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We theoretically propose a switching device that operates at room temperature. The device is an in-plane
heterostructure based on a periodically boron-doped (nitrogen-doped) armchair graphene nanoribbon,
which has been experimentally fabricated recently. The calculated /-7 curve shows that for a realistic
device with interface width longer than 20 nm, nonzero electric current occurs only in the region of bias
voltage between —0.22 and 0.28 V, which is beneficial to low-voltage operation. Furthermore, in this case,
the electric current is robust against the change of the potential profile in the interface since the metallic
impurity-induced sub-bands with delocalized wave functions contribute to the transmission exclusively.
This also suggests the high response speed of the proposed device. We also discuss the temperature depen-
dence, the output impedance, the effect of phonons, and the possible regimes to extend our work, which
suggest that our model may have potential room-temperature nanoelectronics applications.
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I. INTRODUCTION

Modern electronic devices are used practically every-
where in our daily lives. Among them, the most fun-
damental devices are control circuit elements—switching
devices. The fabrication of switching devices enjoys
remarkable achievements due to Moore’s law, together
with Dennard’s scaling [1,2], which features the higher
switching speed with lower voltage [3]. However, around
2006, the voltage could not be lowered further because
a fundamental physical limit had been reached [4,5] and
hinders further enhancement of speed. This marks a break-
down of Dennard’s rule [6]. Nowadays, researchers are
continuing their investigations on shrinking the devices,
but the fundamental physical limitation still exists. To
overcome this difficulty, researchers have proposed many
solutions, such as spintronics devices [7—11]. However,
the operation speed of spin-based devices is fundamentally
limited by the spin-precession time, which is longer than
10—-100 ps [12], while the switching speed of the charge-
based device can be as short as a few ps [13,14]. Further,
at room temperature, thermal fluctuations will act as a ran-
dom magnetic field that will increase the spin-switching
error probability [15,16]. Recently, a topological switch-
ing device has been fabricated based on Naz;Bi [17], but
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the extreme air sensitivity and difficulties in the fabrica-
tion of mesoscopic ultrathin Na;Bi hinder the utilization of
topological switches [18]. Therefore, finding a switching
device [19], which provides high-speed, low-voltage, and
room-temperature operation is crucial to the continuing
flourishing of the industry.

Graphene nanoribbon (GNR) is a one-dimensional (1D)
graphene nanostructure whose electronic property depends
on edge geometry, ribbon width, chemical doping, and
crystallographic symmetry [20—28]. According to the edge
geometry, there are two categories of GNRs, namely, arm-
chair GNRs (AGNRs) and zigzag GNRs (ZGNRs). The
energy band gap of AGNR oscillates as the number of
dimer lines N, across the ribbon width takes the values
of 3p, 3p + 1, and 3p + 2 (p is an integer) families [29].
For a given family of N,, the energy band gap is inversely
proportional to the width [30-34]. We designate AGNR
(ZGNR) with N, dimer lines (N, zigzag chains) as an N,-
AGNR (N;-ZGNR) [30]. Because of the gap tunability as
a function of N,, the AGNRs are considered beneficial
for electronic device applications [21,35,36]. However, the
energy band gaps of AGNRs are sensitive to the chemical
doping and doping position in the GNR [22—24]. Depend-
ing on the doping position, AGNRs can be either metallic
or semiconducting. Among several doping positions in a
given AGNR, it was found that doping at the center of the
ribbon gives the minimum effect on the electronic struc-
ture [37,38]. Further, the high mobility of graphene could
be retained by periodically doping rather than randomly
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doping, especially for the 1D case. Such a strong depen-
dence of the electronic structures and mobility on the
structure of AGNRs indicates that atomic precision for the
doping in GNR fabrication is required to characterize their
electronic properties [23,36].

A bottom-up approach of substitutional impurity for
GNR using a well-defined precursor molecule enables the
fabrication of atomically precise doped GNRs [39,40].
Using this technique, Carbonell-Sanroma et al. [41] syn-
thesized hybrid 7-AGNR, in which the pairs of boron (B)
atoms are randomly doped around the center of the rib-
bon. Scanning tunneling spectroscopy (STS) shows that
the energy gap of the hybrid 7-AGNR is 2.4 eV. Further-
more, Kawai et al. [42] synthesized periodically doped
7-AGNR, where the pairs of B atoms are periodically
distributed at the center of the ribbon. By using STS mea-
surement, they obtained an energy gap of about 2.5 eV,
which is comparable to that of randomly doped ribbon
[41]. On the other hand, Pawlak and Liu ef al. have realized
periodic and precise substitutions of carbons with nitrogen
(N) atoms in GNRs on Ag(111) surface [43]. The above
experiments indicate that nowadays the periodic and pre-
cise doping of p-type and n-type can be experimentally
achieved. In order to get a high-speed switching device,
we need to use the fact that periodical doping is not impu-
rity any more. While the random doping gives rise to the
localized states [44—46], we expect that periodic doping
will induce delocalized energy sub-bands [47—51], where
physical properties are fundamentally different from the
conventional p-n junction. Although the impurity-induced
sub-bands in atomically precise doped GNRs have not
been observed in experiment yet, the existence of such
sub-bands can be observed by STS or angle-resolved pho-
toemission spectroscopy [52,53] at low temperature, if the
sub-bands are occupied by electrons. Recently, the fabrica-
tion of in-plane heterostructure based on two-dimensional
(2D) materials offers unusual physical properties and pos-
sible applications as electronic devices [54]. Therefore, by
employing the B- and N-doped AGNRs, we could con-
struct an in-plane heterostructure theoretically, which is
useful for designing an integrated circuit.

In this paper, we design an in-plane heterostructure in
which the left (right) side is periodically B-doped (N-
doped) AGNR. Our primary purpose is to show a unique
I-V curve, which provides a finite current for a narrow
region of bias voltage by using the nonequilibrium Green’s
function. For this purpose, B- and N-doped 7-AGNRs,
which we denote as B-AGNR and N-AGNR, respectively,
are the optimized geometries that give a low-voltage /-
V' curve in a reasonable energy gap value, that can be
observed by the experiment.

The rest of the paper is organized as follows. In Sec.
II, we show the proposed in-plane heterostructure and the
method to calculate its /-V curve. In Sec. III, we show the
calculated results and analyze the dependence of electric

current / on the potential profile at the interface. We also
discuss the temperature dependence, output impedance,
phonon effect, and other possible variations of the pro-
posed device to expand our work. Finally, we give the
summary in Sec. I'V.

II. MODEL AND METHODS

In Figs. 1(a) and 1(b), we show the unit cells of B-
AGNR and N-AGNR. Here, the dopant atoms are period-
ically put at one of the hexagonal corners at the center of
the ribbon width. Each carbon (C) atom at armchair edges
of GNRs is passivated by hydrogen atom [55]. Since the
atomic numbers of B, C, and N are sufficiently small, we
neglect the spin-orbit interaction in B, C, and N atoms.
Furthermore, unlike FETs, we do not have the gate volt-
age but only bias voltage in the discussion, the effect of
the substrate may not be significant. Thus, we consider
the freestanding structure of AGNR and neglect the sub-
strate effect for simplicity. It is worthwhile to note that
the present system is not the conventional FET operation,
the current is not controlled by gate voltage, but by bias
voltage.

We adopt first-principles calculation with the plane-
wave basis to optimize the geometry and to calculate
ground-state electronic structures of the AGNRs as imple-
mented in the QUANTUM ESPRESSO (QE) package [56,57].
For the geometry optimization, all structures are relaxed

X Left lead Scattering region Right lead

FIG. 1. Unit cells of (a) B-doped and (b) N-doped 7-AGNRs
with lattice constants 12.87 and 12.78 A, respectively. The C
atoms are denoted by black open circles while the dopant atoms
are denoted by blue (B) and red (N) solid circles. The ribbon
edges are passivated by hydrogen atoms (green balls). (c) The
in-plane heterostructure, where B-AGNR (N-AGNR) is in the
left (right) with blue (red) background. We set the interface as
x = 0. A bias voltage V,, gives rise to symmetric potential change
4V, /2 in the left (right) region. The dashed vertical line denotes
the boundary between the left, right electrode and scattering
region. Fading black in the electrodes indicates continuation to
infinity.
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until the energy and the force on each atom are less than
10~% Ry and 10~* Ry/a.u., respectively. For the sam-
pling of 1D Brillouin zone, we use 2 x 1 x 1 k-point
mesh with the Monkhorst—Pack scheme [58], where k
is the electronic wave vector and the x axis is selected
to be the periodic direction of the 1D GNR. For the
grid integration, the plane-wave cutoff energy is set to
be 80 Ry. To avoid interactions between neighboring rib-
bons, we maintain the edge-to-edge vacuum distance of
25 A, and layer-to-layer vacuum distance of 25 A, which
have been checked to be sufficiently large for the present
purpose. The Perdew—Burke—Ernzerhof functionals within
the generalized gradient approximation are used as the
exchange-correlation functionals [59,60]. We also utilize
the norm-conserving pseudopotentials [61,62] to treat the
electron-ion interaction.

By implementing the QE package [56,57], we can obtain
the electronic structures of periodically doped AGNRs.
Further, using the results of QE, we adopt Wannier90
[63,64] to find the Hamiltonian matrix element HX in
the Wannier-function (WF) basis, which defines the on-
site potential and the hopping matrix elements between
maximally localized WF (MLWF) m in the unit cell at
r = 0 and MLWF # in the unit cell at r = R. Then we fur-
ther construct the tight-binding (TB) Hamiltonian matrix
as follows [65]:

Hyy (k) =Y e*RHY (1)
R

We get the energy band ¢, (k) as eigenvalues of the
matrix H,, (k). The DOS and partial DOS (PDOS) are
also computed by Wannier90 using 400 x 10 x 10 k-point
mesh.

In Fig. 1(c), we show an in-plane heterostructure by
combining B-AGNR and N-AGNR on the left and right
side, respectively. The geometry of the heterostructure
consists of a semi-infinite left electrode, a semi-infinite
right electrode, and a scattering region. We set the inter-
face at x = 0. A bias voltage V; gives rise to symmetric
potential change V,/2 (—V}/2) in the left (right) region.

Since we employ the MLWEF, it offers an ideal tool
[66,67] for discussing the /-V curve as a function of bias
voltage V; by the nonequilibrium Green’s function [68—
79]. The transmission probability of an electron with the
energy E from the left electrode to the right electrode is
given by

T(E,Vy) =t[TL(E, Vp) G"(E, V) Tr (E, V) G (E, V)],
2

where G™* (E,V;) is the retarded () or advanced (a)
Green’s function across the heterostructure. The level-
width function [69,80] (or the level-width matrix [72]) [81]

'z (E, V}) is given by
Tor (B, V) = i[S) R (B, Vo) — iR (B, V9], (3)

where X » (E, V) [Z] ¢ (E, V)] is the retarded [advanced]
surface self-energies of the left (L) or right (R) electrodes.
;% (E, V) is obtained by using an iterative method [82],
which is feasible if we consider only the electron hop-
ping up to 12 A, smaller than the lattice constants of the
unit cell for B-AGNR (12.87 A) and N-AGNR (12.78 A)
derived from the QE calculation. Here we need three sets
of TB parameters to express (1) B-AGNR region, (2) N-
AGNR region, and (3) interface region, respectively, to
further calculate G (E, V) in Eq. (2). For (1) and (2),
we adopt the energy bands of B-AGNR and N-AGNR,
respectively. For (3), we need to consider a large unit cell
that combines the unit cells of B-AGNR and N-AGNR
for obtaining TB parameters near the interface. Further, as
in transport studies [26,74—76,83,84] and impurity doping
[85] in graphene, we do not consider the effect of potential
change on the modification of hopping matrix elements.
The current I as a function of V), or the /-V curve, can
be calculated by the Landauer—Biittiker formula [86—92]

2 oo
I (Vy) = {/ T(E, V) [fL (E, V) — fr (E, Vp)]dE,
“

where e is the elementary charge and # is the Planck con-
stant. The factor 2 is the spin degeneracy. f; r (E, V3) is
the Fermi—Dirac distribution function for the left or right
electrodes. In Eq. (4) we consider the fact that the electro-
chemical potential w; g in f; g (E, V) can be shifted by the
bias voltage V. In fact, at 0 K, f; (E, V3) and fz (E, V}) are
step functions of £ and have a value of the unity when E is
below w; (V) = Ep + eVp/2 and ug (Vy) = Er — eV /2,
respectively. Otherwise, the f r (£, V5) is zero. Therefore,

the integral of Eq. (4) becomes fieV,b,Z iZ T(E,Vp)dE for 0K
and the energy interval [—eV}/2, eV} /2] is called the bias

window [93].

III. RESULTS AND DISCUSSION

In Fig. 2(a), we show the calculated band structure of
undoped 7-AGNR, which reproduces the previous work
[94]. In Figs. 2(b) and 2(d), we show the calculated energy
band structures of B-AGNR and N-AGNR with the corre-
sponding plots for DOS in Figs. 2(c) and 2(e), respectively.
We can see that the Wannier interpolated TB band struc-
ture [red x symbols in Figs. 2(b) and 2(d)] from Eq. (1)
reproduces the density-functional-theory (DFT) calcula-
tion performed by QE (solid black lines) well. It is worth
noting that the B and N atomic orbitals (blue and red lines)
do not contribute much to the DOS of sub-bands [48] as
shown as PDOS in Figs. 2(c) and 2(e). We multiply the
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FIG. 2. Calculated energy band structures of (a) undoped 7-AGNR, (b) B-AGNR, and (d) N-AGNR from DFT calculations (solid
black lines) and via Wannier interpolated tight-binding model (red x symbols) with the corresponding plots for density of states (DOS)
for (b) and (d) in (c) and (e), respectively. The Fermi energy is indicated by the horizontal dotted line and crosses the impurity-induced
sub-band, which is pointed out by arrows in (b) and (d). It is noted that we multiply the partial DOS of B and N by 10° and 10,

respectively.

PDOS of B and N by 10° and 10, respectively, in the plot.
Therefore, we can conclude that all the sub-bands are made
by 7 orbitals of carbon atoms [95].

We can see that in addition to the band structure
of undoped 7-AGNR, the B-AGNR (N-AGNR) intro-
duces a new cosinelike sub-band above (below) the
valence (conductance) bands at the Fermi energy E =
0, which is pointed out by the arrow and ranges
[—0.16,0.12] ([—0.10,0.12]) eV. As the Fermi energy
crosses the center of the impurity-induced sub-band, there
are unoccupied states above the Fermi level in the sub-
band. Thus, for the electron conduction with the common
Fermi level, the electrons in the induced sub-band do
not require any thermal excitation and thus behaves as
a metal. The group velocity of electrons at the Fermi
energy of B-AGNR and N-AGNR is approximately 2.3 x
10° m/s, smaller than graphene (approximately 10° m/s
[96]), which still gives a high-speed response compared
with conventional impurity levels.

In a practical device with impurity levels, when the het-
erostructure is formed, the width of the depletion region
depends on many parameters [97,98], such as doping con-
centration, temperature, dielectric constant, etc. [47,99].
For simplicity, we express the potential by the smoothstep
function [83,100] with a parameter ¢,

Vix) = % tanh (—%) . 5)

As shown in the inset of Fig. 3, the potential V'(x) mono-
tonically decreases from V;/2 to —V;/2 over a distance
(width) ¢ around the interface (x = 0) for V3 > 0 [100].
We show that the result does not depend on £ and thus we
can safely neglect the effect of the environment on .

3.0
Vi /2
25 v
x {=>5nm
20f 0 >
£ ~V,/2
2 15f (\) b/
3 o 022V 028V
~ 101
(a) (b) ()
051 1
? =10 nm
0.0 ¢ =20 nm
-0.5 ’ : :
-1.0 -0.5 0.0 0.5 1.0
Vi (V)
FIG. 3. (Inset) Potential profile of the interface represented by

the smoothstep function V(x) = (V}/2) tanh (—2x/£), here the
potential ¥ (x) decreases from V},/2 to —V,/2 over a distance
£ around x = 0 if V};, > 0. (Main panel) The corresponding /-
V curve with various £. The regions labeled (a)~(c) indicate the
three cases of /-V curve discussed in the main text.
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In Fig. 3, we plot the calculated /-V curves for £ =5,
10, and 20 nm. We can see that the trend of the /- curve
is almost the same for different £’s except for V', > 0.28 V
and we can categorize the results into three cases: (a)
Vy < —=022V,(b)—-022V <V, <028 V,and (¢c) V} >
0.28 V.

For (a) V < —0.22 V, as we discuss in Eq. (4), the
band structures of the two electrodes shift vertically as
we change the bias voltage V. When we decrease Vj, <
0, the Fermi level of the left (right) electrode gradually
decreases (increases). After we further decrease V}, from
the critical point that the top of the impurity-induced sub-
band of B-AGNR aligns with the bottom of the impurity-
induced sub-band of N-AGNR. This corresponds to eV}, =
—0.10 — 0.12 = —0.22 eV. Therefore, the states in the left
and right electrodes no longer overlap in the bias window
when V, < —0.22 V. As aresult, for any energy in the bias
window, electrons could not transmit. This leads to zero
current for all £’s.

For (b) —0.22 V < V}, < 0.28 V, the current / is robust
against the change of £. In Fig. 4(a), we show the band
structures of left and right electrodes with the correspond-
ing transmission for V, = 0.1 V, the impurity-induced
sub-bands contribute to the transmission probability since
the bias window contains only the two impurity-induced
sub-bands. Since the wave function of impurity-induced
sub-bands is delocalized, from the B-doped side to the
N-doped side, and the /-V characteristic does not depend
on . It is consistent with our results of projected DOS
shown in Figs. 2(b) and 2(d), in which the calculated
PDOS of B (N) atoms is small compared with the total
DOS of B-AGNR (N-AGNR). This indicates that the
current flows over the sample.

The shape of the /-V curve in case (b) can be explained
as follows. When |V;| increases from zero, the current
initially increases with increasing bias window. How-
ever, after further increase of |V}|, the overlapping energy
region of impurity-induced sub-bands from both electrodes
decreases, which leads to the decrease of /. This indicates
negative resistance region, which is similar to the Esaki
diode [101], though the Esaki diode has the finite current
only for V;, > 0. The current drops to zero at the criti-
cal point that the top (bottom) of the impurity-induced
sub-band of B-AGNR aligns with the bottom (top) of
the impurity-induced sub-band of N-AGNR for V;, < 0
(Vy > 0). This corresponds to eV, = —0.22 eV for V; <
0 as discussed in case (a) and eV, = 0.12 — (—0.16) =
0.28 eV for V};, > 0. Therefore, the two impurity-induced
sub-bands are completely misaligned when V;, < —0.22 V
or V, > 0.28 V. Considering the delocalized wave func-
tion of electrons in the impurity-induced sub-bands, we
expect a high-speed response of our suggested device.

For case (c), when V} is larger than 0.28 V, the cur-
rent reappears since the impurity-induced sub-band from
the B-doped (N-doped) side begins to overlap with the

@ V=01V
I o —Jr Ir
0480 05 1000 05 1.000 05 1.0

Energy (eV)

T X00 01 02T X
b) V, =045V |—¢=5nm
|—+¢ =10 nm
— /¢ =20 nm N
% S
>
D
(0]
c
L
-0.2
-0.4

T X 00 oO1
Left (B-AGNR) T

02T X
Right (N-AGNR)

FIG. 4. Band structures of both left and right electrodes with
transmission probability in the middle for £ = 5, 10, and 20 nm
at(a) V5 = 0.1 and (b) 0.45 V. The dotted lines indicate the elec-
trochemical potentials of the electrodes and give the bias window
(shaded area) in the middle figure. In (a), Fermi—Dirac distri-
bution function f; r (E, V) versus energy at room temperature
(300K) is also plotted in red dash-dotted line for each electrode
with respect to the top x axes.

conduction (valence) bands from the other side. Basically,
the current / increases when V), increases because of a
larger bias window. However, / reaches to a local max-
imum when V; ~ 0.45 V. We plot the band structures
and transmission at ¥, = 0.45 V as shown in Fig. 4(b).
The two gaps between the impurity-induced sub-band and
the valence (conduction) bands in the B-doped (N-doped)
region align with each other. It is noted that after fur-
ther increase of V, the two gaps suffer misalignment and
restrict the transmission in a wider energy range, causing
a drop of current at around V;, = 0.5 V as shown in Fig. 3.
As we can see in Fig. 4(b), the peak of transmission prob-
ability at around V', = 0.5 V shifts to larger energy when £
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increases. This could explain the peak near 0.5 V in Fig. 3
moves to the right when ¢ increases.

It is also essential to understand the £ dependence of
the current for V, > 0.28 V. We can see that the current
quickly decreases with increasing ¢ for V3 > 0.28 V. For
¢ = 20 nm, [ almost drops to zero in this region. This is
consistent with Fig. 4(b) in which transmission probabil-
ity T decreases when ¢ increases. The reason of a smaller
T for a larger £ is that for a smoother potential profile,
electrons suffer backscattering when they approach the
interface and the conductance becomes smaller by approx-
imately a factor of v/kz{ compared to sharp ones, where
kr is the Fermi wave vector [91,102—104]. Here we need
to note that in this heterostructure, the scattering process
is much more complicated. Similar results are found in the
pristine graphene applied with bias voltage, which induces
smooth potential profile [76]. Therefore, since the nonzero
T survives only in the energy range of less than 0.1 eV for
£ = 5 nm, we can conclude that the electric current in this
case is almost zero as shown in Fig. 3 for £ > 20 nm.

In real 2D in-plane heterostructures with bias voltage,
£ is often in the order of 0.1 wm [105—108], much larger
than 20 nm and it can be measured directly by the Seebeck
coefficient or the thermoelectric power [109]. Therefore,
in experiment, the /-7 curve should be similar to the sit-
uation of ¢ = 20 nm, in which the current exists only in
the region of case (b) —0.22 V < V};, < 0.28 V. Further, in
Fig. 4(a), we also plot the Fermi—Dirac distribution func-
tion fz g (E, V) versus energy at room temperature (300 K)
in red dash-dotted line for each electrode with respect to
the top x axes. We can see that the Fermi—Dirac distribu-
tion function affects only the impurity-induced sub-bands.
Therefore, the robustness of / on £ when —0.22V < V), <
0.28 V still survive even at room temperature.

We estimate the output impedance [110] Z = V;/I of
the present model. We consider only the current con-
tributed by the impurity-induced sub-bands (—0.22 V <
Vp < 0.28 V), and the corresponding output impedance is
approximately 200 k€2. Since the typical impedance value
for a transistor is 100 k2 [111], it suggests that the present
device could be used in the electric circuit. We can imagine
a switching device that operates at both sides of the bias
voltage. Although triac [112] can behave as a semicon-
ductor switch in both positive and negative voltages with
breakover voltage, the present device allows electric cur-
rent only in a finite bias range, between —0.22 and 0.28 V.
Further, we can make an oscillating device using the
bias-voltage region with using negative resistance [113].

Here we briefly discuss the effects of phonons at nonzero
temperature. The dominant electron—phonon interaction in
graphene is the optical phonon with energy approximat-
ing to 0.2 eV [114,115]. However, our proposed device
operates in the range of —0.22 to 0.28 V. Therefore, the
electron—phonon interaction for optical phonon will not
affect the /-V curve within the range of —0.2 V < J}, <

0.2 V, which is a large portion in the operating range of
the proposed device. This is an advantage of our device.
The other part is the electron—acoustic phonon interac-
tions [115], an electron emits or absorbs acoustic phonon
by electron—phonon interaction, which leads to increased
resistance of graphene. However, at room temperature,
the intrinsic resistivity of graphene by acoustic phonons
would be sufficiently small such as 30 2 [116], which
can be neglected compared with the calculated impedance
200 k€.

At last, we would like to extend our work by demon-
strating the feasibility of the proposed device for other
geometries and variations of the GNRs. Considering the
number of widths [20] and the sensitivity of band struc-
tures to doping sites in GNRs [24], we would like to
give some qualitative discussions since we cannot do
the DFT calculations for all widths and geometries. For
AGNRs in a given family of V,, the energy band gap is
inversely proportional to the width of AGNR. Therefore,
the width of the impurity-induced sub-band will decrease
with increasing N,. This will further shrink the operation
range (smaller range of Vj, for nonzero /) in our pro-
posed device. For variations of edge terminations, since
the doping site is far from the edge, the modification to the
impurity-induced sub-bands can be neglected in the first
approximation. Here we also include some previous DFT
studies for designing the device, which report the metal-
lic sub-bands in doped GNRs. Such as B-doped (N-doped)
8-AGNR [48], selective B-doping of 12- and 16-AGNRs
[49], both B- and N-doped 6-AGNR [50] and 4-ZGNR
[51], ete. [117,118].

IV. SUMMARY

We theoretically investigate the electronic transport
properties of an in-plane heterostructure in which the
left (right) side is based on B-AGNR (N-AGNR). If we
adopt a realistic device with interface width in the order
of 0.1 wum, nonzero electric current occurs only when
—0.22 V <V} < 0.28 V. Furthermore, in this case, the
electric current is robust against the change of the poten-
tial profile since the impurity-induced sub-bands with
delocalized wave functions contribute to the transmission
exclusively. Our results suggest that our model may have
potential room-temperature nanoelectronics applications if
it is fabricated.
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