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Vertical integration of dissimilar layered materials in a so-called van der Waals (vdW) heterostructure (HS) has
emerged as a useful tool to engineer band alignments and interfaces. In this paper, we investigate thermoelectric
currents in a phosphorene/graphene vdW nanoribbon consisting of an armchair graphene nanoribbon (AGNR)
stacked on an armchair phosphorene nanoribbon (APNR). We focus on the currents driven by a temperature
difference between the leads in a two-probe junction. In contrast to pristine AGNRs and APNRs, such an
armchair-edged HS can provide several nanoamperes of the current at room temperature, without any external
field. External electric fields modify the electronic band structure and can induce a type I-to-II band alignment
transition and a direct-to-indirect band gap transition. Biasing the APNR/AGNR by an external electric field is
found to strongly increase the thermally induced current and control the direction of current flow at moderate
temperatures. These results are important for potential applications of the APNR/AGNR vdW HS in flexible

electronics and thermoelectric devices.
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I. INTRODUCTION

Two-dimensional (2D) nanomaterials have been recog-
nized as potential candidates for next-generation electronics
because of their exotic electrical, mechanical, optical, and
thermal properties, which are not revealed in their bulk coun-
terparts [1-6]. Among the family of 2D layered structures,
graphene has emerged as the most appealing material in
the last two decades. Graphene is defined as a single layer
of sp?-hybridized carbon atoms packed into a honeycomb
structure, which has been demonstrated to host intriguing
electronic and quantum transport properties, such as massless
Dirac fermions, high charge carrier mobility, and half-integer
quantum Hall effect [7-10]. However, the gapless nature of
this key material reduces its utility for practical applications
[10,11]. Hence, many efforts have been dedicated to create a
small electronic band gap in graphene, e.g., involving the size
effect [12-15].

The isolation of graphene by mechanical exfoliation of
graphite [1] brought forth a significant advancement of thin-
layer processing methods, giving rise to renewed research
interest in graphitelike layered materials such as black phos-
phorus (BP) [16,17]. BP, the most thermodynamically stable
allotrope of phosphorus [18-20], is made of single-atom-
thick sheets which are held on top of each other by weak
van der Waals (vdW) forces [21,22]. Due to the weak
forces of attraction between layers, few-layer BP, known as
phosphorene, can be easily cleaved from bulk crystals [4].
Due to the sp® hybridization of phosphorus atoms, it has a
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hexagonal arrangement with a puckered structure, resulting in
an in-plane anisotropic spectrum [23,24]. As a semiconductor,
it exhibits a nearly direct band gap, which is strongly thickness
dependent, increasing from ~0.3 to ~2 eV with decreasing
thickness [25-27]. Moreover, it shows interesting properties,
including a high carrier mobility of ~1000cm?V~!s7!, a
moderate on/off current ratio of ~10*, and negative reflection
[4,28,29]. With its lower effective masses of carriers than
transition metal dichalcogenides [25,30], phosphorene is more
suitable for engineering devices. Despite these extraordinary
properties, a main issue hindering phosphorene application in
electronic devices is its poor air stability [31,32].

Integrating dissimilar 2D materials in a so-called vdW
heterostructure (HS) is a useful tool to engineer band align-
ments [33-35]. Compared with single-material systems, HSs
seem to be more promising for functional material applica-
tions due to the possibility of electronic band engineering.
Along with the rapid development of vdW HSs, several dif-
ferent types of phosphorene-based HSs have been recently
studied in detail and utilized in electronic devices, e.g.,
the vdW phosphorene/graphene Schottky junction [36], the
phosphorene/MoS; junction as an effective solar cell material
[37], and phosphorene-based field-effect transistors [38,39].
Interestingly, an HS constructed with a proper layer-by-layer
assembly not only may serve to overcome the intrinsic short-
comings of the materials but also provide functionalities such
that the relevant properties of each component material can be
effectively maintained. For instance, to protect phosphorene
from structural and chemical degradation, a graphene layer
or a hexagonal boron nitride layer has been proposed to be
stacked on top of it, preserving the distinctive features of phos-
phorene [40]. The HSs have also received significant attention
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FIG. 1. (a) Different views of the supercell of phospho-
rene/graphene van der Waals (vdW) heterostructure (HS) consisting
of a 1x4 monolayer graphene supercell stacked on top of a 1x3
monolayer phosphorene supercell. (b) Schematic of two-dimensional
(2D) HS. Black lattice is graphene and the orange one is phospho-
rene. The atomic sites are labeled per supercell, and the different
hopping parameters are indicated.

in designing high-performance thermoelectric devices. Zeng
etal. [41] predicted a significant enhancement in the thermally
induced current of an H-terminated zigzag graphene ribbon
(ZGNR) contacted to an O-terminated ZGNR compared with
a perfect H-terminated ZGNR. Hu e al. [42] reported an
enhancement in the ZT value of BP/blue phosphorus vdW HS
compared with pristine layers.

In this paper, we investigate current driven by a tem-
perature difference in an armchair phosphorene nanorib-
bon (APNR) stacked on an armchair graphene nanoribbon
(AGNR) by solving the electronic transmission in the
nonequilibrium Green’s function formalism. We use the tight-
binding (TB) model to describe the electronic structure of
the system. It was reported that APNRs [43] and AGNRs
[44] show excellent thermoelectric performance by gating or
doping. Authors of a recent study have shown high thermo-
electric performance in a phosphorene nanoring contacted to
an APNR with modulation of the chemical potential [45].
Unlike pure APNRs and AGNRs, an APNR/AGNR vdW HS
is found to offer several nanoamperes of thermally induced
current at moderate temperatures, without the presence of any
field. We also investigate the effect of external electric fields
on the thermally induced current, which revealed a significant
enhancement with electric field.

II. MODEL AND METHOD

A 2D phosphorene/graphene vdW HS consists of mono-
layer graphene lying on monolayer phosphorene. Since we
are interested in the minimal lattice mismatch between the
layers, we suppose that the unit cell of the HS is composed of
a 1 x4 graphene supercell stacked on top of a 1x3 monolayer
phosphorene supercell, as shown in Fig. 1(a). The remain-
ing mismatch should be compensated by strain. Due to the
weak dependence of the electronic spectrum of graphene on
strain [46] (unlike phosphorene [23]), it is applied only to

the graphene layer. Considering the equilibrium geometry
obtained from density functional theory (DFT) calculations
reported in Ref. [36], the interlayer distance Apg is assumed
to be 3.45 A.

We denote an armchair-edged phosphorene/graphene vdW
HS by NpAPNR/NGAGNR, where Np and Ng are defined
as the number of rows of atoms parallel to the x axis
[Fig. 1(a)] for APNR and AGNR, respectively. For instance,
the armchair-edged nanoribbon with the same width of the
supercell shown in Fig. 1(a) (the periodicity is along the x
axis) has a width index of Np = 6 and Ng = 8, denoted by
6APNR/SAGNR, and resulting in a width (W) of ~8.6 A.

The low-energy Hamiltonian is described within a sim-
plified TB model, including five hopping parameters for
the phosphorene layer [47], first- and second-neighbor hop-
ping parameters for the graphene layer [48], and a coupling
parameter between two layers specified within the method
introduced in Ref. [49]. We emphasize that the model is valid
only at low energies. The explicit representation is given in
the appendix.

In this paper, using the nonequilibrium Green’s function
method, we study the evolution of the thermally induced
current through a two-probe junction depending on the width
as well as under biasing, which is implemented by external
electric fields. We set up the two-probe junction by partition-
ing APNR/AGNR into a central region and two semi-infinite
terminations as source and drain leads. The formalism is as
follows.

The Green’s function of the junction is defined as [50,51]

GE)=[E+impl—H - Z.(E) - Z@E)]™", (1)

where n denotes an arbitrary infinitesimal number, I is the
identity matrix, and H is the real-space Hamiltonian ma-
trix. Additionally, ¥; (XR) is the self-energy term, which
can be interpreted as the effective Hamiltonian arising from
the coupling of the central region with the left (right) lead.
We compute the self-energies using the iterative procedure
introduced in Refs. [52-54]. The electronic transmission
probability [55-57] is given by

T.(E) = Tr[TL(E)G(E)TR(E)G'(E)], @

where I't (z), the broadening function of the left (right) lead, is
given by

TLw)(E) = i{ZLw) — [ZLw)]’) 3)

In addition, the density of states (DOS) at energy E is
described as

DOS (FE) = —%Im{Tr[G(E)]}. 4)

The local DOS (LDOS) is understood as the spatial distribu-
tion of electronic states at a given energy.

The temperature difference between the leads gives rise to
a current / through the contact given by

2
I(T) = Z%IdE L(EJIfL(E — ) — fr(E — )], (5)

where © and h are the chemical potential and the Planck
constant, respectively. The factor 2 accounts for the spin

degeneracy. Additionally, fir) = 1/{1 +exp[kfif;)]} is the
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FIG. 2. (a) The band dispersion of the two-dimensional (2D) het-
erostructure (HS), graphene, and phosphorene. The enlarged views
of the regions indicated by the black circles are shown in (b)—(e),
representing (b) the Dirac cone, and (c)—(e) band anticrossings.

Fermi distribution function related to the left (right) lead at
the temperature of 7j r), where kg is the Boltzmann constant.

III. DISCUSSION
A. The electronic structure of 2D HS

Our approach is to use the TB model for calculating the
thermally induced current in the armchair-edged HS. How-
ever, to assess the reliability of the TB parametrization, we
first use the model to calculate the electronic structure of a
2D phosphorene/graphene vdW HS and compare the results
with previous works based on DFT calculations. Figure 2
shows the band dispersion of the HS together with that of
the pristine layers. As shown in Fig. 2(a), compared with the
energy bands of the pristine layers, the superpositions of the
HS are slightly perturbed. Moreover, a band gap increase of
0.11 eV is induced to phosphorene by forming the vdW HS.
The enlarged views of the regions, indicated by the black
circles in Fig. 2(a), representing the Dirac cone or a band
anticrossing, are shown in Figs. 2(b)-2(e). Figure 2(b) reveals
that the Dirac point undergoes a small splitting of ~0.02 eV
and becomes higher in energy by ~0.01 eV upon contact.
In addition, the band-cross points open a gap by <0.06 eV
because of the vdW interlayer coupling. These results are in
good agreement with previous DFT calculations [36,58].

B. Thermally induced current in the armchair nanoribbon

In this section, we focus on the electronic currents resulting
from a temperature difference between the leads of a two-
probe junction with armchair edges without any biasing. To
determine the electronic properties of the armchair-edged HS,
we first investigate the electronic structure and transmission
coefficients of APNR/AGNR.

All APNRs exhibit semiconducting character, with an
energy gap >156 eV for W < 4 nm [59]. As a
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FIG. 3. (a) The band dispersion of 19APNR/25AGNR, together
with the band edges of 19APNR and 25AGNR, depicted by the
dashed lines. Local density of states (LDOS) of 19APNR/25AGNR
at (b) conduction band minimum (CBM) and (c) valence band maxi-
mum (VBM), projected at the layers.

result of the symmetry restrictions, the three characteristic
groups of AGNR are defined by the width rule (semi-
conducting for Ng: = 3n, 3n+ 1 and metallic for Ng, =
3n+2, where n =1, 2, 3,...) [12]. Hence, we have two
possible electronic configurations for the APNR/AGNR inter-
face depending on the width: semiconductor/semiconductor
or semiconductor/metal. For instance, the band structure
of 19APNR/25AGNR (a semiconductor/semiconductor junc-
tion) and its spatial electronic state distribution per supercell
at the conduction band minimum (CBM) and valance band
maximum (VBM), projected at the component layers, are
shown in Figs. 3(a)-3(c), respectively. Within the TB model,
19APNR shows a band gap of 1.590 eV, while 25AGNR
has a narrow gap of 0.379 eV. The band edges of pristine
layers are also shown by the dashed lines in Fig. 3(a), which
reveals a type-I band alignment for I9APNR/25AGNR. In this
case, the CBM and VBM lie in the graphene layer, which
is also seen in Figs. 3(b) and 3(c). Hence, it is expected
that 19APNR/25AGNR inherits the electronic properties of
25AGNR at the band edge extrema. However, the coupling
between the p, orbitals of APNR and the = cloud of AGNR
results in a band offset and a small decrease in the band gap
(0.009 eV) upon binding.

Considering the three characteristic groups of AGNR, we
take the cases of 1SAPNR/24AGNR and 19APNR/25AGNR
as examples of the semiconductor/semiconductor junction and
20APNR/26AGNR as an example of the semiconductor/metal
one. The electron transmission of 18APNR/24AGNR,
19APNR/25AGNR, and 20APNR/26AGNR are shown in
Figs. 4(a)-4(c), respectively. The dashed lines plotted in
Figs. 4(a)-4(c) exhibit the range at which the distribution
function is broadened at room temperature which, for illus-
tration purposes, we took |E — Eg| < 10 kg7, (where Ef is
the Fermi level). From the expression of current defined by
Eqg. (5), the only charge carriers which can participate in the
current have energy within the range |E — Eg| < 10 kgTy..
The charge carriers with energy higher than the Fermi en-
ergy contribute to the electron current (I.), and those with
energy lower than the Fermi energy contribute to the hole
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FIG. 4. The electron transmission of (a) 1I8APNR/24AGNR, (b)
19APNR/25AGNR, and (c) 20APNR/26AGNR, as a function of
energy.

current (I,). Considering the compensation effect (also re-
ported in Refs. [41,60]), the more I, overcomes I, the larger
the thermally induced current, which indicates that the current
should be dominated by the net transmission within the range
|E — Eg| < 10 kgTy.. The thermally induced current vanishes
in perfect AGNRs, arising from the symmetric transmission
spectrum around the Fermi level. Although the transmission
spectrum of APNRs is asymmetrical [61], it is not possible to
induce a current at moderate temperature due to the presence
of arelatively large gap. Indeed, the distribution function must
be broadened by a significantly large temperature to generate
a current in APNRs, which reduces its utility in practical
applications. The nonsymmetric transmission spectrum of the
heterojunction is due to the different symmetries of the wave
functions in the component layers [62], which can offer a
nonzero current.

Figure 5 represents the current against the width of the
HS at T}, = 300 K for AT = 10, 20, and 30 K. The widths
denoted by (a)—(c) correspond to Figs. 4(a)—4(c). According to
Fig. 4(c), attributed to a semiconductor/metal heterojunction
(W = 3n + 2), within the specified range, the transmission is
close to 2e?/h when the charge carriers have energy higher
than Eg, whereas a small gap of ~0.02 eV is seen when the
charge carriers have energy lower than Er. Therefore, the elec-
tron current dominates over the hole current, which results in
several nanoamperes of thermally induced current for various

10
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1 (nA)

Width (A)

FIG. 5. The thermally induced current against the width of the
heterostructure (HS) at 7}, = 300 K.
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FIG. 6. The band dispersion of 19APNR/25AGNR in the (a)
absence and (b) presence of the perpendicular electric field of |E,| =
0.1 V//OX. Local density of states (LDOS) of 19APNR/25AGNR at
(c) conduction band minimum (CBM), and (d) valence band max-
imum (VBM) projected at the layers. The direction of the applied
perpendicular electric field is depicted in (d).

AT, as shown in Fig. 5. Although the transmission spectra
of semiconductor/semiconductor junctions are asymmetrical
[see Figs. 4(a) and 4(b)], the thermally induced currents are
close to zero or do not exceed several tenths of nanoamperes
solely due to the exponential decay of the Fermi distribution
function. However, since the band gap of AGNR becomes
smaller as the width increases, the thermally induced cur-
rent in the semiconductor/semiconductor junction gradually
increases with the ribbon width. Moreover, we find that the
current increases linearly with AT. A similar linear behavior
of the current-AT characteristics has been previously reported
in layered materials [63,64].

C. External electric field

As we mentioned in the previous section, by breaking the
electron-hole symmetry, it is possible to generate a thermally
induced current. A high thermally induced current is antici-
pated if we enhance the electron-hole asymmetry around the
Fermi level. An external electric field can be used to control
the p- and n-type doping of the HSs [65] with the possibility
to engineer symmetry breaking.

Figures 6(a) and 6(b) show the electronic band dispersion
of 19APNR/25AGNR in the absence and presence of a per-
pendicular electric field, respectively. In the presence of the
electric field of 0.1 V/A along the negative direction of the
z axis, the middle of the band gap shifts below the Fermi
energy by 0.27 eV, as depicted in Fig. 6(b). Figures 6(c) and
6(d), respectively, correspond to Figs. 3(b) and 3(c) when a
perpendicular electric field is applied, which indicates that
the electronic state distribution at the CBM remains almost
unchanged. In contrast, the electronic states of both layers
contribute to the electronic distribution at the VBM. Indeed,
upon applying an electric field along the negative direction
of the z axis, the bands of 25AGNR become lower in energy,
whereas those of 19APNR become higher in energy. Further,
by increasing the intensity of the electric field, the uppermost
valence band of 19APNR and that of 25AGNR approach to-
gether. Up to the electric field of 0.1 V/A, the band alignment
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FIG. 7. The thermally induced current of (a) 1I9APNR/25AGNR
and (c) 20APNR/26AGNR vs T; for different perpendicular
electric fields. The threshold temperature for the current of
19APNR/25AGNR as a function of E, is shown in the inset of (a).
The critical point of the current-7;. curve as a function of E, is shown
in the inset of (c). The electron and (the absolute value of) the hole
currents of (b) 19APNR/25AGNR and (d) 20APNR/26AGNR vs E,
at room temperature for AT = 10 K.

remains type I. The electric field of 0.1 V/A is a critical value
at which a type I-to-II band alignment transition happens.
Namely, beyond this value of the electric field, the holes
(electrons) are localized in the APNR (AGNR) layer, and an
efficient electron-hole separation takes place.

The T, dependences of the current of 19APNR/25AGNR
and 20APNR/26AGNR with AT = 10 K for different per-
pendicular electric fields are shown in Figs. 7(a) and 7(c),
respectively. The dotted lines are associated with the current
when E, is set to zero. One can find that the thermally in-
duced current of 19APNR/25AGNR is relatively small. In
contrast, the current of 20APNR/26AGNR reaches the max-
imum value of ~9 nA at 71, = 80 K and decreases to a few
nanoamperes at higher temperature, in the absence of any
applied field. The figures reveal that both the magnitude of
the current and the direction of the current flow can be con-
trolled by the perpendicular electric field. For the depicted
current spectra in Fig. 7(a), there is a threshold temperature
(Ti;), and no current is induced to the 19APNR/25AGNR
at low temperatures for the given electric fields. However,
variation of T, vs the applied perpendicular electric field is
depicted in the inset of Fig. 7(a), which indicates that the
threshold temperature can be reduced even to zero using
the perpendicular electric field. Among the depicted curves
in Fig. 7(a), under E, = —0.04 V/A, the magnitude of the
current is relatively large (~12 nA at room temperature),
and the threshold temperature is 43 K. It is evident that
the current shows a higher value when AT is enhanced.
For example, below E, = —0.04 V/A and at 71, = 300 K,
the calculated current of 19APNR/25AGNR at AT =30 K
is ~3 times higher than that at AT = 10 K, which sug-
gests that the current increases with AT almost linearly. In
general, the thermally induced current of such an armchair-
edged semiconductor/semiconductor HS tends to increase as

0.5 .
—~ \ /
: e E=0 ‘\X‘ . K
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20.0 '—Ei:(M)S V’)\'\"“'I e Sl
e —--E,~0.075 V/A/ N
4] / \
/ \
0 5 [" :- -.. ‘\‘
706 03 00 03 06
k (/a)

FIG. 8. The evolution of the band edges of 19APNR/25AGNR
under a transverse electric field.

Ty, gets larger. Figures 7(b) and 7(d) show the electron and
(the absolute value of) hole currents in 19APNR/25AGNR
and 20APNR/26AGNR, respectively, as functions of E,, at
room temperature and AT = 10 K. According to Fig. 7(b),
the electron and hole currents are nearly suppressed by the
electric field of 0 < E, < 0.015 V/A, giving rise to a sup-
pressed (or a tiny) net current. Indeed, there is a turning
point in the I-E, characteristics of 1I9APNR/25AGNR within
the range of 0 < E, < 0.015 V/A, where I, equals ,. When
E, > 0.015 V/;\, I. vanishes, while the magnitude of 1, in-
creases with E,, and a negative current is therefore generated,
which shows an increasing behavior (regardless of the sign)
over E,. In contrast, for E, < 0, since I, dominates over I,
a positive net current is created in the system. Moreover, I.
(and of the net current) shows an increasing trend with the
increase of the magnitude of the electric field along the nega-
tive direction of the z axis. In the case of 20APNR/26AGNR,
the threshold temperature is 5 K in the absence of an electric
field [Fig. 7(c)], and it vanishes by applying the electric field
of E, = 0.002-0.012 V /A (not shown in the figure). The inset
of Fig. 7(c) represents the critical point of the current-7;, curve
as a function of the perpendicular electric field in the range of
—0.005 < E, < 0.015 V/A. ‘We find that the maximal current
of 20APNR/26AGNR, exceeding 20 nA (in both directions),
occurs <20 K. As shown in Fig. 7(d), the electron (hole)
current of 20APNR/26AGNR remains almost unchanged up
(down) to the electric field of 0.005 V/A (0.007 V/A). Up to
E, = 0.006 V/A, I, highly dominates over I, and a positive
net current is created in the system. In contrast, down to
E, = 0.006 V/A, I, highly dominates over /., and a negative
net current is created. Therefore, there is a turning point
in the I-E, characteristic of 20APNR/26AGNR when E, =
0.006 V/A, where the electron and hole currents cancel each
other. However, one can find that the maximal current created
at room temperature in 20APNR/26AGNR is as low as a
few nanoamperes. We conclude that, for such an armchair-
edged semiconductor/metal HS, a significant modulation of
the thermally induced current can be obtained by utilizing a
perpendicular electric field at low temperatures.

Now we consider the effect of the transverse electric
field, along the y axis, on the electronic properties of the
ribbon. Figure 8 shows the evolution of the band edges of
19APNR/25AGNR under a transverse electric field. As we
mentioned earlier, the system has a direct band gap when
the applied external electric field is set to zero. Up to the
transverse electric field of 0.024 V/A, the band gap remains
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FIG. 9. (a) The thermally induced current of 1I9APNR/25AGNR
as a function of 7 for different transverse electric fields. (b)
The electron and (the absolute value of) the hole currents of
19APNR/25AGNR as functions of E, at room temperature and
AT =10 K.

almost unchanged, as shown in the figure. As the electric
field increases, the band gap gets smaller and gradually moves
away from k = 0 toward 27 /a in the one-dimensional (1D)
Brillouin zone. Moreover, the figure shows that the elec-
tric field of E, = 0.075 V/A is the critical electric field
at which the band gap closes and the system undergoes a
semiconductor-metal phase transition. Furthermore, up to the
electric field of 0.07 V/A, the band gap remains nearly direct
(not shown in the figure). When the applied electric field has a
value between 0.07 and 0.075 V/ A, a direct-to-indirect band
gap transition takes place.

Figure 9(a) shows the current of 19APNR/25AGNR as a
function of 71, with AT = 10 K for different transverse elec-
tric fields. We mentioned earlier that the thermally induced
current of 19APNR/25AGNR is relatively small without any
external electric field. Figure 9(a) demonstrates that one can
increase the current to several tens of nanoamperes using the
transverse electric field. In this case, under Ey, = 0.06 V/A,
the maximal current of ~30 nA is obtained at the critical
value of T;. = 280 K, and when E, = 0.07 V/A is applied,
the maximal current of ~40 nA is created at the critical tem-
perature of Tr, = 140 K. As expected from the linear variation
of the current vs AT, when the transverse electric field is
set to 0.06 V/ A, the calculated current of 19APNR/25AGNR
is ~90 nA at T;, =280 K and AT = 30 K. Moreover, as
shown in the inset of the figure, the threshold temperature
of the ribbon gets smaller by the transverse electric field
and can be reduced to zero. Among the depicted curves in
Fig. 9(a), at room temperature, the thermally induced current
is more pronounced under Ey = 0.06 V/A (~30 nA), while
at low temperature, the significant values of the current can
be generated under E, = 0.07 V/A (~40 nA at T;, = 140 K).
Figure 9(b) shows the electron and (the absolute value of)
hole currents in 19APNR/25AGNR as functions of Ey at room
temperature and AT = 10 K. According to Fig. 9(b), up to
the electric field of 0.024 V/ A, the electron and hole currents
almost remain unchanged because of the unchanged band gap
(see Fig. 8). Beyond this value of the transverse electric field,
it is straightforward to see that the higher the intensity of the
field, the more I, (regardless of the sign) dominates over /.

IV. SUMMARY AND CONCLUSIONS

In summary, we have investigated the thermally induced
current in an APNR/AGNR vdW HS using the TB model and
Green’s function method. To check the reliability of the TB
parametrization, we used the model to calculate the electronic
structure of a 2D HS and found good agreement with those
from DFT calculations.

We further studied the evolution of the current through
a two-probe junction driven by a temperature difference be-
tween the leads. We noted that the electronic configuration of
the APNR/AGNR vdW HS depends on the width of AGNR,
which can be semiconductor/semiconductor or semiconduc-
tor/metal. We found that, unlike pristine AGNRs and APNRs,
an armchair-edged HS can provide several nanoamperes of
thermally induced current even without any external electric
field.

We also investigated the effect of perpendicular and
transverse electric fields on the electronic features of
APNR/AGNR. The results indicate the possibility to induce
a band alignment transition from type I to II using a per-
pendicular electric field on APNR/AGNR. In addition, we
found that the system can experience a direct-indirect band
gap transition under a transverse electric field. The giant
electric-field-induced band modulation leads to a tunable
temperature-dependent current. Biasing the APNR/AGNR by
an external electric field was demonstrated to enhance the
thermally induced current, even up to tens of nanoamperes.
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APPENDIX

According to Fig. 1(a), the supercell of the HS contains 28
atoms. As shown in Fig. 1(b), the atomic sites per unit cell
are labeled by Py, P,, Ps, ..., and Py, for phosphorus atoms
and C;, C,, C3, ..., and Cy¢ for carbon atoms. We use a low-
energy effective Hamiltonian within the TB model with one
m-electron per atom. Hence, the real-space Hamiltonian is a
28 x 28 matrix described as

H= Z tijc:fcj + ek, Z zic;rci + ek, Zyic;ci, (A1)
ij i i

where the summation runs over the lattice sites, and cj(ci)
represents the creation (annihilation) operator of electrons
at site i. The first term is the hopping energy, where f;
denotes the hopping parameter between two sites i and j.
The second and third terms, involving diagonal elements of
the Hamiltonian matrix, describe the potentials caused by
the perpendicular and transverse electric fields, respectively,
where e is the electron charge, and z; (y;) represents the z
(y)-coordinate of site i. Here, we provide a detailed repre-
sentation of the Hamiltonian without any external potential.
The hopping parameters of the system are described within a
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simplified TB model for the phosphorene layer, including five
hopping parameters (1 = —1.220 eV, 1) = 3.665 eV, 1} =
—0.205 eV, 7y = —0.105 eV, and 7f = —0.055 eV), and first-
and second- neighbor hopping parameters for the graphene
layer (tf = —2.7eV andt; = —0.2 eV), as shown in Fig. 1(b).
The coupling Hamiltonian between the layers is described by
the interlayer hopping parameter #* up to a distance of 4 A.

J

The K-dependent Hamiltonian on the basis of
(IP1), [P2), [P3), ..., [P1a), [C1), [Ca), [C3), ..., [Cie))T
is given by

HP HPG
HKZ[ R (A2)
Hy Hy

where HE, Hﬁ, and H%G denote the K-dependent Hamiltonians of phosphorene (a 12 x 12 matrix), graphene (a 16 x 16 matrix),
and coupling between the layers (a 12 x 16 matrix), respectively, explicitly evaluated as

[0 Af By C 0 0
AR 0 ¥ By 0 0
BY ¢ 0 H{ BY Cp
c® BY HY 0 Y By
0 0 By Cp 0 A}
HE — 0 0 v BY A'll}* (l
o o o o BY® ¢
o o o o cC% Bf
o0 0 0 0 0 0
0o 0 0 0 0 0
pyY FY 0 0 0 0
Ey Gy 0 0 0 0
o0 AL £ BE 5 0 0 O
A 0 BE £ 0 £ 0 0
€ BE 0 £ & BE £ 0
B f  tf 0 BY € 0 £
£ 0 f BE 0 AY ¢ BS
0 £ BY C Ag 0 BYF if
0 o £ o0 £ B 0 1f
HE = 0 0 o £ BF £ £ 0
0 0 0 0o £ 0 £ Bg
o o o o o £ BF i
o 0 o0 0 0 0 £ 0
o o o o o o0 o0
¢ o o0 0 0 0 0 0
o ¢ o o0 0 0 0 0
D¢ ES* ¢ 0o 0 0 0 0
E¢F D¢ 0 Ccgr 0 0 0 0

0 0 0 0 Dy Eg]|
o 0 o0 0 Fp Gy
o 0 0 0 0 0
o 0 0 0 0 0
BY ¢ 0 0 0 0
B 0 0 0 0
P P P (A3)
0 HY B ¢ 0 0
HY 0 Cc% BY 0 0
By Cp 0 Ap By Cg
cy By AR 0 C% B%
o o B ¢ 0o H}
0 0 Ci By Hg 0],
o 0 o0 o0 ¢ o0 D§ EZT
o 0 o o0 o c§ E D
o 0 0 0 0 0 Ccg& o
o 0 o o0 o o0 o0 cg
£ 0 0 0 0 0 0 0
o £ 0 0 0 0 0 0
i€ B £ 0 0 0 0 0
B £ 0 £ 0 0 0 0 A
0 A¢ £ B &£ 0 0 0
A0 B £ 0 £ 0 0
€ BE 0 f BE 50
B € £ 0 BF £ 0
£ 0 if BE 0 A tf BS
0  BF £ AYF 0 BY if
o o £ o0 £ BE 0 if
0 0 0  BF f f 0.
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e ARG e ARG g 0 0 0
o 0 0 0 0 0 0 0
0 0 tPe 2 tPe P tpe tpe
0 0 0 0 0 0 0 0
0 0 0 0 ¢ A6 e ALG
PG 0 0 0 0 0 0 0 0
Hy' = e e
0 0 0 0 0 0 P tP
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
BQG 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

whose elements are given by

Ag = 1F + tDexp(—iky,),
By =t + tYexp(—ik,),
Cg = 2t}fexp(—%> cos <%>,

Dy = tPexp(—iky) + tyexp[—i(ks + kp)],
Ef = 2tfexp<—%)exp(—ikﬁcos(%),
F = 2tfexp<%)exp(—ikb)cos<%),
Gy = tPexp(—iky) + tdexplilk, — ky)I.
Hyg =t} + tPexp(—iky,),

AS = tfexp(—ik,),

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
e ARG 0 0 0 0 0o 0
0 0 0 0 0 0 0 0
(AS5)
the e P ¢ () 0 0o 0
0 0 0 0 0 0 0 0
e 0 e ARG qre ARG e 0
0 0 0 0 0 0 0
0 0 < 0 P pFe
0 0 0 0 0 0 0 it
[
BS = 2t§exp<—%)cos(k—2ﬂ>,
Cg = t5exp(—iky),
DS = tfexp(—iky),
Eg = 2t2°exp<—%)exp(—ikﬂcos(%),
FI? = 2t§exp(ﬂ<7”>exp(—ikb)cos<%>,
A;;G = P exp(—iky),
BESG = rPexpl(iky), (A6)

where k, = K-a and k, = K - b. Here, a = aX and b = b¥,
where a = 4.43 A and b = 9.81 A are the lattice constants.
Diagonalizing the Hamiltonian matrix, we obtain the energy
spectrum.
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