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h-BN/graphene van der Waals vertical
heterostructure: a fully spin-polarized
photocurrent generator

Xixi Tao,?® Lei Zhang, & *>%¢ Xjaohong Zheng, & **4 Hua Hao, 2
Xianlong Wang,®® Lingling Song,” Zhi Zeng®® and Hong Guo®?

By constructing transport junctions using graphene-based van der Waals (vdW) heterostructures in which
a zigzag-edged graphene nanoribbon (ZGNR) is sandwiched between two hexagonal boron-nitride
sheets, we computationally demonstrate a new scheme for generating perfect spin-polarized quantum
transport in ZGNRs by light irradiation. The mechanism lies in the lift of spin degeneracy of ZGNR induced
by the stagger potential it receives from the BN sheets and the subsequent possibility of single spin exci-
tation of electrons from the valence band to the conduction band by properly tuning the photon energy.
This scheme is rather robust in that we always achieve desirable results irrespective of whether we
decrease or increase the interlayer distance by applying compressive or tensile strain vertically to the
sheets or shift the BN sheets in-plane relative to the graphene nanoribbons. More importantly, this
scheme overcomes the long-standing difficulties in traditional ways of using solely electrical field or
chemical modification for obtaining half-metallic transport in ZGNRs and thus paves a more feasible way
for their application in spintronics.

1. Introduction

With the successful fabrication of graphene,’ a hexagonal
lattice of carbon atoms with single atom thickness, and the
discovery of its many remarkable properties soon afterwards,
intensive interest has arisen to investigate other 2D materials.
Thus far, many new 2D members, such as hexagonal boron-
nitride sheets,” transition metal dichalcogenides,* black phos-
pherene,” borophene,” 2D SiS layers,® 2D silicon carbide
(SiC),”® and many others,'®"* have been added to the 2D
material family. Such 2D materials are considered very impor-
tant building blocks for future nanoelectronic and opto-
electronic devices due to their extraordinary electronic and
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optoelectronic properties, such as high electron mobility or
appropriate band gaps. In parallel with the efforts on continu-
ously discovering new 2D materials, another important
research direction on 2D materials has just emerged, which
focuses on vertical van der Waals (vdW) heterostructures con-
structed by stacking different 2D crystals on top of one
another.” " Since the vdW interaction that binds the stacked
layers together is rather weak, the exceptional properties of
each layer are well preserved without any degradation. As a
matter of fact, the construction of vdW heterostructures has
become a very important method for extending the versatility
and functionality of 2D materials and finding ways to develop
new functions by building heterostructures has attracted more
and more interest in the field of 2D materials.”>>®

It is well known that achieving large spin polarization is an
important issue in spintronics and the ultimate goal is to
attain fully spin polarized electron conduction in a material or
a device. Magnetism is a prerequisite for spin transport. In
this regard, among all the 2D materials, graphene is probably
the best-known candidate: when cut into nanoribbons, the
resulting edges with zigzag geometry configurations have
intrinsic edge magnetism arising from localized edge states,
unlike most other 2D materials, where magnetism can basi-
cally only be induced externally by introducing defects or
embedding transition-metal atoms or by other means.*’°
More importantly, quite a few schemes have been suggested to
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achieve half-metallicity (a property with only one conducting
spin channel) in a zigzag edged graphene nanoribbon (ZGNR),
such as electrical field,>* edge decoration,® and B-N co-
doping.**** These schemes can be divided into two categories:
one by applying an electrical field and the other by chemical
modification. However, it has been shown that the strength of
the electrical field should be extremely high to achieve half-
metallicity in ZGNR, which is almost unavailable in the labora-
tory.>> Meanwhile, with chemical modification it is hard to
precisely control the doping or adsorption sites and structural
stability. More importantly, as pointed out in our previous
work, chemical modification can lead to a dramatic decrease
or even the disappearance of the energy difference between the
antiferromagnetic (AFM) and ferromagnetic (FM) edge con-
figurations, whereas the half-metallicity can only be obtained
from the AFM ground state.>® Thus, a finite temperature can
easily turn the ZGNRs paramagnetic, which makes the half-
metallicity practically unobservable. Consequently, alternative
schemes avoiding the use of either an electrical field or chemi-
cal modification for achieving fully spin polarized transport
with ZGNRs are greatly anticipated.

In this work, we propose to realize this goal using graphene-
based vdW heterostructures. First, a vdW heterostructure #-BN/
graphene(Gr)/A-BN is constructed by sandwiching a ZGNR
between two hexagonal BN sheets with AA stacking. The stagger
potential produced by the two BN sheets at their middle plane
acts differently on two sublattices of the ZGNR so that the ener-
gies of the edge states with different spins shift oppositely.
Thus, the spin degeneracy of the edge states is lifted and two
different spin energy gaps E,; and E, (with Ey < Ey)) are
obtained. Second, linearly polarized light is shed on the central
region of a device. By properly tuning the photon energy, elec-
trons with only one spin can be excited from the valence band
to the conduction band. Thirdly, through applying a small posi-
tive bias in the vdW heterostructure that is smaller than the
energy gap Ey, the excited electrons in the conduction band
can be driven to the right lead, which results in a fully spin
polarized photocurrent. This scheme is rather robust in that we
can always achieve desirable results irrespective of whether we
decrease or increase the interlayer distance by applying com-
pressive or tensile strain vertically to the sheets or shift the BN
sheets in-plane relative to the graphene nanoribbon, although
the magnitude of the current produced and the photon fre-
quency range needed may vary. Thus, 100% spin polarized
transport can always be achieved in graphene/s-BN vdW junc-
tions combined with light irradiation.

2. Theoretical formalism and
computational details

The vdW vertical heterostructure device is presented in
Fig. 1(a), in which a ZGNR is sandwiched between two zigzag-
edged boron-nitride nanoribbons (ZBNNRs). The transport
direction is along the z axis and the width of each ribbon in
the x direction contains 6 zigzag chains. Each C/B/N atom at
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Fig. 1 (a) Schematic plot of the vdW vertical heterostructure with a
6-ZGNR (Gr) sandwiched between two 6-ZBNNRs (BN) by AA stacking
and it is divided into the left lead, the right lead and the central region
where the light impinges. The unit cells of the left and right leads are
chosen to be the same, except for a case when discussing the polariz-
ation angle effect. The photon has energy hw. The z axis is along the
transport direction and the y axis is perpendicular to the 2D plane of the
ribbons. The two vectors e; and e, defining the light propagation direc-
tion are parallel to the z and x axes respectively. ‘BN' and ‘Gr’ label the
BN sheet and graphene, respectively. A is the electromagnetic vector
potential inside the xz plane. (b) The photocurrent generation process. A
voltage Vy, < Eg; is applied between the left lead and the right lead to
drive the excited electrons in the conduction band from the central
region to the right lead.

the edge is saturated by a H atom. Due to the same hexagonal
lattice structure and the very small lattice mismatch (<3%) of
the BN sheet (bond length: 1.46 A) and graphene (bond
length: 1.42 A), the lattice constants of BN ribbons are
assumed to be the same as those of the ZGNR. The layers are
stacked together by AA stacking which is more favorable in
energy than AB stacking.®” The distances between two adjacent
layers are relaxed to be 3.22 A. As shown in Fig. 1(a), the device
is divided into three parts: the left lead, the right lead and the
central region. The central region consists of 6 unit cells with a
length of 14.76 A including 252 atoms.

In our study, linearly polarized light is shone on the central
region with the photon energy and the polarization direction
being tunable. A small bias V}, is applied to create a potential
drop so that the excited electrons in the conduction band can
move unidirectionally from the central region to the right lead.
Physically, the photocurrent generation process can be under-
stood as follows (see Fig. 1(b)): the photon excites the valence
electron to the conduction band in the central region. Driven
by the potential drop, the excited electrons move to the right
lead. At the same time, the electrons from the left lead move
to the central region to fill the holes left by the previously
excited electrons. This process goes on repeatedly and a con-
tinuous photocurrent is generated. If the applied bias voltage
V}, is smaller than the band gap E,, the electrical current will
only have the photocurrent component, with no direct contri-
bution from the bias.
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The studied system can be described by the Hamiltonian
H = H. + He_pn, where H, is the Hamiltonian of the two-probe
system without the electron-photon interaction and

e . . .
H._,n = —A - p is the electron-photon interaction treated as a
P m

perturbation by the first Born approximation.®® A is the electro-
magnetic vector potential and p is the momentum of the elec-
tron. As a matter of fact, the calculation of the photocurrent is
a kind of post-analysis, which means that we will neglect the
effect of H._,,, during the self-consistent first-principles calcu-
lation and the Hamiltonian part of H._p, is treated as the per-
turbation after self-consistent Hamiltonian H. is obtained.
Then, the effective transmission function can be expressed in
terms of Green’s function®®

Tos(E) = Tr{las(E)[(1 - fo(E)G{ (E) +fa(E)G] (E)]}, (1)

where a and s are the lead and spin index, respectively. For con-
venience, the spin index will be omitted from now on. Here,
I, =i(%, —2%) (a = L, R) is the linewidth function describing
the coupling between the central region and both leads, with
3/2 being the self-energy of the semi-infinite a-th lead. f; is the
Fermi-Dirac distribution of the a-th electron reservoir. G =
Gy + Gph</> is the lesser/greater Green’s function of the
central region which takes account of the self-energies of both
leads as well as the electron-photon interaction,

G =6y (x” + %) 6

</> </>
o =GiZ, Gy

(2)

It means that the effective transmission has two contri-
butions, with the first one directly coming from the voltage
and the other solely from photons. The retarded and advanced
Green’s functions in eqn (2) are defined as

1
¢t =63yt = 3

without the electron-photon interaction. Meanwhile,

5 = NMT 63 (B + ho)M (4)
and

%5, = NMG; (E — ho)MT (5)

are the greater and lesser self-energies due to the electron-
photon interaction where we only consider the adsorption
process, with N being the number of photons.**™*' In the
atomic orbital basis |n), the matrix element

Mo = (nlAo€ - plm), (6)

with A, being the amplitude of A which is independent of
photon energy and incident direction but related to the
photon flux, the number of photons and the specific material,
while € is the unit vector of A characterizing the polarization of
light. For linearly polarized light,

e = cos(f)e; + sin(0)e,, (7)
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where e; = (0, 0, 1) and e, = (1, 0, 0) chosen in this work are
two vertical unit vectors defining the plane in which A lies and
e; x e, determines the propagation direction of light. For a
specific device, A, together with N can be considered as
constants.

The self-consistent calculations for H, were performed com-
bining density functional theory (DFT) with the nonequili-
brium Green’s function (NEGF) method for a quantum trans-
port study,”"* as implemented in the Nanodcal package,** in
which norm-conserving pseudopotentials and linear combi-
nations of atomic orbitals as basis sets are adopted. The wave
function is expanded with a double zeta polarized (DZP) basis
set and the fineness of the real space grid is determined by an
equivalent plane wave cutoff of 200 Ry. The exchange-corre-
lation potential was treated at the level of generalized gradient
approximation (GGA), using the functional of Perdew, Burke,
Ernzerhof (PBE). The structure relaxation is performed over a
smallest repeated unit cell by a conjugate gradient method
until the residual force on each atom is less than 0.04 eV A™".
The convergence criterion of electronic self-consistent calcu-
lations is set as 1 X 10" a.u. for both the Hamiltonian matrix
and the density matrix. The k-point sampling grid for both
structure relaxation and the lead part of transport calculation
is chosen as 1 x 1 x 100.

The spin polarized current can be calculated by integrating
the effective transmission function®’

L™ = %j T,(E)dE, (8)

with / being the Plank’s constant and e the electron charge.

3. Results and discussion

At the beginning, we calculate the band structures of the
single ZGNR and the #-BN/Gr/h-BN structure (see Fig. 2(a) and
(b)) to see the electronic structure difference between a pristine
graphene nanoribbon and a vdW heterostructure. In the
ground state, the two edges of the single ZGNR are anti-ferro-
magnetically (AFM) coupled. The magnetic moments of edge
carbon atoms at the two edges are 0.29up and —0.29ug, respect-
ively. Note that the band structure of ZGNR is spin degenerate
with a band gap of 0.63 eV (see Fig. 2(a)). Thus, for such an
isolated ZGNR, photon irradiation with a certain photon
energy ho > 0.63 eV will excite electrons of both spins from the
valence band to the conduction band and thus will generate a
photocurrent with no spin polarization. In contrast, as shown
in Fig. 2(b), the spin degeneracy is broken in the #-BN/Gr/A-BN
vdW heterostructure. The band gap for spin up electrons is
decreased to Eg; = 0.28 €V while that for spin down electrons is
increased to E; = 0.82 eV. The energy gap at the X point
changes from 0.95 eV to 0.50 eV and 1.15 eV for spin up and
spin down, respectively. It is important to notice this for a
later discussion of the photocurrent generation. Due to the
existence of the BN sheets and the subsequent broken sym-
metry, the maximum magnetic moments of the edge carbon
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Fig. 2 The band structure of: (a) single layer ZGNR and (b) the h-BN/
Gr/h-BN vdW vertical heterostructure. The numbers are the real energy
gap values and those at the X point. The effective potential at the gra-
phene plane produced by: (c) two BN nanoribbons and (d) two infinite
BN layers. ‘B" and ‘N’ indicate the Cg and Cy sites in graphene.

atoms decrease slightly and unequally to 0.28 and —0.26 ug,
respectively.

Next, we will discuss the physics behind the spin degener-
acy lift in the A-BN/Gr/h-BN system. There are two sublattices
in both graphene and BN sheets. With AA stacking, if we view
the system from top to bottom, the atoms of one sublattice in
graphene overlap with the B atoms in the BN sheets and those
of the other sublattice overlap with the N atoms. Thus, the two
sublattices in graphene can be labelled as Cy and Cy, respect-
ively (see Fig. 3). The existence of the BN sheets will produce a
potential, which will influence the electronic structure of the
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graphene nanoribbon. Since each Cy atom is between two B
atoms and each Cy atom is between two N atoms, they will
experience different local potentials produced by the BN
sheets. To see the potential difference, we extracted the local
potentials around each Cg and Cy atom by averaging around
each site in a certain radius, which are shown in Fig. 2(c). The
potential is obtained by artificially taking away the graphene
layer with the positions of the BN sheets fixed. Clearly, the
potential at each Cp site is much smaller than those at the
neighboring Cy sites. Note that the potentials at the Cy sites
(or Cy sites) are non-uniform due to the existence of bound-
aries and structure asymmetry. For infinite BN layers, the
potential at each Cp site (or Cy) is exactly the same (see
Fig. 2(d)).

Consequently, the BN sheets produce a stagger potential at
the ZGNR plane, which is larger at the Cy sublattice and
smaller at the Cy sublattice. Interestingly, we find that, in the
ZGNR, the spin up edge states of the valence band are distribu-
ted only at the Cy sublattice and localized at the left edge (see
Fig. 3(a)) while the spin down edge states of the valence band
are only distributed at the Cg sublattice and localized at the
right side (see Fig. 3(b)). Thus, the energy of the spin up edge
state will be shifted up (close to the Fermi level) while that of
the spin down edge state will be shifted down (away from the
Fermi level). Likewise, in the conduction band, the spin up
edge states are only distributed at the Cp sublattice (see
Fig. 3(c)) while the spin down edge states are only distributed
at the Cy sublattice (see Fig. 3(d)), which result in the energy
of the spin up edge states shifting down (close to the Fermi
level) and that of the spin down edge states shifting up (away
from the Fermi level). Overall, the spin up edge states in both
the valence and conduction bands shift close to the Fermi

Fig. 3 The vdW structure and the edge states of the ZGNR for: (a) spin up in the valence band (v1); (b) spin down in the valence band (v]); (c) spin
up in the conduction band (c1); and (d) spin down in the conduction band (c]). Cg and Cy indicate the carbon atoms in the two sublattices. In each
panel, at the left border, the Cg or Cy in green indicates that the edge state is distributed at the Cg or Cy sublattice and the arrow at the down-left
corner indicates the increase or the decrease of energy of the edge states. The edge states are obtained by calculation for a single ZGNR.
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level while the spin down edge states move farther from it,
resulting in the breaking of spin degeneracy (see Fig. 2(b)).

Having understood the spin splitting in the bandstructure
of the h-BN/Gr/h-BN vdW vertical heterostructure, we now
investigate the generation of a fully spin polarized photo-
current out of this vdW heterostructure. Generally speaking, a
stable photocurrent can be directly generated by light
irradiation without an external bias in two kinds of devices.
One is based on the PN junction®' and the other is a system
with a lack of space inversion symmetry.** For other systems, a
small bias should be applied to the device to create a potential
drop along which the photon-excited electrons in the conduc-
tion band can move unidirectionally toward one electrode.® In
our study, a linearly polarized light with photon energy Zw is
shed on the central region. The polarization direction (the
direction of magnetic vector potential A) in eqn (7) is chosen
by taking e, along the z axis, e, along the x axis, and 0 = 0°
(see Fig. 1(a)). Considering the different spin band gaps (0.28
eV for spin up and 0.82 eV for spin down), we chose a bias
voltage of 0.25 V, which will not produce a DC current directly
between the two electrodes and the detected current in the
device must be generated by photons. The photocurrent as a
function of the photon energy % is presented in Fig. 4(a). It is
interesting to see that when the photon energy Z® > 0.0 and
ho < 0.60 eV, the spin up component of the photocurrent
ITh # 0 while the spin down component of the photocurrent
I, = 0, producing a 100% spin polarized photocurrent.

In the following, we will further discuss three facts pre-
sented in Fig. 4(a): (1) the spin up photocurrent starts almost
at Aiw = 0.0 eV; (2) the spin down photocurrent starts when
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Fig. 5 A cartoon of the band profile of the edge states: (a) at equili-
brium and (b) at a finite bias (V). The filled circles indicate the valence
bands and the corresponding edge states while the empty circles indi-
cate the conduction band and its corresponding edge states. In (b), vo —
V3 (co — c3) are four boundary points or states in the valence (conduc-
tion) band. Vi, is the applied bias and Ej is the band gap. Green arrow
indicates an excitation process between an edge state pair induced by a
photon (hw). z is along the transport direction.

hew > 0.55 eV; and (3) the spin up photocurrent starts decreas-
ing from 0.50 eV monotonously. To understand these features,
we plot a cartoon figure for the tilting of the edge state band
structure in the central region without and with the appli-
cation of a bias (see Fig. 5). When V, = 0, an electron can only
be excited from the valence band to the conduction band
when the photon energy w > E, (see Fig. 5(a)). However, when
a bias voltage V;, is applied, the band structure gets tilted, that
is, the energy of the states at the left side increases while that
at the right side decreases (see Fig. 5(b)). The electrons at the

TDOS
© = M W A OO N
T

1
0 01 02 03 04 05 06 07 08
E(eV)

0

Fig. 4 (a) Two spin components of the photocurrent (P with a = L, s = 1 and |) versus the photon energy (E = hw) when a bias voltage of 0.25 V is
applied in the system; (b) the transition density of states (TDOS) as a function of photon energy E; (c) and (d) the evolution of effective transmission
(ET) function with the increase of photon energy for A - M and M — B stages, respectively.
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up-left corner (see the blue triangle) in the valence band can be
excited to the down-right corner (also see the blue triangle) of the
conduction band by photons with much smaller energy. The
minimum energy is determined by the excitation process from v,
to c;. For the spin up photocurrent, the starting energy iw =
Eg; — Vi, = 0.28 — 0.25 = 0.03 eV. This is the reason that the spin
up photocurrent starts almost at 0.0 eV when a bias of 0.25 V is
applied. With the increase of 4w, more and more electrons in the
blue triangle area (larger area) in the valence band will be excited
to the blue triangle area in the conduction band (see Fig. 5(b)).
Thus we see an increase in this region starting from 0 in the
photocurrent. The same trend is observed for the spin down
photocurrent, but the threshold energy will be hw = Eq — V, =
0.82 — 0.25 = 0.57 eV. That is why the spin down photocurrent
starts appearing when zw > 0.55 €V. For the spin up component,
since the energy difference between v; and c; is 0.50 eV (the
band gap value at the X point in Fig. 2(b)), when A = 0.50 eV, all
the electrons in the states above v; in the valence band cannot be
excited into an available empty state in the conduction band;
thus the excitation will be suppressed. At this time, all the states
in the red dot-dashed triangle area crossing v, in the valence
band can find an empty state in the red dot-dashed triangle area
crossing ¢, in the conduction band to induce an excitation. With
the increase of Zw, these two triangle areas for generating the
photocurrent become smaller and smaller (see the green triangle
area at down-right and up-left corners in Fig. 5(b)), which leads
to the decrease of the photocurrent.

It is interesting to note the oscillations between 0.20 and
0.50 eV. There are three peaks (with the middle one labelled as
“M”) and two valleys (labelled as “A” and “B”). In order to
understand these peaks and valleys, we calculated the tran-
sition density of states (TDOS). We use E;" to describe the
energy of state 4 in the valence band and Ef to describe the
energy of state i in the conduction band. When the band struc-
ture in the central region is tilted under a bias of 0.25 V, the
energy of any state at different z (the position along the trans-

N . 2
port direction) will be E,"(z) = Ep” — fk x 0.25 for the valence
Z

Z; .
band and E(z) = E —L—J x 0.25 for the conduction band,
Z

where z; or z is the position along the z direction and L, is the
length of the central region. We may use a combination index
hk to specify the state & in the valence band at positions k and ij
to specify the state 7 in the conduction band at position j. A
photon with energy hwp;; = E°(z;) — Ex’'(z¢) can always find a
pair of initial state #k and a final state i between which it could
excitet an  electron. The TDOS is defined as
n(E) = Iy ;6 (E - hwhk,,]). The TDOS including the contribution
from both the edge states and the bulk states is shown in
Fig. 4(b). For the spin up channel, the overall profile in the
TDOS and the photocurrent are approximately the same. This
demonstrates the great importance of TDOS in generating the
photocurrent. However, we also have to note that the TDOS con-
sists of only one large smooth peak while the photocurrent con-
tains fine structures with three narrower peaks. This indicates
that the TDOS is not the only factor determining the
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photocurrent. Actually, the transition rate between different
initial-final (hk — ij) state pairs may vary greatly. We calculated
the effective transmission function as a function of valence elec-
tron energy corresponding to each photon energy studied in the
photocurrent in Fig. 4(a). The effective transmission function is
very important in understanding the photocurrent. On one
hand, it directly reflects the transition rate at each valence elec-
tron energy under different photon energies. On the other
hand, its integration leads to the photocurrent according to eqn
(8). As an example, we will show the evolution of the effective
transmission function with the photon energy increasing from
valley A to peak M and then from peak M to valley B. They are
shown in Fig. 4(c) and (d), respectively. We clearly see that for
different photon energies, the effective transmission function
and thus the transition rate are greatly different. We find for
both the A - M stage and the M — B stage that the energy
range for the excited valence electrons increases with the
increase of photon energy. Meanwhile, in the A — M stage,
there is a peak p increasing with the photon energy, which
leads to the increase of the photocurrent. In contrast, in the M
— B stage, the main peak p shrinks with photon energy, which
leads to the decrease of the photocurrent.

The maximum energy range for the edge states determined
by the energy difference between v, and c, is 0.75 eV. This can
be understood as follows: from Fig. 2(b), we see that the
band gap of spin up is 0.28 eV. This is the lowest photon
energy that can be used to excite electrons when no bias is
applied. However, also notice the gap of 0.5 eV at the X point.
It is the largest photon energy that can be used to excite elec-
trons from the edge states in the valence band to the edge
states in the conduction band. However, when the band struc-
ture of the central region is tilted by a 0.25 V bias (see
Fig. 5(b)), the largest photon energy for exciting electrons from
the edge states in the valence band to the edge states in the
conduction band, namely, from the state at v, to the state at
¢y, will be 0.75 eV (0.50 + 0.25 = 0.75). If the photon energy is
larger than 0.75 eV, no transition between edge states will
occur. However, when hw > 0.75 eV, the current can still be
contributed by the transition between the bulk states located
at the left part (G-A section) in the band structure shown in
Fig. 2(b) and this is why we can still see a finite photocurrent
when Aw > 0.75 eV for the spin up channel. It is worth men-
tioning that there is also a contribution from the bulk states in
the 0.0-0.75 eV range.

From the discussion above, we see that the bias voltage plays
an important role in the generation of photocurrent, and
especially it directly affects the threshold of photon energy. It will
be very interesting to know how it changes the magnitude of the
photocurrent. For doing so, we fix the photon energy hw = Eq; =
0.28 eV and increase the bias voltage from 0.05 V to 0.25 V.
The effective transmission function is presented in Fig. 6(a).
It is seen that with the increase of the bias, the electrons in a
larger energy range in the valence band can be excited to the
conduction band and thus contribute to the photocurrent.
This can be easily understood. When V;, = 0.05 V, the band
structure in the central region is very slightly tilted, which can
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Fig. 6 The bias dependence of: (a) the effective transmission function
and (b) the photocurrent in the right lead ('R’). The photon energy hw is
fixed as 0.28 eV. In (a), E is the energy of the electrons excited in the
valence bands. Only spin up is shown since the contribution of spin
down is zero under these conditions.

still be approximated by Fig. 5(a). Only the electrons at the
valence maximum through all the central region can be excited
to the conduction minimum. With the increase of the bias, the
band structure will be much more tilted; thus, electrons with
lower energy can be excited. The width of the energy range of the
excited electrons is exactly the magnitude of the applied bias.
However, even though the energy range of the excited electrons
is increased, the photocurrent is decreased (see Fig. 6(b)), which
should arise from the decreased density of states at each energy
and the decreased transition probability under a higher bias.

Proceeding further, we will study the effect of the polariz-
ation angle 6. Without the loss of generality, two cases are con-
sidered: (A) V;, = 0.25 V and ko = 0.20 eV; (B) V}, = 0.25 V and
he = 0.10 eV. The I,°"(#) as a function of @ is shown in Fig. 7
(see the curves labelled as ‘A’ and ‘FA’, ‘B’ and ‘FB’). It is clear
that both of them satisfy a cosine relationship with the period
T = m. To understand it, with some derivation starting from
eqn. (1) to (8), we have (with the spin index omitted):

1L(0) = (a 2 b)2+ ceos(20+ 200) + 2 (9)
where
a:%JTr(ra[Gf(Ph) n ﬁ,(cf@h) G<<ph>>])
_le N 4 r (G2 om <(ph)
b iZJTr<F [Gi( ) +f, (G>( ) G<( h))]) o
c:EJTr(Fa[GS P +ﬁ,<G3p G )D
| 2¢
¢, = yarctan (a — b)
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Fig. 7 The dependence of the photocurrent on polarization angle 6 of
three cases: (a) V, = 0.25 V and hw = 0.20 eV, labelled as ‘A" and 'FA’; (b)
Vp = 0.25 V and hw = 0.10 eV, labelled as ‘B’ and 'FB’; (c) V}, = 0.25 V and
hw = 0.10 eV and the central region has a mirror symmetry, labelled as
‘C'and ‘'FC". 'A’, ‘B’ and 'C’ are the calculated data while ‘FA’, ‘FB" and 'FC’
are the corresponding fitted curves. Only spin up is nonzero and shown.

and

Gy = P> CoNGe1,paGy’” e3Py Gy
af=xyz
G/ e ﬂz CoNGe2upaGy ! eapppG
a.fp=xy.z
G3</>(ph) - aﬂ;‘:y z CONGgel(xpaG§/>ezﬂpﬁGg (11)
* aﬁzzxghz CONG{)EZ(IP(IG(?/>elﬂp/} Gg

where C, is a constant.*® Therefore, the photocurrent 1,”"(6) can
be formulated into a simple function of cos(26) with a period =.

It is seen that, the photocurrent is highly dependent on the
polarization angle and can be switched on and off by tuning 6.
The maximum/minimum photocurrent will be

aeri (a—b

2
does not correspond to a maximum photocurrent, but there is
a phase shift of 2¢,. By fitting, we get I,”® = 3.39 x cos(26 +
30.0) + 3.44 for case (A) and I,"" = 1.52 x cos(26 + 30.0) + 1.55
for case (B). Thus ¢, ~ 15.0° for these cases.

This phase shift is basically not caused/changed by the
photon energy as seen, but by the asymmetry of the system,
which can arise either from the structure asymmetry or from
the bias. The bias induced asymmetry directly arises from the
charge redistribution due to the bias and the subsequent
asymmetrical potential profile. To prove that the bias can also
cause the phase shift, we considered a third case (C) in which
the central region is symmetrical by choosing the left and
right leads with mirror symmetry. For V;, = 0.25 V and Aw =
0.10 eV, a phase shift is still seen from curve ‘C’ in Fig. 7. By
fitting, we have I,P™ = 1.56 x cos(26 — 48.0) + 1.58; thus ¢, ~
—24.0°. In a system with left-right symmetry studied by Xie
et al., namely, zigzag edged monolayer black phospherene
nanoribbon doped with sulfur atoms, where both structural
asymmetry and bias effect are absent and the photocurrent
induced by linearly polarized light is totally caused by the
photogalvanic effects, the phase shift is exactly zero.*” In
addition, from the three fitting expressions above we know

2
) +c2. We see that 6 = 0, which means A//z,
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Fig. 8 The band structure for the cases in which: (a) the layer distance is increased by 0.30 A; (b) the layer distance is decreased by 0.30 A; (c) the
ZGNR is shifted along the transport direction by half a unit cell and (d) the ZGNR is shifted along the x direction to make an AB stacking.

that the photocurrent I,”™ will always be larger than zero, thus
flowing to the right lead, due to the bias polarity applied.
Finally, to investigate the robustness of the full spin polariz-
ation of the photocurrent, we considered several factors that
may lead to the changes of the geometry structures. We are
mainly concerned with the effects of the vertical strain and the
in-plane relative shift on the photocurrent. To be specific, we
considered four cases: (1) an increase of the layer distance by
0.30 A(+9.3%); (2) a decrease of the layer distance by 0.30 A
(—9.3%); (3) a shift of half a unit cell along the transport direc-
tion; and (4) AB stacking. We consider the first two cases since
strain or pressure has become an important means for property
and function tuning in the material or device design and we
consider the last two cases since they may also appear in real
situations although their structures are not the most stable.
Especially, in practice, some degree of misalignment between
the sheets would exist. The last two cases are typical ones which
can give us information on effects of such misalignment. Since
the spin polarization of the photocurrent is largely determined
by the spin splitting of the band structure, for qualitative dis-
cussions, it is sufficient to analyze the band structure changes
in these cases (see Fig. 8). It is seen that in all these cases, large
spin splitting is always obtained. Especially, the change in the
layer distance greatly affects the band structure. When it is
increased by 0.30 A, the band gap is increased to 0.46 eV and
0.73 eV for spin up and spin down, respectively (see Fig. 8(a)).
Meanwhile, when the distance is decreased by 0.30 A, the band
gap for spin up is almost closed (0.06 eV) while that for spin
down is increased to 0.88 A (see Fig. 8(b)). This is because the
smaller the layer distance, the larger the local potential differ-
ence between the Cy and Cy sublattices that will be produced,
which increases the energy differences of the edge states of
different spins. In the two cases of in-plane shift, which are two
second most stable structures, besides the AA stacking that we

This journal is © The Royal Society of Chemistry 2018

previously investigated, large spin splitting is still observed and
they show almost equal band gaps for each spin (see Fig. 8(c)
and (d), 0.53 and 0.51 eV for spin down while 0.75 and 0.71 eV
for spin up). However, in case (3), after the shift, the Cy atoms
are much closer to the N atoms than the B atoms while the Cy
atoms are much closer to the B atoms, which leads to the
increase of the band gap of spin up and the decrease of spin
down, that is, spin down has a smaller band gap (see Fig. 8(c)).
In the AB stacking shown in Fig. 8(d), the Cg atoms are right
below (above) the N atoms while the Cy atoms are right below
(above) the hexagon center; thus the spin up band gap is
increased while the spin down band gap is decreased. Since the
potential difference of the Cz and Cy sublattices in these two
cases is smaller than the AA stacking, the spin splitting is also
smaller. Therefore, a fully spin polarized photocurrent can
always be achieved, although the required photon energy range
and the produced photocurrent magnitude may be different.

4. Conclusion

In summary, we have proposed a h-BN/Gr/A-BN vdW hetero-
structure for generating a fully spin polarized photocurrent.
Due to the stagger potential produced by the BN sheets, the
two sublattices of the graphene nanoribbon experience
different potentials imposed by the BN nanoribbons, which
causes a shift of the energy of the edge states with different
spins towards opposite directions. This results in the spin
splitting of the band structure and makes single spin exci-
tation possible by properly selecting the photon energy.
Besides the most stable AA stacking structure, our systematic
study of the other four cases changing the relative positions of
the BN sheets to the graphene ribbons indicates that the fully
spin polarized current can always be achieved, although the
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photon energy range that can be used will be different. Note
that, compared with the electrical or chemical ways for achiev-
ing fully spin polarized transport with graphene, the idea of
the vertical Gr/h-BN vdW heterostructure is more practical
since it can be easily fabricated by a lot of schemes, such as
mechanical cleavage methods, layer-by-layer transfer tech-
niques, co-segregation growth, temperature-triggered chemical
switching growth or CVD growth.'>"***” In a word, by com-
bining with photon irradiation, our study demonstrates the
great importance and potential of 2D vdW heterostructures in
spintronics, which should be taken into consideration in the
design of spintronic devices based on 2D materials.
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