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Abstract

Conventional photocurrents at a p—n junction depend on macroscopic built-in fields and are
typically insensitive to the microscopic details of a crystal’s atomic configuration. Here we
demonstrate how atomic configuration can control photocurrent in van der Waals (vdW)
materials. In particular, we find bulk shift photocurrents (SPCs) can display a rich (atomic)
configuration dependent phenomenology that range from contrasting SPC currents for different
stacking arrangements in a vdW homostructure (e.g. AB vs BA stacking) to a strong light
polarization dependence for SPC that align with crystallographic axes. Strikingly, we find that SPC
in vdW homostructures can be directed by modest strain, yielding sizeable photocurrent
magnitudes under unpolarized light irradiation and manifesting even in the absence of p—n
junctions. These demonstrate that SPC are intimately linked to how the Bloch wavefunctions are
embedded in real space, and enables a new macroscopic transport probe (photocurrent) of

lattice-scale registration in vdW materials.

The atomic scale registration formed when two van
der Waals (vdW) layers are stacked on top of each
other can have a profound influence on its electronic
behaviour [1, 2]. Prime examples include strongly
correlated phases in moiré superlattices [3-5], con-
structing topologically non-trivial bands from topo-
logically trivial materials through stacking [6, 7], as
well as new types of collective modes (e.g. moiré
excitons in twisted transition metal dichalcogenides
(TMDs) [8-11]). Yet in many instances, identifying
the stacking arrangement can be challenging since
multiple stacking configurations can yield the same
electronic energy dispersion, for e.g. AB and BA stack-
ing alignments in vdW bilayers possess the same
energy dispersion (figure 1), but contrasting atomic
registrations and Bloch wavefunctions.

Here we show that photocurrents excited in
vdW homostructures can be highly sensitive to its
stacking and local atomic configuration. To demon-
strate this, we focus on shift photocurrents (SPCs)
that can be induced in the absence of p—n junc-
tions [12-17] in inversion symmetry broken vdW
materials [18]. In particular, we find that SPC in vdW
homostructures can be directly controlled by the local

© 2021 The Author(s). Published by IOP Publishing Ltd

atomic configuration: for example, we find that in
bilayer graphene (BLG), SPC flows in opposite dir-
ections for AB vs BA stacking (figure 1), exhibits a
strong light-polarization dependence flowing trans-
verse (longitudinal) when polarization is aligned per-
pendicular (parallel) to a mirror axis (figure 2), and
can be directed by a local strain profile (figure 3)
yielding sizeable currents even for unpolarized light
and modest strain values. While we concentrate on
BLG as an illustrative example, as we argue below,
atomic configuration sensitivity extends to a host of
other vdW materials.

The sensitivity SPC displays to local atomic con-
figuration contrasts starkly with that of conventional
p—n junction photocurrents (e.g. photovoltaic, pho-
tothermoelectric or bolometric effects) that arise in
the presence of a built-in field or a bias field [19-25].
The direction (i.e. sign) of these conventional pho-
tocurrents only depends on macroscopic and slowly
varying variables, such as a built-in field or See-
beck coefficient; as such these conventional photo-
currents display photocurrent sign that is insens-
itive to registration or band gap sign [19-25]. In
contrast, SPC in gapped BLG displays a sign that
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Figure 1. An illustrative example of atomic configuration
controlled shift photocurrent (SPC) in vdW
homostructures: stacking dependent SPC in bilayer
graphene (BLG). (a) Both AB and BA stacking BLG (see
panel (c) share the same energy spectrum, but have
contrasting wavefunctions. This is manifest in the (b)
stacking dependence of SPC obtained from equations (2)
and (6), flowing in opposite directions for AB vs BA
stacking, here A is the interlayer potential. (c) Stacking
arrangement of AB and BA stacking BLG; the orange lattice
denotes the top layer, the black lattice denotes the bottom
layer, open blue and redcircles denote A and B sites in the
top layer, and filled grey and black circles denote A and B
sites in the bottom layer. (inset) the real-space shift that an
electron undergoes from i to f states (see panel (a) in AB
and BA stacking are opposite. Parameters used:
hw=0.1¢eV,y=9.7x10°ms !, v3 =12%x10°ms~},
1 =0.39 eV [26-29], and x-polarised electric field with
E=0.2 Vpum~'. We have fixed T =10 Kand p=0.

changes with registration and gap (figure 1(b)) and
can be tuned by polarization (figure 2), providing
a simple and readily accessible experimental signa-
ture. Indeed, as we explain below, SPC’s sensitivity to
atomic configuration proceeds directly from the pho-
toexcitation process: when an electron is photoexcited
(figures 1(a) and (c)), it undergoes a real-space dis-
placement, r;_,, that depends on how the Bloch wave-
functions are embedded in real space as encoded in
its atomic configuration. This renders SPC a sens-
itive diagnostic of the atomic registration of vdW
homostructures.

We expect atomic configuration sensitive SPC
can be readily found in currently available vdW
homobilayers (e.g. gapped BLG) and other homo-
structures. For instance, stacking dependence can
be probed across stacking faults [30]; polarization
dependence of SPC can be used to identify crystallo-
graphic axes. We note that stacking dependent SPC
is particularly pronounced in gapped BLG due to its
strong interlayer hybridization [31, 32] that distin-
guish the wavefunctions from different stacking con-
figurations (e.g. AB/BA). This stands in contrast to
vdW heterobilayers (e.g. MoSe,/WSe;) where inter-
layer hybridization can be weak [33-38], producing a
bandstructure and electronic wavefunctions that are
dominated by other factors, such as their type II band
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alignment [33-38]. As a result, in what follows, we
will focus on vdW homostructures, and gapped BLG
in particular where interlayer coupling is strong, to
exemplify the atomic configuration SPC.

Shift vector and SPC—We begin by examining the
form of SPC that arises from the real space displace-
ment r,,_,. that an electron undergoes as it is photo-
excited from the valence (v) to conduction (c¢) band
[12-14, 39]: j=e>, . WoscFy—se, where W, is
the rate of photo-excitation from the v to ¢ bands.
For vertical transitions, this displacement is described
by a shift vector that depends on the electronic wave-
function in ¢, v bands [14, 39]:

1(0,k) = Ac(k) — A (k) — Vg argg (K)], (1)
where k is the wavevector of the electron, A, (k) =
i{te(v) (K) [ Vg |ty (k)) is  the Berry connec-
tion of the conduction (valence) band, vy(k) =
(uc(k)|€p - U|uy, (k)) is the velocity matrix element
with & = Oy H(k) /] the velocity operator, (., (k)
is the Bloch wavefunction and &y is the incident light
electric field polarisation oriented 6 away from x-
axis. H(k) is the Bloch hamiltonian; here we use k
measured away from the I" point.

Using equation (1), SPC can be written as [ 14, 39]

i—cC / PRp(OR(0,K),  R(0,K) = [vs|2x(6,K),
(2)

where C= (e/87)(eE/hw)?, E is the amplitude of
the electric field strength of the incident light, w
is the light frequency. The factor p(k) = (f(evk) —
f(ex))d(we, — w) defines the iso-energy contour that
satisfies energy conservation, and f(e. () is the
Fermi-Dirac distribution of electrons.

SPC in equation (2) is particularly sensitive to the
symmetries of the electronic system manifest in the
shift vector. For instance, in the presence of inver-
sion symmetry, the shift vector r(0,k) = —r(, —k)
is odd. As a result, when there is inversion symmetry,
equation (2) vanishes [39]; breaking inversion sym-
metry is required for a finite shift current.

Symmetry, configuration, and stacking depend-
ence—As we now explain, the shift vector is highly
sensitive to the atomic configuration. In so doing,
we concentrate on stacked bilayers, and introduce a
stacking index 1 = {AB, BA} to describe the stacking
configuration (e.g. found in BLG) as well as an inter-
layer potential difference A between top and bottom
layers. For concreteness and clarity of presentation,
in the main text we will concentrate on BLG where
the electronic excitations can be treated as effect-
ively spinless particles. We emphasize that our conclu-
sions and analysis applies more broadly to other vdW
materials and homostructures such as monolayer
TMDs, bilayer 2 H TMDs, as well as gapped graphene
on hexagonal Boron Nitride (G/hBN), see discussion
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in supplementary information (SI) (available online
at stacks.iop.org/2DM/8/035008/mmedia) [40].

We proceed by analyzing the crystalline symmet-
ries of Bernal stacked gapped BLG [31, 41-43]: they
possess a three-fold in-plane rotation C§ symmetry
and mirror symmetry (MS) about axes that con-
nect the non-dimer sites (figure 1(c)). For example,
MS about the y-axis demands M, H" (A, KM, =
H™ (A, M,k); here M, is the mirror operation
about the y-axis [i.e. (), y)—(—x,y)]. Applying MS
as well as time-reversal symmetry [44], we find that
r (A, 6,k) transforms as

r)(cn) (A7 97 kxa ky) = _r)(cn) (Aa _97 an _ky)a
r§n>(A,9,kx,ky) = rﬁn)(A,—e,kx,—ky). (3)

In obtaining equation (3), we noted that
r(A,0,k) =1 (A 04 7,k) since light polar-
isations along €9 and —eéy are equivalent. While we
have focussed on MS about the y-axis in equation (3),
there are two other mirror axes related to M, via Cj
rotation from the y-axis. In a similar fashion, mirror
reflection about these directions produce the same
shift vector symmetry relations (for parallel and per-
pendicular components) as equation (3), see SI [40].

Interestingly, when the light polarization &y is dir-
ected parallel (perpendicular) to a mirror axis, e.g.
0 = 7/2 (0 = 0), the shift vector (see equation (3)) acts
as pseudovector; r, flips sign whereas r,, remains con-
stant as k, — —k,. As we will see below, this severely
constrains the direction of SPC. For example, when
€y is parallel to a mirror axis (e.g. # =/2), SPC is
purely longitudinal, flowing parallel to the polariza-
tion of light. Similarly, when &y is perpendicular to
a mirror plane (e.g. # =0), SPC is purely transverse
(perpendicular to &g). This latter SPC flow is particu-
larly striking since SPC flows transverse to the incid-
ent ac (light) electric field, underscoring the geomet-
ric origin of the SPC.

We now move to the symmetry constraints
relating the stacking configurations. AB and BA
stackings are related by fliping the sample about
the y-axis (figure 1(c)). For example, the real
space Hamiltonians of AB and BA stacked bilayer
graphene are related by a 7 rotation about the y-
axis: CyHP(Ar)(C)) "' =HEY(—~A,r) where
C,: (x,y,z) = (—x,y,—z) is the rotation opera-
tion. As a result, the Bloch Hamiltonian obeys
the symmetry constraint C,H“® (A k)(C,)~! =
HBY(—A Ck) (see SI [40] for detailed explana-
tion). Using these and equation (1) we find that AB
and BA stackings obey the relation:

<

ABV(AL0,k) = —rBA (—A -6, C)k),

P

F(A0.k) =r Y (-A,~0,Ck).  (4)

-

In obtaining equation (4) we have used that the x
component of the velocity matrix element switches
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sign under C, [i.e. 7y — —]; this is equivalent to
mapping 6 —m — 6.

Noting that under an inversion operation,
the shift vector transforms as r("(A,0,k) =
—r(MW(=A,0,—k) [40], and applying equation (3)
onto equation (4) we obtain AB/BA stacking depend-
ent shift vectors that have opposite signs:

4B (A0, k) = —rBY(A6,k). (5)

In obtaining equation (5), we noted C, : (kg k,) —
(—ky,ky), and applied the time-reversal operation.
We remark that this stacking dependence can be
understood physically from the inversion-symmetry
breaking in the unit cell. For a fixed interlayer poten-
tial difference, a change in the stacking order from
AB to BA switches the directionality of the in-plane
dipole between the non-dimer site, as illustrated in
figure 1(c). Similarly, when interlayer potential is
flipped (keeping stacking order the same), the in-
plane dipole similarly changes sign. Since the shift
vector is sensitive to the electric dipole configura-
tion, this leads to a stacking dependent shift vector in
equation (5). As we will see below, this directly pro-
duces the sign flip of SPC shown in figure 1(b).

Hlustration: gapped BLG—We now turn to exem-
plify the stacking (and configuration) dependent
SPC in a minimal model of an AB/BA stacked
material: BLG. Bernal stacked BLG can be described
by a four-band minimal model in the basis
{¥a,, ¥B,, ¥a, ;8 }, where A, B, j, stand for A and
B sites on the top and bottom layers respectively. The
Hamiltonian for AB/BA stacked BLG [31, 45] can be
described via H™ = H{" + H{”, where H" and
H‘(f) read

A
H(()") = h(€pxoy + pyoy)To + 500+ %
X (UxTx + nUyT)/)a
) = s
H\Y = - [gpx(JxTx —noyTy) — py(oyT + 770'x7'),)]

(6)

where p =k — K¢ is the wavevector measured from
K¢ with { =+ denoting the two valleys. The Pauli

matrices o and 7 label the sublattice and layer degrees
of freedom respectively, and n==+ for AB and BA
stacking configurations. Here v is the Fermi velocity
in each layer, and +; is the direct interlayer hopping.
The term H,, provides a trigonal warping effect of
the energy dispersion with v3 describing the inter-
layer hopping between the nondimer site [31, 45]. An
interlayer potential difference A opens a gap in the
system and breaks inversion symmetry.

Even though trigonal warping vs is typically an
order of magnitude smaller than v [26-29], it is
nevertheless responsible for enforcing the three-fold
symmetry of the bilayers. Importantly, trigonal warp-
ing H is necessary to achieve a non-zero shift cur-
rent. This can be seen by noting that in the absence
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Figure 2. (a), (b) Plot of weighted shift vector

R(D(A,0 = 0,p) in AB (a) and BA (b) stacked BLG at the
K4 valley for x-polarised electric field. Here we have taken
A =20 meV as an illustration; other parameters are the
same as figure 1. The solid blue curve denotes the
iso-energy contour for the interband transition. (c),

(d) Polar (c) and line (d) plot of the x (yellow) and y (blue)
components of the shift current as a function of electric
field polarisation angle 6 with respect to the x-axis. The
electric field strength amplitude is fixed at 0.2 Vum™1!. The
arrows indicate the direction of the shift current, which is
transverse when light polarisation, €y, is perpendicular to
the mirror axes (dashed red lines) and longitudinal when ey
is parallel to the mirror axes (dashed green lines).

of trigonal warping, the low energy dispersion in
each valley exhibits an emergent U(1) continuous
rotational symmetry. For any linear polarisation éy,
reflection symmetries about axes both parallel and
perpendicular to &y yield a vanishing shift current.

Numerically computing the shift vector in
equation (1) using the eigensolutions of equation (6)
we obtain the stacking dependent (weighted shift
vector) R (A,6,p) =1 (A,G,p)\uén) (p)* in
figures 2(a) and (b). We note that |Vg'7)(p)|2 and
p(p) in equation (2) depend only on energy disper-
sion and are independent of stacking or the gap sign.
Here we have chosen an x-polarized electric field,
6 =0 as an illustration, see SI for other polarizations.
As expected from equation (5), R(™ in figures 2(a)
and (b) flips sign when stacking arrangement changes
from AB to BA even when the same interlayer poten-
tial is applied. As a result, SPC also switches sign
when the shift vector flips sign. Numerically integ-
rating equation (2) with the weighted shift vector
in figures 2(a) and (b) over both valleys (and spins)
for a chemical potential in the middle of the gap
and T =10 K, we obtain a stacking dependent SPC
shown in figure 1(b), that flips sign when either stack-
ing arrangement is changed (AB — BA) or interlayer
potential is switched (A — —A).

We note that the magnitude of SPC increases
as |A| increases yielding sizeable photocurrents of
order several nA ym~! in figure 1(b) for modest

Y Xiong et al

light irradiation (see parameters in caption); it van-
ishes when no interband transitions occur. While we
find maximal SPC occur when chemical potential is
in the gap (shown in figure 1(b)), sizeable SPC can
still manifest when BLG is doped, but diminish when
2Ep ~ hw due to Pauli blocking.

As discussed above in equation (3), the shift vec-
tor can exhibit a pseudovector nature. This is dis-
played in figures 2(a) and (b) for 6 =0, wherein
recalling that |V(gn)(p)|2 is even, we have R, — —R,
as py — —p, whereas R, remains unchanged, see e.g.
weighted shift vector on solid circle vs star positions
in figures 2(a) and (b) inset. Here we have noted that
by mapping k, — —k, (measured from I'), p, = —p,
in the same valley (see SI).

This pseudovector nature (shown in figures 2(a)
and (b)) yields SPC for § =0 in equation (2) that is
purely in the y-direction—transverse to €p—g. This
is manifested in figure 2(c), where we plot the SPC
j as a function of polarization angle 6 where the
dashed lines denote magnitude of SPC and the arrows
denote its direction. Strikingly, along polarizations
perpendicular to a mirror axes (§ =0, £27/3, red
dashed lines), the shift current is purely transverse
(red arrows) to the polarization. This underscores the
geometrical origin of SPC with a current that is per-
pendicular to the applied (oscillating) electric field.
In contrast, when light polarization is applied parallel
to a mirror axes (0 = 7/2,+7/6), SPC is purely lon-
gitudinal (green arrows). As a result, SPC alignment
with the crystal axes and its polarization dependence
(figure 2(d)) can be used to determine a vdW device’s
crystallographic orientation.

Strain photocurrent in vdW stacks—While large
stacking and configuration dependent SPC manifest
in the presence of polarized light (discussed above),
due to the C symmetry of the Bernal stacked bilay-
ers, photocurrent vanishes for unpolarized light irra-
diation; for a detailed discussion, see SI [40]. How-
ever, when an in-plane strain is applied, it breaks
the Cj symmetry of the Bernal stacked bilayers, and
as we now discuss, enables a strain induced SPC
even for unpolarized light. We note that 2D mater-
ials can accommodate strains from several to ~10
percent [46—49]; in addition to extrinsically applied
strains [46-49], strain profiles can also be natur-
ally found in many moire material stacks [50]. We
note that strain has recently emerged as a tool for
controlling bulk photocurrents [51-56].

To illustrate such a strain-induced photocur-
rent in BLG, we consider a uniaxial strain applied
in BLG that can be described by H™ = H(()n) +
A"+ H™ [57, 58], where I:I(()") and H" can
be obtained from equation (6) but replacing p
to p=p-+Ay/v. Here Ag=Ag(cos2¢,—Esin2¢)
describes a shift of the valleys in k-space, where
¢ is the angle of the strain principle axis with
respect to the x-axis. The additional terms HS(”)
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Figure 3. (a) The x (yellow) and y (blue) components of the
shift current induced by unpolarised light as a function of
direction of the principle axis of a uniaxial strain. The
strain magnitude is fixed at [w| = 5 meV. (b) Shift current
induced by unpolarised light as a function of strain
magnitude fixing ¢ = 0 (see text) for AB (blue) and BA
(red) stacked BLG. All other parameters are the same as
figure 2.

describes the modification of the skew interlayer
coupling by the strain and is given by [57, 58]
Hﬁ") = [Wx(O'xTx —noyTy) — wy(oyTx + nUxTy)] /2,
where w = |w|(cos2¢, —Esin2¢) accounts for both
the (in-plane) uniaxial strain and an interlayer shear
associated with it [57, 58]. In BLG, 2% of strain cor-
responds to |w| & 19 meV [57, 58]. We note that the
shift of the valleys does not affect the shift current
since it involves integration over the entire k-space.
In the following, we will focus on the effect of w.

When BLG is strained, we find that the shift cur-
rents at different polarisation angles do not can-
cel out. Instead, a net shift current (upon integ-
ration over all polarisations) manifests—the strain
photocurrent: J*' = [j(6)df. Strain photocurrents
are shown in figures 3(a) and (b) where we have
numerically integrated equation (2) together with
the eigensolutions of strained BLG above. As expec-
ted, strain photocurrents increase with increas-
ing strain (figure 3(b)), achieving sizeable val-
ues of order nA um~! for modest strain values
and incident light irradiation (see parameters in
caption). We note that, similar to that discussed
for SPC, the strain photocurrent in figure 3(b) have
opposite signs for AB vs BA (blue vs red).

Strain photocurrents are very sensitive to the
principle axis (¢) of applied strain and exhibit
a m periodicity, see figure 3(a). Strikingly, when
strain principle axis is perpendicular (parallel) to
the mirror axes, the strain photocurrent induced
is transverse (longitudinal) to the applied strain
direction, see e.g. strain photocurrents ¢ =0
(p=m/2) in figure 3(a). As we now explain,
this directly proceeds from the symmetry of the
bilayer stacks. We write the strain photocurrent
in terms of its symmetric and antisymmetric
(w.r.t. 8) contributions

Ji*=C dfdpp(p)[V:(6,p)(ri(0,p)
;// po(P)[Vi(0,p)(ri(0.p

+1i(=0,p)) + Va(0,p)(ri(0,p) — ri(—0,p))],
(7)

Y Xiong et al

where V,(0,p) = |vu(p)|>cos? 0 + |v,(p)|>sin* @ is
the component of | (p)|* that is symmetric in 6, and
Va(0,p) = 2R[vi(p) v, (p)*] sinf cos B is the compon-
ent that is antisymmetric in 6. Here [ df denotes an
integral of polarization angle between 0 < 6 < 7/2
and we have omitted mention of the stacking index n
and interlayer potential difference, A, for brevity.

Crucially, when strain is applied either parallel or
perpendicular to the mirror axes, MS about the mir-
ror axis is preserved. These constrain the integrand
of equation (7). For example, when strain is along
»=0,7/2, we observe that V,,(6,p) is even (odd)
under p, — —p,; similarly, the shift vector transforms
according to equation (3). Combining these, we find
that the integrand for J* is odd under p, — —p,,
whereas ]}Ot is even. As a result, when strain is applied
along ¢ =0 (¢ =7/2), strain photocurrent is purely
transverse (longitudinal) as shown in figure 3(a). The
same reasoning can be applied for strains along other
high symmetry axes, see SI [40]. This demonstrates
vividly how strains can be used to direct SPC.

SPC is a quantum geometric property/response
that depends on how and where the wavefunctions in
the unit cell are embedded in real space. The sensit-
ivity to the real-space embedding is particularly pro-
nounced in gapped BLG, enabling a wealth of SPC
properties that include stacking and light polariza-
tion angle dependence, as well as a sensitivity to strain
in the sample. We note that such sensitivity to the
atomic registration often requires scanning probe or
transmission electron microscopy techniques. SPC,
on the other hand, can be readily extracted at global
leads in a conventional scanning photocurrent exper-
iment [59, 60] enabling a new tool for crystallo-
graphic and strain profile characterization. Indeed,
a particularly urgent venue for such characterization
are low twist-angle moire materials (e.g. twisted BLG
with twist angle < 1°) wherein atomic reconstruc-
tion leads to an alternating pattern of commensur-
ate AB and BA stacking domains with sizes as large
as several hundreds of nm [50, 61, 62]. In these sys-
tems, we expect local SPC induced by light irradi-
ation concentrated in AB vs BA stacking domains will
flow in opposite directions. Furthermore, real-space
strain profiles may additionally warp the direction
of the polarisation dependent SPC. As a result, we
anticipate SPC (aided by scanning near-field optical
probes [59, 60]) can enable macroscopic transport
probe of the myriad atomic registrations found in
twisted materials.

From a technological perspective, we note that
SPC can attain magnitudes up to tens of nA ym™—!
(for modest irradiation of several kW cm™2 and
hw =0.1eV), and are comparable with those typic-
ally found in graphene based photodetectors [21].
Indeed, since gap sizes can reach large values, SPC
can persist to high temperatures including room tem-
perature. Because SPC in equation (2) scales inversely
with photon frequency, we anticipate responsivities
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and photocurrent will be further enhanced as w is
lowered into the THz regime.
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