nitrogen atoms in oppo-
site layers, ro = (x,y), spans the hBN hexagonal unit cell.
Atomic positions were relaxed in the out of plane direction
for each fixed lateral displacement. The adhesion energy den-
sity of each such configuration was extracted as the energy
difference between the bilayer stack and two isolated

TABLE 1. Parameters of adhesion energy density (eV/nm? x
10~3) between hBN monolayers.

ng) wia) wés) w;a) wg:) wéa)
87.91 13.66 —6.18 0.0 —2.67 —0.60
monolayers,
EpL(ro) — 2EML
Wi(ry) = — (D

where A = /3a%/2 is the primitive unit-cell area and a =
0.25 nm the monolayer lattice constant [48]. W(ry) was then
interpolated over the first three Bragg stars of reciprocal lattice
vectors G{") 5,

3
Wre)= Y [w cos(GY o) + w sin(Gx0)]. (2)

n,m=1

where the triplet of vectors in each star are related by
120° rotation, with magnitudes |G| = 47 /(v/3a), |G®| =
V3G, and |G| = 2|GDV)|. The resulting fitting coeffi-
cients w*/® are listed in Table L.

To study multilayer structures, we consider the general
case of a dislocation plane or a strained/twisted interface be-
tween two hBN films with N and M layers, respectively. The
layers in each film are labeled according to their proximity
to the dislocation plane (or interface) as £ =1,...,N and
¢ =1,...,M [see Fig. 2(b)]. The stacking-dependent ad-
hesion energy density between adjacent layers takes the form

3
Wi p(rg ") = Z [w cos (G - r{")

n,m=1
+ (D@ sin (G115 ”)] )

where p=2,...,N (p=2,...,M') and k = p — 1 for the
layers that make up the N (M) layer film,and p = l andk = 1’
for the layers next to the dislocation plane. In Eq. (3), r(()k’p ) is
the in-plane offset vector between nearest nitrogen atoms of
layers k and p. Note that the factor (—1)**! on the second
term has been included to account for antiparallel alignment
between consecutive layers.

To model structural deformations around dislocations and
strained/twisted interfaces, we introduce the continuous in-
plane deformation fields #‘® and u*) such that the offset
vector for neighboring layers within the N or M layer films is

rlr) = g0 _ gy 4 gy ),

AL = g(x+ (—1)"“%), )

with the bulk stacking vector. The offset vector at the
interface between the N and M layer films, r(()l/‘l), will be
specified in Secs. III and IV according to the scenario of
interest. The elastic energy cost of the deformation field in
each layer is given by

B = P A~ 4 ) O

SCHK)
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FIG. 2. (a) Screw, edge, and mixed dislocations separating 2H stacking regions in bilayer hBN. The dislocation line is indicated by a black
dashed line and the Burgers vector b = aX is the same for all panels. (b) Diagram illustrating a dislocation or strained/twisted interface between
two hBN films with N and M layers, indicated by orange and blue colors, respectively. The labeling of monolayers according to their proximity
to the interface and the adhesion between each pair of layers is shown. (c) Orientation dependence of the dislocation energy per unit of length
[defined in Eq. (9)], described in terms of the angle ¢ between the dislocation axis and the Burgers vector. Black dots indicate the case of a
dislocation in a bilayer (N = 1, M = 1), and red dots a dislocation between a monolayer and a multilayer film. (d) Screw dislocation (¢ = 0°)
energy per unit of length as a function of the total number of layers N + M. Blue dots correspond to structures with equal number of layers in
each side of the dislocation plane, N = M, and red dots correspond to a dislocation between a monolayer (N = 1) and an M-layer film. Curves
represent the power law and logarithmic fittings defined in Egs. (10) and (11), respectively. The total elastic energy 3 of the constituent films

is indicated by triangles and stars.

where u§f>=(a,~u§.“+a,u§”)/2 is the 2D strain tensor,
A =627 eV/nm2 is the first Lamé coefficient, and
w = 736 eV /nm? is the shear modulus [22,49].

III. DISLOCATIONS IN hBN

Interlayer dislocations separate energetically equivalent 2H
stacking regions at the interface between two hBN films. To
model such linear defects, we define the in-plane deformation
fields along a coordinate axis &£ perpendicular to the dislo-
cation line, which has an angle ¢ with respect to the zigzag
direction of the hBN monolayers (x axis). We set the boundary
conditions as

19 (—00) = ) (—00) = 0, (6a)

u®(00) — u(00) = ak. (6b)

This defines a dislocation with Burgers vector b =
u®(00) —u’(c0) =ax (for any £=1,...,N and ¢ =
U, ..., M), corresponding to a smooth relative translation be-
tween two equivalent 2H stacking regions. Depending on the
orientation of the dislocation line relative to b, the defect has
screw, edge, or mixed character, as illustrated schematically
in Fig. 2(a). The local variation of stacking as a function of
perpendicular distance to the dislocation line is described by

an in-plane offset vector r(()ll’l) as

r(()y,l)(&_) — §@H.D _ u(l’)(g) +uM ). @)

The energy of the structure is defined by the functional

£= f dg |:W1/,1 (c"") + By + By
N
+ Z Wi o (e "9) + Be}
=2

o
+ ) W (e 7H0) + B[}}. ®)
=2
Due to the contribution of the infinite 2H stacking regions,
the energy density (8) diverges. Therefore, the optimal con-
figuration for the deformation fields #© and u(*” is found by
minimizing the dislocation energy per unit of length,

00 N
E =& — / d¢ |:W1,’1(8(2H.1)) + ZWZ—I,Z(‘SQH’Z))
- =2

I
+ > Wp_l,@w@‘”’))}, ©)
=2

where the second term subtracts the energy of a multilayer
crystal with unperturbed 2H stacking. This minimization is
performed by progressively increasing the length of the &
axis and reducing the step until we achieve convergence of
the value of &;. In line with previous studies on dislocations
in graphene and transition-metal dichalcogenide multilay-
ers [21,22,33,50], the optimal orientation of dislocations in
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bilayer hBN (N =1, M = 1) corresponds to ¢ = 0° [see
Fig. 2(c)], where the Burgers vector along the zigzag direc-
tion has parallel orientation to the dislocation line (£ =y,
screw dislocation). The most energetically unfavorable case
corresponds to a dislocation axis perpendicular to the Burgers
vector (§ = x, edge dislocation), with an energy difference of
~1 eV /nm.

The evolution of the screw dislocation energy density as
a function of the total number of layers, N + M, shows a
contrasting behavior for symmetrical structures with equal
number of layers on both sides of the dislocation plane (N =
M) with respect to dislocations between a monolayer (N = 1)
and a multilayer film [see Fig. 2(d)]. For symmetric structures,
the dislocation energy follows a logarithmic growth as the
thickness is increased,

51(N=M)(N +M)=nn[v(N + M)], (10)

where n = 1.22 eV/nm and v = 1.86. On the other hand,
energy of screw dislocations between monolayers (N = 1)
and M layer films increases as a power law,

B

(N=1) _ o(N=D) _
ETVIN+M)=E"""(c0) RN

(1D
with the fitting parameters 8 = 1.87 eV/nm, y = 1.94, and
the saturation value SI(N:”(OO) = 2.39 eV/nm. To understand
this qualitatively different behavior between structures with
same number of layers, we calculate the total elastic energy
accumulated in the films on both sides of the dislocation,
BNM = [* dy > ¢/0 Beye. While for symmetrical struc-
tures (N = M) elastic energy is distributed equally on both
films; for asymmetrical structures the elastic energy tends to
accumulate in the thinnest film, reflecting the lower rigidity
[see Fig. 2(d)].

IV. RECONSTRUCTED MOIRE SUPERLATTICES FROM
UNIAXIALLY STRAINED TOP LAYER

Building on our analysis of single dislocations in mul-
tilayer systems, we now consider a uniaxially strained
monolayer stacked on an undeformed film. For small values of
uniaxial strain and relative twist, the resulting moiré superlat-
tice undergoes substantial lattice reconstruction, leading to the
formation of large stacking domains separated by a network
of highly strained dislocations. The character of these dislo-
cations is determined entirely by the geometry of the moiré
pattern. Below, we identify the dislocation types in terms of
the applied uniaxial strain and the relative twist angle of the
upper hBN layer. To model the interface between a monolayer
and bulk hBN, we consider a strained and/or twisted interface
between structures with N =1 and M = 8 layers. For this
configuration, the strain fields in both films are converged, and
no significant changes are expected upon further increasing
M, consistent with the single-dislocation energetics discussed
in Sec. III. The convergence of the corresponding electrostatic
potentials is examined separately in Sec. V.

We consider the lattice vectors of the monolayers forming
bulk hBN asa;, = akanday, = 5(X + V3§), together with
the reciprocal lattice vectors G|, = 27”()2 — %y) and Gy, =

Am

ﬁay. Following Refs. [31,32,51,52], uniaxial strain is applied

on the top layer of bulk hBN along an axis with angle « with
respect to the x axis (zigzag direction), such that the strain
tensor reads as

U= R(a)(f) 0

—0€

)R(—a)

2

_ . cos’a — o sin’ «
- sin’a — o cos’ «

(1 4+o0)sinacosu
(1 +0)sinxcosa (12

where R(«) is the 2D rotation operator, € is the magnitude of
strain, and o = 0.21 is the Poisson ratio for hBN [49]. We also
include a twist of the strained monolayer by an angle 6 < 1,
resulting in the following lattice vectors for the top layer:

ai,=0+URGO)a;p, =12 (13)

From the definition a;, - G;; = 27§
ciprocal lattice vectors are

G, =T +U)'"RO)Gi)
~ (I —-UYRO)G;p, (14)

ij» the corresponding re-

where we have taken into account € < 1. The moiré recipro-
cal lattice vectors are

g =G -Gy
~[REO) —U-T]G;,
=0z x G,‘,b —UG,‘J,. (15)

Hence, we can write the moir€ lattice vectors as
Ai = [(RO) - U T} Ty . (16)

In particular, for & = 0°, the superlattice vectors are

a sin?a — o cos? a
A= )

oce\—(1 +o)sinacosa (17a)

R sin®a — o cos?a — v/3(1 4+ o) sina cos
27 20e\—(1 +0)sinacosa + v/3(cos’a — o sina) )’

(17b)

A special scenario is the case when the moiré lattice vectors
become collinear, which results in a quasi-one-dimensional
superlattice [31,32,53]. This corresponds to the collapse of the
moiré Brillouin zone when det[R(#) — U — 1] = 0. For 0 «
1 this reads as

0
D~ 4 /o ~ +0.46, (18)
€

independently of the orientation of the axes of the top-layer
strain tensor.

The optimal configuration for the in-plane displacement
fields in the moiré superlattice, u" and u'*", is found by min-
imizing the energy of a single supercell, taking into account
both elastic and adhesion contributions (see Appendix A). For
this, we parametrize the nitrogen-to-nitrogen offset vector at
the interface between the monolayer and the M layer film as

r) V() = [(T+URE) — Ir — u" (1) + uV(r)
~ 0z xr+Ur —u" )+ uV(r). (19)

Representative examples of lattice reconstruction are shown
in Fig. 3, which displays maps of the divergence and curl of
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FIG. 3. In-plane displacement-field maps of reconstructed moiré superlattices. (a) Divergence and (b) curl maps for displacement fields in
the top layer [u"]. The structure corresponds to a uniaxially strained monolayer along an axis with angle &, with respect to the zigzag direction
stacked on top of bulk hBN, with a relative twist angle 6. Each row in the top panel corresponds to a different configuration of strain € and
twist angle 6, whereas columns are the different axes where uniaxial strain is applied, with « = 0° being the zigzag direction and o = 30° the
armchair direction. The last row corresponds to a purely twisted (unstrained) top layer.

the displacement field in the top layer, corresponding to the
hydrostatic [Fig. 3(a)] and shear strain [Fig. 3(b)] components,
respectively, for € = 0.3% and various strain directions and
twist angles. Each column corresponds to strain applied along
different crystallographic axes, ranging from the zigzag (o« =
0°) to armchair direction (o = 30°). Throughout this work,
we use € = 0.3% as a representative experimentally realistic
strain that yields clearly resolved reconstruction patterns. The
qualitative phenomenology is not restricted to this value, as
further illustrated in Sec. V.

For strain along the zigzag direction (¢ = 0°) at 6 = 0°
[see top left panel in Figs. 3(a) and 3(b)], strongly dis-
torted hexagonal domains form, separated by two types
of dislocations connecting the nitrogen-on-nitrogen and
boron-on-boron stacking regions. The first type consists
of long-edge dislocations extending to the farthest node,
characterized by predominantly hydrostatic strain and negli-
gible shear [div(u") # 0, curlm") ~ 0]. The second type
comprises shorter dislocations connecting the two nearest
nodes; these have mixed (edge and screw) character and ex-
hibit both hydrostatic and shear components [div(u‘!) # 0,
curl(@™) # 0].

In contrast, for strain along the armchair direction [0 =
30°, see top right panel in Figs. 3(a) and 3(b)], reconstruction
produces rhombic domains due to the merging of nitrogen-on-
nitrogen and boron-on-boron stacking regions. The resulting
network contains a single type of dislocation with both hy-
drostatic and shear components. Upon increasing the twist
angle into the regime f[rad] > € (8 > 0.17° for € = 0.3%),
dislocations progressively evolve toward purely screw char-
acter, consistent with the network observed in strain-free,
marginally twisted interfaces (see bottom row in Fig. 3).

V. STRAIN-INDUCED PIEZOELECTRIC POTENTIALS

Due to the noncentrosymmetric nature of monolayer hBN
crystals, the inhomogeneous distribution of strain around dis-
locations results in a piezoelectric charge profile [33],

o0 = 020l + 0,60 — )] QO)
where the piezocoefficient alternates sign for neighboring
layers, e\ = (=1)‘e;;, with ey = 3.71 x 107° C/m [28].
We take e, > 0 for monolayers where the boron-to-nitrogen
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FIG. 4. Electrical properties of dislocations between a mono-
layer and bulk hBN. (a) Piezoelectric charge profiles in each layer
across a screw (¢ = 0°, left panel) and an edge dislocation (¢ = 90°,
right panel) in hBN films with N =1 and M = 10, indicated by
orange and purple, respectively. (b) Piezoelectric-potential maps as a
function of the distance to the hBN surface, Z = z — wpgn. We show
maps for screw, edge, and two mixed (¢ = 30°, 60°) dislocations.

bond direction coincides with the positive y direction, and
e’fl < 0 for the opposite case. In Fig. 4(a) we show the piezo-
electric charge distribution around a screw (¢ = 0°) and an
edge dislocation (¢ = 90°). In both cases, the piezoelectric
charge density is confined to the first four layers near the dis-
location. Thus, the convergence of energy and strain discussed
in Sec. IIT also implies convergence of the charge distribution.

To analyze the electrostatic potential produced by piezo-
electric charges, we consider a general setup where the region
0 < z < wysn represents the hBN substrate of thickness

whpeN = 50 nm, with a dielectric tensor diag(eﬁl), ﬁ]), SJ_))

(ef! =6.9 and ¢/ =3.0 [54,55]). The region above the
substrate is occupled by an arbitrary medium with dielectric
tensor dlag(eH , ﬁz), ey ) To model a realistic experimental
scenario, we also include a gate at z = 0.

The electric potential due to the charge density localized

in the different hBN layers is obtained by solving the Poisson

equation
&1 (@)Vie(r, 2) + 3,[e1 (2)d.0(r, 2)]
=—4r > pP(1)8(z — z), @1

p=0.t/

0 <z < wmsn,

@ 2 @

diag(ey™, &y, 1),

. 1 1 1
dlag(sﬁ ), Sﬁ ), 85_))
S(Z =
WhHBN < Z.

For this, we introduce the Green’s function G(k; z, z') for the
Fourier-transformed Eq. (21) over the in-plane coordinates
and point source 0 < z' < wyBN,

3.[e1(2)3.G(k;z, 2)] — &y (2)|k[*G(k; 2, Z) = 8(z — 2),
(22)
with boundary conditions
£9.G(k; wipy, 7) — £V0.Gk; wipy, 7) = 0, (23a)
eV10.G(k; (), 2) — 8.G(k; ()", )] = 1, (23b)
G(k;0,7)=0. (23¢)

The resulting piezopotentials in the region above the hBN
substrate (z > wpgN) are

d’k
o(r.z) = — S T ) Gz 5)p P (K), (24)
Qp 4,
with
Glkiz. ) = 2 sinh(|k|#2")

[82 — & — e2IkRiwmn (g) + &,)] K|
x exp{—|Kk|[k2z — (&1 + R2)wpsn]}.  (25)

Here, we have defined
P70 = [ Ere o) (26)

and the effective dielectric constants & = ,/¢\’e ﬁ’)

/ (1)/8(1)_

Before presenting the results for dislocation networks be-
low, we first analyze the electrostatic potential generated by
individual dislocations at the interface between a monolayer
and bulk hBN [see Fig. 4(b)], assuming vacuum in the upper
region (SHZ) =¢’ =1). In screw (¢ = 0°) and edge dislo-
cations (¢ = 90°), the potential is symmetric, with a peak
value at the center of the dislocation line. In contrast, mixed
dislocations (¢ = 30° and ¢ = 60°) produce a potential of
opposite sign on either side of the dislocation line, changing
sign at its center.

To calculate the reconstruction-induced piezoelectric po-
tential in dislocation networks, we take into account that the
piezoelectric charge texture [Eq. (20)] has the same periodic-
ity as the moiré superlattice, which allows to represent each
of the layer charge densities in the form of a Fourier series

and k; =

[e.¢]

3 [0 cos(gy - 1) + o) sin(g,, - T

n,m=0

p(r) = )] @D
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FIG. 5. (a) Piezopotential maps 0.3 nm above a strained and/or twisted monolayer stacked on bulk hBN. Upper panel corresponds to a
€ = 0.3% uniaxially strained monolayer, where each column is a different direction for the applied strain (¢ = 0° for zigzag and o = 30°
for armchair) and rows are different twist angles. Bottom panel is the twist-angle dependence for an unstrained monolayer. (b) Form factor,
defined as the angular average of the Fourier transform of the piezopotential peaks, for purely strained upper monolayer (6 = 0°), and for
(c) twisted upper monolayer without strain (¢ = 0%). (d) Potential produced by an arbitrary distribution of charged point defects with density

n=0.15 x 10'® cm~ in a 50-nm thick film.

with g,,, = ng, + mg, moiré reciprocal lattice vectors. The
piezopotential above the uniaxially strained monolayer is cal-
culated by substituting Eq. (27) in Eq. (24),

P, 2) = =41 Y Y [G(@3 2 2) (0L cOS(, - T)

p=L.t' n,m=0
+ pP)sin(g,, - O}. (28)

To consider a typical device configuration where a material
is placed on an hBN substrate and encapsulated by a second
hBN layer, we assume the upper medium to be hBN as well
[gl(z) =6.9, s(f) = 3.0]. Figure 5(a) shows the resulting po-
tential profiles 0.3 nm above the interface (the graphene/hBN
interlayer distance) for a € = 0.3% uniaxially strained layer
(top panel) and a twisted monolayer (bottom panel). In each
case, we can infer the dislocation types from the potential
profiles. We also verified convergence of the piezopotential
peak values at the dislocation network nodes with respect
to substrate thickness M (Appendix B). For the strongest

reconstructed purely strained cases, the peak potential varies
by less than ~2.5 mV for M = 6, confirming that the choice
M = 8 is sufficient.

For a purely strained monolayer [0 = 0°, see top row
in Fig. 5(a)], long-edge dislocations appear only when the
top monolayer is strained along the zigzag direction (o =
0°), which is indicated by the symmetric potential around
the dislocations. When strain is applied along other axes,
the dislocations exhibit a mixed character, with an asym-
metric potential relative to their center. As the twist angle
increases to the regime f[rad] ~ € [middle row in top panel of
Fig. 5(a)], the network consists of mixed dislocations, where
the relative orientation between them depends strongly on the
direction of strain. For twist angles 8[rad] > € [third row in
top panel of Fig. 5(a)], the piezopotential profiles become
independent of the strain direction. In contrast, for a twisted
monolayer without strain [bottom panel in Fig. 5(a)], screw
dislocations appear only for twist angles 6 < 0.3°.

For all strain directions considered, ranging from zigzag to
armchair, we observe the formation of peaks in the potential
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magnitude at the network nodes (AA stacking). These peaks
act as scattering centers for charge carriers in the material
placed on top of the hBN substrate. The majority potential
sign of these scattering centers changes gradually with respect
to the axis of strain applied to the top layer. For strains pre-
dominantly along the zigzag direction (@ < 15°), the peaks
are majority positive, while for strains along the armchair
direction (@ > 15°), the dominant potential is negative. No-
tably, at the limit @ = 0°, the potential at the node is purely
positive. However, at « = 30°, although the potential is pri-
marily negative, there remains a positive potential peak. For an
unstrained monolayer with twist angle, a similar accumulation
of potential at the nodes is observed, however, the potential is
exclusively negative and decays rapidly with increasing the
misalignment.

To quantify the momentum transfer induced by the calcu-
lated potential profile centers leading to scattering of charge
carriers in the hBN encapssulated material, we take the
Fourier transform of the potential on a disk around the dis-
location node [indicated by dashed circles in Fig. 5(a)], @(k),
and define the following form factor as the angular average of
its magnitude:

1 2w
O(k|) = E/O Ao (k). (29)

The strain-direction dependence of this form factor for non-
twisted surface layers, shown in Fig. 5(b) for € = 0.3%,
exhibits a single peak at |k| ~ 0.03 nm~! for @ = 0°. As the
strain orientation approaches o = 30°, the spectrum evolves
smoothly into a two-peak structure at |k| ~ 0.045 nm~! and
~0.14 nm~!. The emergence of one or two characteristic
wave vectors reflects the dominant piezopotential contribu-
tion at the nodes of the dislocation network. As the strain
is increased within € < 1%, the form-factor peak shows a
blueshift towards 0.1 nm~' accompanied by a reduction in
amplitude and increased broadening (see Appendix C). This
smooth evolution confirms that the predicted electrostatic tex-
tures are robust over a broad experimentally relevant strain
range. Furthermore, potential buildup at the nodes is restricted
to small misalignment of the top layer [Fig. 5(c)], with a
|k| = 0 peak in the form factor only for 6 < 0.3°.

For comparison, we calculate the electrostatic potential
generated by an arbitrary distribution of point charges within
the hBN film. We find that a charge density n ~ 0.15 x
10'® cm™3 produces a surface potential comparable to that
induced by the dislocation networks [Fig. 5(d)].

The electrostatic landscape predicted here is qualitatively
distinct from conventional random charge disorder arising
from trapped impurities. Whereas impurity disorder is typ-
ically uncorrelated and isotropic, the present mechanism
produces potentials with characteristic length scales set by
the strain- and twist-dependent lattice reconstruction. In par-
ticular, localized hotspots appear at network nodes, while
elongated potentials may form along dislocation lines. Such
textures can be identified experimentally using local probes
such as Kelvin probe force microscopy or scanning-tunneling
spectroscopy, and may also generate characteristic transport
signatures associated with long-range scattering.

It is also useful to distinguish the present mechanism from
the well-known periodic potentials induced in crystallographi-
cally aligned graphene/hBN heterostructures. In such systems,
the lattice mismatch generates a moiré perturbation that can
be decomposed into scalar, mass, and pseudogauge terms act-
ing on graphene electrons [9,10]. By contrast, the potentials
studied here originate from strain-induced reconstruction of
the hBN surface itself and primarily provide an additional
scalar electrostatic landscape. These textures need not remain
periodic and may become highly irregular under nonuniform
strain or twist. Consequently, they can coexist with conven-
tional graphene/hBN moiré potentials, or remain relevant in
substantially misaligned devices where standard moiré effects
are strongly suppressed.

VI. CONCLUSIONS

Overall, we offer a detailed analysis of the structural and
electrical properties of dislocation networks formed by a top
strained monolayer on an hBN film. By studying the strain
fields and electrical potentials produced by individual disloca-
tions, we identify the character of dislocation networks in the
highly anisotropic moiré patterns arising from uniaxial strain.
For configurations where the upper monolayer is strained
by € and twist angle O[rad] < €, long dislocation networks
are formed, with strong dependence on the direction of the
applied strain. For larger misalignments (f[rad] > €), the re-
construction patterns become independent of both the strain
magnitude and direction, resembling those found in twisted
monolayers.

We studied the manifestation of reconstruction effects
through piezoelectric charge networks, which generate elec-
trical potentials on the material surface that strongly depend
on the strain configuration. In addition to dislocations, whose
potential profiles reveal the strain orientation relative to
the zigzag and armchair directions, piezopotential peaks
were observed at the network nodes. These peaks act as charge
defects, with their majority charge sign determined by the
strain configuration and twist angle. By defining a form factor
for the potential peaks, we identify their characteristic wave
vectors as a function of the deformation in the upper layer.

Our results indicate that, while hBN exhibits excellent
properties as a substrate for van der Waals heterostructures,
strain during fabrication can induce inhomogeneous electric
potentials. The predicted electrostatic textures, therefore, pro-
vide a distinct substrate perturbation beyond both random
charged impurities and conventional aligned graphene/hBN
moiré potentials. Consequently, when using hBN as a sub-
strate or tunnel barrier, the potential perturbation of charge
carriers must be considered, rather than treating it as a passive
element in the structure.
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APPENDIX A: LATTICE RECONSTRUCTION
OF STRAINED MOIRE SUPERLATTICES

The optimal configuration of displacement fields for
strained and/or twisted monolayers stacked on a multilayer
hBN film is found considering the energy of the moiré
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FIG. 7. Convergence of the potential peak at the dislocation
network node as a function of the number of hBN layers M in the sub-
strate for N = 1, € = 0.3%, and 6 = 0°. The two panels correspond
to strain along the zigzag direction (¢ = 0°) and armchair direction
(o = 30°). Dashed lines indicate a +2.5 mV interval around the
value at M = 10.
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FIG. 8. Strain magnitude and twist-angle dependence of the
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bulk hBN. (a) Wave-vector dependence for different magnitudes of
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supercell (mSC) defined by vectors A; and A, [Eq. (16)],

Emsc = / d’r |:W1/,1 (1'(()1/’1)) + B + By
mSC

o
+ ) Wi (rd ) + Bg/}], (A1)
=2

where the adhesion and elastic energy densities are defined
in Sec. II. The lateral-offset vector at the twisted/strained
interface is determined by Eq. (19), whereas in the M-layer
film as Eq. (4). Figure 6 shows the resultant adhesion energy
density at the interface for two representative scenarios of a
€ = 0.3% strained monolayer on top of an eight-layer film
(M = 8) with twist angle 8 = 0°.

APPENDIX B: CONVERGENCE ANALYSIS FOR hBN
SUBSTRATE THICKNESS

To further justify the choice of substrate thickness, we
examine the convergence of the piezopotential peak at the
dislocation network node as a function of the number of
hBN layers M for N = 1. We consider the purely strained

configurations @ = 0° and o = 30° at ¢ = 0.3% and 6 = 0°,
which produce the strongest reconstruction effects among the
cases studied. As shown in Fig. 7, the peak potential varies
only weakly for M 2 6, confirming that the choice M = 8 is
sufficient for the calculations presented in the main text.

APPENDIX C: STRAIN MAGNITUDE AND TWIST-ANGLE
DEPENDENCE OF THE PIEZOELECTRIC POTENTIAL
CENTERS

We present the strain magnitude dependence of the poten-
tial peak form factor ®(|k|) at the dislocation network nodes.
For this, we consider the nontwisted top monolayers strained
along the zigzag (o« = 0°) and armchair (¢ = 30°) direction.
Figure 8(a) shows the form factor for different values of strain
€ < 1%. In both cases, the main peaks observed shows a
gradual decrease and broadening as strain increases, reflecting
on the decline of the reconstruction effects.

We also analyze the twist-angle evolution of the potential
peaks for a given configuration of strain in the top layer.
Considering a € = 0.3% strained monolayer, the presence of
sharp peaks is restricted to the regime 6[rad] < € (0 < 0.17°
in this case), as shown in Fig. 8(b).
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