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Electric field induced enhancement of photovoltaic effects in graphene nanoribbons
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The terahertz (THz) to visible irradiation induced current in zigzag and armchair graphene nanoribbons
were investigated by focusing on the modulation of the photovoltaic effects by tuning the electric field (E )
strength. The numerical results show that spin photovoltaic effects in zigzag-edged graphene nanoribbons can be
significantly improved by enhancing the E strength. In detail, an acceptable broadband photoresponsivity with
a full optical spin polarization in a broad range of photon energies, including the THz region, can be obtained
that can be preserved in the presence of the edge roughness. Furthermore, armchair-edged graphene nanoribbons
could reveal a tunable photoresponsivity induced by THz to ultraviolet wavelengths. These results could lead
to the enhancement of photovoltaic effects and especially the generation of a spin-polarized photocurrent in
all-carbon junctions.
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I. INTRODUCTION

Recently, spin-photovoltaic properties of graphene nanos-
tructures have attracted much attention thanks to their long
spin-relaxation length, ballistic quantum transport, high car-
rier mobility [1,2] and excellent optoelectronic properties
including an ultrafast saturable absorption, a broadband pho-
toresponsivity, a low dissipation length, etc. In this regard,
some studies have been conducted, in which spin-polarized
photocurrents have been realized in graphene nanostructures
through several approaches including the spin injection from
ferromagnetic contacts [3,4], the optical orientation process
[5–7], the intrinsic magnetization of the nanostructures [8],
the staggered potential of the hBN/graphene heterostructure
[9], or by applying a magnetic field [10]. Among various
graphene nanostructures, graphene nanoribbons (GNRs) seem
appealing for spin-photovoltaic applications due to their fea-
sible synthesis methods including cutting from carbon nan-
otubes, bottom-up approaches, and lithography techniques
[1,11–14] as well as due to the modification of various proper-
ties of the pristine graphene, for example, a nonzero band gap,
resulting from the quantum confinement effect and edge states
[15]. Furthermore, GNR-based field-effect transistors (FETs)
and photodetectors have been fabricated previously [16–18].
GNRs exist in two shapes: nonmagnetic (NM) armchair-
edged GNRs (AGNRs) and zigzag-edged GNRs (ZGNRs)
with an antiferromagnetic (AFM) ground state [19] with a
band gap that is inversely proportional to the ribbon width
[20]. The spin characteristic of ZGNRs originates from the
electron-electron interaction and can be tuned and converted
to the half-metallicity state by modifying the edges [8,19–21],
by doping through the adatom adsorption [9,22,23], by cre-
ating point/line defects [24,25], and by applying an external
perturbation such as a magnetic field [10] a transverse electric
field [20,26], or an inhomogeneous bias [27].
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On the other hand, by applying an external transverse
electric field on an AFM ZGNR, the edge-state band gap of
one spin orientation closes while the edge-state band gap of
the other spin orientation widens, resulting in the breaking of
the ZGNR spin degeneracy and thus a half-metallic behavior
under an appropriate field strength [20,28,29]. Furthermore,
in a NM AGNR, electronic properties could be modulated by
applying an external transverse electric field [30], as reported
previously [30–32]. However, as opposed to ZGNR, the bands
around the Fermi level do not belong only to the edge states,
but they are associated with the wave functions distributed
throughout the nanoribbon width.

Due to the strong dependence of GNR properties on the
edge states, the electromagnetic behavior of GNRs under
the effect of a transverse electric field was also investigated
for various edge roughness. Generally, edge defects could
affect the performance of graphene-based devices [24,25,33].
Vacancy defects reveal flat bands in the band structure of
graphene with localized magnetic moments [34]. Further-
more, the edge magnetism in ZGNRs has been experimentally
and theoretically confirmed at room temperature in the pres-
ence of atomic-scale edge defects [19,20,35] and also under
the effect of both a transverse electric field and the edge dis-
order [20]. In the presence of edge defects, the qualitative be-
havior remains the same as that in the perfect GNR; however,
the strength of some features, such as the spin polarization,
decreases [19,35]. A previous study on the simultaneous effect
of a transverse electric field and the 558-defect line on GNR
showed a better spin polarization in the presence of the defects
[36]. The polarization-induced switching effect in graphene
nanoribbon edge-defect junction with a transverse electric
field has also been proposed [37]. Interestingly, spin carriers
of the ferromagnetic sawtooth-like GNR become spatially
separated under a transverse electric field [19]. Furthermore,
the linear and quadratic dependence of the band gap on the
externally applied transverse electric field has been found for
a jagged GNR with armchair and zigzag edges [38]. The
effect of an electric field on electromagnetic and transport
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properties of heterostructures such as AGNR/BNNR (boron-
nitride nanoribbon) and ZGNR/BNNR has also been investi-
gated [39,40]. Additionally, periodic line defects could change
the graphene conductivity and local point defects can change
its absorption properties [41].

Although electronic and spintronic properties of GNRs
with different edge terminations and applied transverse elec-
tric fields have been investigated considerably, their photo-
voltaic and spin-photovoltaic properties under a transverse
electric field have been neglected. In previous studies, ter-
ahertz (THz) optical properties of graphene, including its
optical refractive index, reflectivity, and conductivity, under
an external longitudinal dc electric field [42] and optical
properties of graphene under an electric field perpendicular
to the graphene planes have been investigated [43]. In this
paper, using the self-consistent nonequilibrium Green’s func-
tion (NEGF) formalism and the mean-field Hubbard model,
we theoretically simulated the electric field induced spin-
polarized photocurrent in a spin-photovoltaic device based on
pristine and defective GNRs illuminated with monochromatic
linearly polarized irradiation with energies from THz to ultra-
violet (UV). Our results showed that full (100%) and nearly
full optical spin-filtering features are revealed in the illumi-
nated ZGNRs under a transverse electric field. By tuning the
electric field strength, one could broaden the range of photon
energies with the full optical spin-filtering feature as well
as decrease the threshold photon energy, where this feature
starts, to achieve a fully spin-polarized photocurrent in the
THz region of the electromagnetic spectrum. Graphene-based
photodetectors operating under the THz radiation have been
previously studied theoretically [5,44] and experimentally
[45]. However, we indicated the electric field tunable photore-
sponsivity of GNRs as well as the full spin polarization char-
acteristic of ZGNR under the THz radiation. To study the ro-
bustness as well as the strength of the spin-polarized behavior
in the presence of edge defects, we simulated the electric field
induced spin-polarized photocurrent in a defective ZGNR,
which confirms the stability of the spin-dependent behavior
of the nanodevice and also the reversing of the sign of the
optical spin polarization in the THz to infrared range. Finally,
we investigated the effect of an applied transverse electric
field on transport properties and optical responsivity of the
nanodevice, which is based on a semiconducting AGNR, and
the numerical results reveal the photoresponsivity in photon
energies ranging from THz to UV by properly tuning the
electric field strength.

II. MODEL AND METHOD

The effect of an externally applied transverse electric field
(E ) on optoelectronic properties of the proposed nanodevice
based on GNRs (depicted in Fig. 1) is simulated using the
single-band first-order tight-binding approximation with the
NEGF formalism as well as the Hubbard approximation in
the case where ZGNR is the channel. The total Hamiltonian
of the simulated nanodevice, including the effects of E and
light irradiation, can be written as [46]

HT,σ =H0,σ + He-ph,σ , (1)

FIG. 1. (a) A schematic representation of the proposed nan-
odevice based on GNRs illuminated with linear radiation with a
polarization that is parallel to the channel direction. (b) A schematic
representation of nZGNR (n = 6 denotes the number of zigzag
chains along the width direction) under a transverse electric field.
The dotted-line rectangle box denotes the ZGNR unit cell.

In the equation above, H0,σ indicates the Hamiltonian of
the proposed nanodevice in the presence of E and in the
absence of light irradiation. The term He-ph,σ incorporates
the interaction of light with the matter and it is treated
as a perturbation Hamiltonian. Our simulation consists of
two self-consistent calculations; first, taking into account the
GNR electronic properties as well as magnetization (only for
ZGNR) via the Hubbard approximation and second, calculat-
ing the interaction of light with the matter using the NEGF
formalism.

A. Tight binding Hamiltonian and electron-electron interaction

The tight-binding Hamiltonian of a GNR in the presence
of an external E and the electron-electron interaction can be
written as [26,47]

Hσ =
∑

〈i, j〉,σ
−t d†

i,σ d j,σ +
∑
i,σ

eE (yi − ym)n̂i,σ

+U
∑
i,σ

〈n̂i,−σ 〉
[

n̂i,σ − 1

2
〈n̂i,σ 〉

]
, (2)

where di,σ and d†
i,σ are the electron annihilation and creation

operators, respectively, and 〈n̂i,σ 〉 is the expectation value of
the number operator for an electron with the spin σ (σ =
α, β ) at the site i. Furthermore, 〈i, j〉 denotes the summation
over all nearest-neighbor sites and t = 2.6 eV is the transfer
integral between the nearest-neighbor sites [26]. The second
term in the equation above is the potential energy of E , where
e is the electron charge, yi is the position of the ith atom
along the transverse direction of ZGNR, and ym is the middle
transverse position in the ribbon. Here, we neglected the
depolarization field, which screens the external field. The third
term in the equation above calculates the electron-electron
interaction by self-consistently solving the Hubbard repulsion
treated in the mean-field approximation [48], which results in
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the emergence of the spin-resolved band structure of ZGNR.
Note that the term U = 2.75 eV is the on-site Coulombic re-
pulsion strength [26], which is revealed only in the simulation
of the edge magnetism in ZGNRs, not in NM AGNR for
which the Hamiltonian includes only the first two terms of
Eq. (2).

The Hamiltonian of the proposed nanodevice contains the
effect of left (L)/right (R) electrodes and also the applied E ,
can be decomposed as [49]

H0,σ = HC,σ + HR,σ + HL,σ + HRC + HLC, (3)

where the first three terms described in Eq. (2) are the
Hamiltonians of the channel, the right and left contacts,
respectively. H(L/R)C represents the tight-binding Hamiltonian
of the coupling between the channel and the L/R contact.
Furthermore, to avoid the conductivity mismatch problem
at the interface, we considered the same structure for the
channel, the left and right contacts, and applied the external
electric field on the whole nanodevice. Electronic properties,
including the band structure and the density of states of the
GNR-based nanodevice, were simulated using Eqs. (2) and
(3) together with the mean-field Hubbard approximation in
the case of ZGNR [48]. Taking into account the localized
edge magnetism by the electron-electron interaction is the
origin of the spin-dependent behavior of electronic properties
in ZGNRs. Applying E results in different shifts of the
energy levels at different atomic sites due to the addition
of the related potential energy in the on-site terms of the
Hamiltonian, which leads to different occupation numbers
and hence different mean-field Hubbard terms. Next, using
the self-consistent solution, we obtained the electric field
induced spin-polarized band structure of ZGNR. After solving
the Hamiltonian of the GNR channel and the left and right
contacts, the retarded Green’s function of the system, in the
absence of light radiation, can be expressed as [49]

G0,σ (ε) = [(E + iη)I − HC,σ − �L,σ − �R,σ ]−1, (4)

where I is the identity matrix, η is an infinitesimal broadening,
and �(L/R),σ denotes the self-energy of the L/R contact, which
contains the influence of the electronic structure of the L/R
electrode through the Green’s function of the electrode’s sur-
face, and it is computed using the Sancho iterative approach
[48,50]. By solving Eq. (4), one could simulate the transport
properties of the GNR-based nanodevice without irradiation.

B. Electron-photon interaction

The term He-ph,σ = ( e
me

) �A · �p in Eq. (1) is the electron-

photon interaction, where �A is the time-dependent electro-
magnetic vector potential, �p is the electron momentum op-
erator, and me is the electron mass [9]. Optically induced
spin and charge transports in the GNR channel, which is
under the effect of E , were simulated using Eq. (4) together
with the self-consistent solution of the total Green’s function,
expressed as [9]

GT,σ (ε) = [
G−1

0,σ − �ph,σ

]−1
. (5)

The last term �ph,σ = − i
2 [�in

ph,σ (ε) + �out
ph,σ (ε)] in

the equation above is the electron-photon self-energy for an

electron with the spin σ , where �in
ph,σ and �out

ph,σ are
in-scattering and out-scattering self-energies due to the
electron-photon interaction for α-spin and β-spin electrons,
which can be expressed as [9,51]

�in
ph,σ (ε) = (Nph + 1)MGn

σ (ε + εph )M†

+ NphMGn
σ (ε − εph )M†, (6)

�out
ph,σ (ε) = (Nph + 1)MGp

σ (ε − εph )M†

+ NphMGp
σ (ε + εph )M†, (7)

where Nph is the number of photons, εph = h̄ω is the photon
energy, and the term M incorporates the electron-photon
interaction, where each element is represented by [9,46]

Mmn = 〈m|A0ê · �p|n〉, (8)

where A0 is the amplitude of �A and ê denotes the light polar-
ization. Furthermore, electron and hole correlation functions
are described as

Gn
σ (ε) = Gσ (ε)

[
	L,σ (ε) fL(ε) + 	R,σ (ε) fR(ε)

+ �in
ph,σ (ε)

]
G†

σ (ε), (9)

Gp
σ (ε) = Gσ (ε)

{
	L,σ (ε)[1 − fL(ε)]

+ 	R,σ (ε)[1 − fR(ε)] + �out
ph,σ (ε)

}
G†

σ (ε), (10)

where fL,R and 	(L,R),σ are the Fermi-Dirac function and the
broadening function of the L/R semi-infinite GNR electrode.
After calculating the electron-photon self-energy by self-
consistently solving Eqs. (5)–(10), the spin-polarized pho-
tocurrent across the GNR-based nanodevice, can be obtained
by [52]

Iph,σ = 2e

h

∫
dε Tr

{
Gp

(1,1),σ (ε)	L,σ (ε) fL(ε)

− Gn
(1,1),σ (ε)	L,σ (ε)[1 − fL(ε)]

}
, (11)

where h is the Planck’s constant and Gn,p
(1,1),σ (ε) are the first

blocks of the electron and hole correlation functions [9,51]. To
calculate the above equation, we neglected the spin-flipping
and the spin-scattering, due to the long spin-relaxation length
in graphene, which has been reported experimentally [53,54],
micrometer-scale distances at room temperature. Moreover,
as it has been shown experimentally [55], the length reveals
presumably no dependence on device edges. Furthermore, the
spin-flip scattering of electrons gliding along the ZGNR edges
is very weak [56]. Therefore the spin-polarized carriers in
ZGNRs can maintain their coherence for a relatively long
time. Moreover, to assess the optical performance and the
optically induced spin-filtering effect of the nanodevice, the
spin-dependent quantum efficiency QEσ and the optical spin
polarization SP are defined, respectively, as

QEσ (%) = Iph,σ /e

Pin/h̄ω
× 100% (σ = α, β ), (12)

SP(%) = Iph,σ − Iph,−σ

Iph,σ + Iph,−σ

× 100%, (13)
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where Pin is the incident optical power. All the calculations
were performed at room temperature and the substrate ef-
fect was neglected because of the inversion-symmetry of the
proposed substrate [57] and the absence of any staggered
potential, as is present in the case of graphene/hBN or
other substrates [9,57,58]. Since the spin-flip scattering is
ignored, all transport equations must be decoupled into two
independent components and must be separately solved for
majority-spin (α-spin) and minority-spin (β-spin) electrons.
For simulating the nanodevice based on NM AGNR under
the effect of E , all calculations, including the electron-photon
interaction, were performed independently of the spin degree
of freedom, using the single-band tight-binding Hamiltonian.
Therefore, in the latter case, the photocurrent is not spin-
polarized and it does not possess any spin-filtering effect.
Furthermore, in our designed nanodevice, the photocurrent
is driven to the external circuit by applying a very small
bias (0.01 V), without producing any accompanying dc dark
current between the two electrodes, and thus the resulting
current must have a pure photogenerated nature.

III. RESULTS AND DISCUSSION

Electric field induced properties of the designed nanode-
vice [shown in Fig. 1(a)] were simulated through the mean-
field Hubbard approximation and the NEGF formalism by
considering the simultaneous effect of irradiation and an
external electric field. The incident illumination is assumed
a polarized light spanned over a broad frequency range from
THz to UV with the constant intensity of Iω = 100 kW/cm2,
perpendicularly shed on top of the channel region. The electric
field associated with the light is along the channel direction,
as can be seen in Fig. 1(a). Moreover, a previous study [9]
has revealed that the photocurrent depends on the polarization
angle θ according to cos(2θ + ϕ), where ϕ is a phase shift
caused by the bias or the structural asymmetry of the system
[9,59], which is approximately zero in our design that has the
L-R symmetry due to the application of the same transverse
electric field on both of its left and right electrodes under
applying a small bias. Therefore, the selected polarization
of the illumination leads to the maximum responsivity of
the proposed spin-photovoltaic device. Furthermore, the GNR
in the split-gate structure, producing a uniform external E
across the GNR in the channel and along the lateral direc-
tion in the L/R electrode, as it is shown in Fig. 1(b) by a
vertical arrow. Figure 1(b) shows the 6ZGNR, with a unit
cell consisting of 12 atoms. First, we calculated the band
structures of the GNRs in the absence and in the presence
of E , without any illumination, to investigate the difference
between the electronic structure of a pristine GNR and that
of a GNR under an electric field. Second, having understood
the electronic and spintronic properties, we calculated the
photoresponsivity of the proposed nanodevice by shedding a
linearly polarized light on the central region of the device. By
properly tuning the incident photon energy, the electrons in the
valence bands would be excited to the conduction bands and
then the photocurrent can be flowed by applying a very small
bias. Note that photocurrents are spin-polarized in the case
of ZGNRs. Third, in the spin-dependent case, we calculated
the degree of the spin polarization for the photogenerated

FIG. 2. Spin-resolved band structures of the ZGNR with (a) E =
0, (b) 0.2, (c) 0.5, and (d) 0.8 V/nm. The red (solid) and blue (dash-
dotted) lines denote bands of α-spin and β-spin states, respectively.
The first important allowable spin-conserved transitions are marked
(εF is set to zero).

carriers traversing along the channel region. For both of the
ZGNR- and AGNR-based nanodevices, we supposed that the
illuminated region consists of six unit cells.

A. ZGNR

Figure 2 shows the calculated spin-polarized band struc-
tures of the ZGNR around the Fermi level [the Fermi energy
(εF ) is set to zero] for various strengths of E . For E = 0
[Fig. 2(a)], consistent with previous studies [20,28], we found
the AFM configuration as the ground state of the ZGNR
with a FM ordering within each edge. This feature results
from the breaking of the two-fold degenerate flat band at
εF (when neglecting the spin degree of freedom) due to the
electron-electron interaction [26,28], resulting in the lifting
of the degeneracy between the valence and conduction edge
states at εF and the revealing of the spin-degenerate band
structure with a band gap of εg ≈ 0.48 eV for 6ZGNR, which
is consistent with the previous report [26]. Therefore, in the
absence of E , irradiating photons of energies exceeding the
εg will excite electrons of both spins from the occupied band
to the unoccupied one and generate a photocurrent with no
spin polarization. On the contrary, as shown in Figs. 2(b)–2(d)
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FIG. 3. Spin-dependent quantum efficiency as a function of the
incident photon energy for the spin-photovoltaic device based on
ZGNR under the simultaneous effect of linear illumination and a
transverse electric field with the strength of (a) E = 0.2, (b) 0.5, and
(c) 0.8 V/nm.

and as we already know, the spin degeneracy is broken by
applying the E and the spin-polarized band gap decreases for
α-spin electrons while increases for β-spin electrons. As can
be observed in Fig. 2, the extent of the band gap variation is
straightforwardly related to the E strength; for example, for
E = 0.2 and 0.5 V/nm for α-spin (β-spin) states, it is εα

g =
0.37 eV (εβ

g = 0.68 eV) and εα
g = 0.16 eV (εβ

g = 0.9 eV),
respectively. Furthermore, the half-metallicity of the proposed
nanodevice based on ZGNR is revealed at the critical strength
of E = 0.8 V/nm, which closes the gap and leads to a metallic
behavior for α-spin states, while the β-spin electrons show
still a semiconducting behavior. Therefore, according to the
mentioned band gaps, our designed spin-photovoltaic device
could operate in a broad range of the electromagnetic spec-
trum, including the THz region, for E > 0.5 V/nm.

Now, we are going to examine the spin-photovoltaic prop-
erties of the ZGNR illuminated by a linearly polarized light
with the photon energy of h̄ω shed on the channel region.
The quantum efficiency, which is spin-polarized, as a function
of the photon energy is presented in Fig. 3. In this case,
because of the spin splitting in the band structure of the

ZGNR, resulting from the applied E , by the absorption of light
with an appropriate photon energy, the spin-polarized carriers
with only one spin could be excited from the valence band
to the conduction one, which results in the generation of a
full spin-polarized photocurrent. As can be seen in Fig. 3(a)
for the ZGNR under E = 0.2 V/nm, when the photon en-
ergy is 0.3 eV < h̄ω < 0.6 eV, the α-spin component of the
photocurrent (Iα

ph) is nonzero, while the β-spin component is

Iβ

ph � 0, producing a full and nearly full spin-polarized pho-
tocurrent in this photon energy range. Furthermore, the first
spin-polarized absorption lines, with the quantum efficiencies
of 21% and 13%, occur at h̄ω = 0.39 and 0.69 eV for α- and
β-spin electrons, respectively. The first peak of the quantum
efficiency for the α- (β-) spin component is consistent with the
first allowable inter-band optical transition, which is shown in
the band structure diagram with a red (blue) arrow (Fig. 2).
Furthermore, the most allowable interband optical transitions,
which are consistent with the maximum magnitude of the
quantum efficiencies, occur in the visible (Vis) region with
the magnitude of 26% (29%) for α- (β-) spin electrons. Note
that, since there is no spin-flip interaction in the system, each
of the spin-polarized absorption lines corresponds to a spin-
conserved transition between the valence and conduction sub-
states with the same spin characteristic. As can be observed in
Fig. 3(b), under the electric field of E = 0.5 V/nm, one could
see that the photoresponsivity begins at h̄ω > 0.14 eV in the
THz region of the electromagnetic spectrum. Additionally, for
the photon energy of h̄ω < 0.8 eV, we have approximately
only Iα

ph with the maximum quantum efficiency of 10% in
the THz region. Therefore, by increasing the strength of the
electric field, we could achieve the THz photoresponsivity in
the ZGNR with a full spin-polarized photocurrent. The most
allowable spin-polarized optical transitions are also revealed
in the Vis region with the quantum efficiencies of 22% and
23% for α- and β-spin electrons, respectively. By further
increasing the electric field strength up to E = 0.8 V/nm
[Fig. 3(c)], illuminating the channel with the photon energy
of h̄ω > 0 results in the flowing of Iα

ph through the spin-
photovoltaic device, which is due to the half-metallic behavior
of this component. However, Iβ

ph starts to appear above the
threshold photon energy h̄ω ≈ 0.7 eV, with the maximum
quantum efficiency of 24% at h̄ω = 1.07 eV, which is also
the first appeared quantum efficiency peak of this component.

To precisely clarify the spin-filtering effect of the proposed
nanodevice in the wavelength region of the incident illumi-
nation, we showed the optical spin polarization of the ZGNR
versus the photon energy in Fig. 4 for different strengths of the
transverse electric field. As mentioned above, the spin split-
ting of the ZGNR band structures, due to the applied electric
field, results in the appearance of the spin-polarized behav-
ior of the nanodevice and especially, a fully spin-polarized
photocurrent for only one spin component. This spin-filtering
feature extends to different regions of the incident photon
energy that belongs to the E strength. Consistent with the
results of Fig. 3, Fig. 4 shows that increasing the strength
of E decreases the threshold energy at which the full optical
spin polarization starts. Interestingly, when the ZGNR is
under E = 0.8 V/nm, one could see the full spin polarization
emerging from h̄ω > 0, which is compatible with the half-
metallic behavior of α-spin electrons. Furthermore, the range
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FIG. 4. The optical spin polarization of the proposed spin-
photovoltaic device based on the ZGNR versus the photon energy
for various E strengths.

of the full spin-polarized photoresponsivity widens as the
electric field strength increases, which is considerable for
optical spin-filtering and spin-valve applications. Generally,
by properly tuning the external electric field, one is able to
control the spin-polarized gap of the ZGNR and thus the
range of the photoresponsivity of the proposed nanodevice,
especially for low-energy applications operating in the THz
region. On the other hand, strengthening E could improve the
capability of the optical spin-filtering feature of our proposed
nanodevice by broadening the full spin polarization region
of the incident photon energy as well as by increasing the
polarization magnitude.

B. ZGNR+defect

To estimate the effect of linear edge defects on the spin-
photovoltaic responsivity of our proposed nanodevice, espe-
cially the robustness of the spin-polarized behavior for zigzag
edges, we performed the calculations on a defective system
[with a design shown in Fig. 5(a)]. Previous reports have
shown the improvement of the GNR photoconductivity in in-
frared and THz regions due to the periodic defects introduced
in an array structure [60]. The results show that even in the
presence of linear edge defects, the qualitative electric field
induced spin-polarized current remains for ZGNRs, although
the strength of the spin-dependent photoresponsivity could be
altered. As can be seen in Fig. 5(a), the proposed linear defects
introduced along the two edges of the ZGNR are associated
with no difference between the two sublattices of the bipartite
system and thus do not deteriorate the AFM coupling of the
nondefective GNR without any net magnetism. Therefore, one
could expect a behavior similar to the spin-polarized behavior
of the ZGNR under E , which is explained in Figs. 5(b) and
5(c) for E = 0 and E = 0.2 V/nm, respectively, and it is
consistent with the previous report [35]. As can be observed
in Fig. 5(b), the AFM band gap of the defective ZGNR
is εg ≈ 0.16 eV, which is lower than the pristine one due
to the increased width of the GNR. Furthermore, applying
a transverse electric field results in the splitting of α- and
β-spin bands near the Fermi energy and also the increasing
of the band gap belonging to β-spin states as εβ

g = 0.47 eV.
However, εα

g remains approximately invariant. In the case of

FIG. 5. (a) Schematic diagrams of the defective ZGNR under the
effect of a transverse electric field. The rectangle box drawn with
a dotted line denotes a supercell of the ZGNR. (b) and (c) show the
spin-resolved band structures of the defective ZGNR with E = 0 and
0.2 V/nm, respectively. The red (solid) and blue (dash-dotted) lines
denote the bands of α-spin and β-spin states, respectively.

ZGNRs with periodic edge defects, as opposed to the pristine
ZGNR, wave functions belonging to valence and conduction
band edges are distributed throughout the nanoribbon width
[61]. Therefore the band gap does not vary sensitively by
strengthening the electric field by more than 0.2 V/nm.

In order to compare the optical performance of the spin-
photovoltaic device based on the nondefective ZGNR and the
defective ZGNR, we presented in Fig. 6(a) the spin-dependent
quantum efficiency of the defective ZGNR as a function
of the photon energy under the effect of E . By comparing
this figure with Fig. 3, one can see that the spin-dependent
behavior of the photoresponsivity is preserved in the absence
and the presence of the proposed edge defects. Furthermore,
the qualitative behavior of the quantum efficiency diagram
is the same, although the location and the height of the
spin-dependent optical absorption lines could vary, which is
attributed to the variation in the spin-resolved band structure
and the appearance of different band gaps for α- and β-spin
components, as compared to the non-defective GNR. As can
be observed in Fig. 6(a), the first quantum efficiency peak of
5%, which is appeared at h̄ω = 0.48 eV, belongs to β-spin
electrons; whereas the first optical absorption line of α-spin
electrons, with the significant magnitude of 24%, occur for the
second interband transition with h̄ω = 1.28 eV, and εα

g does
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FIG. 6. (a) The spin-dependent quantum efficiency as a function
of the incident photon energy for the spin-photovoltaic device based
on the defective ZGNR under the simultaneous effect of linear illumi-
nation and the transverse electric field of the strength E = 0.2 V/nm.
(b) The optical spin polarization of the proposed spin-photovoltaic
device based on the defective ZGNR vs the photon energy for E =
0.2 V/nm.

not reveal any considerable quantum efficiency. Furthermore,
to assess the role of the introduced edge defects on the
electric field induced optical spin-filtering characteristic of the
proposed device based on ZGNR, we calculated the optical
spin polarization of the defective ZGNR taking into account
the effect of E , and the results are presented in Fig. 6(b) for
E = 0.2 V/nm. By comparing Fig. 6(b) with Fig. 4 for the
device based on the pristine ZGNR without edge irregularities
and the device based on the defective ZGNR, one can show
that the region of the full optical spin polarization widens
and extends to smaller photon energies for the defective one.
Furthermore, Fig. 6(b) indicates that the introduction of the
linear NM edge defects along a ZGNR could preserve the
optical spin-filtering capability of the proposed nanodevice
as well as reverse the polarization sign for h̄ω < 0.7 eV in
the THz region. We found that the most excellent optical
spin polarization for the defective ZGNR occurs under THz
to infrared wavelengths, while the optical spin polarization is
insignificant under Vis and UV wavelengths.

C. AGNR

In this section, we are going to focus on AGNRs and in-
vestigate their photoresponsivity and electric field modulated
optoelectronic properties. As mentioned above, due to the
NM characteristic of AGNRs, all their physical quantities,
including the photocurrent, are independent of the spin degree
of freedom. Therefore, by neglecting the electron-electron
interaction, we simulated the proposed photovoltaic device

FIG. 7. [(a) and (b)] Band structures of AGNR with E = 0, 4,
and 8 V/nm (εF is set to zero). (c) Quantum efficiencies of the
photovoltaic device based on AGNR as a function of the incident
photon energy under the simultaneous effect of linear illumination
and a transverse electric field.

based on 7AGNR using the tight-binding Hamiltonian and the
NEGF formalism in the presence of E , with the numerical
results shown in Fig. 7. 7AGNR (n = 7 indicates the number
of dimer lines along the ribbon width) belongs to the subclass
3n + 1 of AGNRs, with a semiconducting behavior and a
larger band gap as compared to the two subclasses of 3n
and 3n + 2, with the latter revealing a semimetallic behavior.
Furthermore, due to the more hybridization of wave functions,
the rate of the perturbation effect and thus the variation in
the band gap with E is larger as compared to the other two
subclasses [30]. As can be observed in Figs. 7(a) and 7(b),
although AGNR does not have any spin-dependent charac-
teristic, its band structure could be still modulated with an
external electric field applied along the lateral direction of
GNR. By increasing the E strength, the band gap decreases
monotonically and one could tune the band gap of an AGNR
to a few meV s by applying an appropriate electric field
in the range of THz frequencies, which is achievable for
E = 8 V/nm, as can be confirmed in Fig. 7(b). Figures 7(a)
and 7(b) shows that the minimal band gap of AGNR moves
towards the larger wave vector as the applied E increases. This
feature, which is consistent with a previous work [31], could
be attributed to the fact that the energy dispersion spectrum of
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semiconducting AGNRs at the 	 point (k = 0) is unaffected
by the electric field, while the other k points are affected
by E .

Because of the NM behavior of the AGNR band structure
and energy states, illuminating the channel region of the
photovoltaic device based on AGNR with a properly tuned
photon energy results in the absorption of the photons and the
transition of the electrons from spin-less valence substates to
conduction ones. This procedure leads to the generation of a
photocurrent, which is independent of spin, and its flow under
the very small bias of 0.01 V. We calculated the quantum
efficiency from the photocurrent [shown in Fig. 7(c)] for E =
4 and 8 V/nm, with the latter one revealing the photorespon-
sivity in the THz region of incident photon energies. As can
be observed in Fig. 7(c), the first allowable optical absorption
line, whose location is consistent with the energy required for
the first inter-band optical transition, moves to smaller photon
energies as E increases. This peak is also the most probable
one with the acceptable quantum efficiency as compared to
the previous report [62]. Furthermore, although the maximum
magnitude of the AGNR quantum efficiency is improved by
strengthening the applied electric field, the localization and
the clarity of the peaks are weakened. Note that a higher
E strength is required to affect electronic and optoelectronic
properties of the proposed nanodevice based on AGNR, in-
cluding the proper tuning of the photoresponsivity in the THz
region, as compared to the strength required for the ZGNR-
based device. Finally, as stated before, GNRs with various
structures, widths, and lengths can be obtained via different
synthesis methods [11–14]. Furthermore, the realization of
such an external electric field is possible experimentally, as
performed in previous literatures [63–65].

IV. CONCLUSION

In summary, we studied the fully spin-polarized pho-
tocurrent induced by the terahertz to visible irradiation in
a graphene nanoribbon through the application of an exter-
nal transverse electric field (E ), focusing on the modulation
of the effects by tuning the field strength. Furthermore, by
employing the self-consistent nonequilibrium Green’s func-
tion (NEGF) formalism and the mean-field Hubbard model,
we simulated the photoresponsivity of the spin-photovoltaic
device based on pristine and defective GNRs under the
monochromatic linearly polarized irradiation. In the case of
ZGNRs, the degeneracy of the AFM band structure is split due
to the applied E , and the splitting is tuned by varying the E
strength to achieve the full and the nearly full spin-polarized
photocurrent of ZGNR, especially in the THz region of the
electromagnetic spectrum, which is important for a variety of
applications [45]. On the other hand, the robustness of the
spin-dependent behavior of our designed nanodevice based
on ZGNRs was studied in the presence of edge defects, with
the results revealing the spin-polarized photocurrent in photon
energies ranging from THz to UV, with the reversing of the
sign of the optical spin polarization in the THz to infrared
range, as opposed to the pristine ZGNR. Finally, our simula-
tion for the proposed nanodevice based on a semiconducting
AGNR showed the tunability of its transport properties and its
optical responsivity in the range of THz to UV wavelengths,
by properly modulating the E strength, although it does not
have any spin-dependent characteristic. Our approach may
lead to a feasible possibility to develop all-carbon nanodevices
with a broadband controllable photoresponsivity and a full
spin-filtering feature, without involving any magnetic field or
element.
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