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A B S T R A C T

The recently synthesized two-dimensional C2N-h2D material has received extensive attention due to its similar
honeycomb structure with graphene as well as uniform distribution of nitrogen atoms and holes. We perform
first-principles calculations and find that armchair C2N-h2D nanoribbon (AC2NNR) is quite sensitive to edge
modification. Edge unmodified and H-modified AC2NNRs are direct band gap semiconductors, while O-modified
becomes an indirect band gap semiconductors. Interestingly, when both edge and sub-edge are modified with H
or O atoms, it turns into a metal. Metal-semiconductor heterojunctions constructed from property-distinctive
AC2NNRs all exhibit forward-blocking and reverse-conducting rectifying diode behaviors, and the maximum
rectification ratio reaches an incredible value of 1010, showing good application prospects.

1. Introduction

Among the methods for regulating the electronic properties of na-
noribbons such as doping, adsorption, and reconstruction, edge mod-
ification has been a hot topic for many research groups [1–9]. Bare
zigzag graphene nanoribbons (ZGNRs) is metallic with two degenerate
bands crossing the Fermi level which are more than half filled based on
LDA method [10]. For monohydrogenated graphene nanoribbon (sp2 σ-
bonded edge C), early tight-binding studies have shown that the ideal
ZGNR is metallic and independent of the ribbon width, while the ideal
armchair graphene nanoribbon (AGNR) has width-relevant band gap
[11]. If terminated by two H atoms, ZGNR becomes more stable, and
bandgap opening and magnetism disruption can be observed [12]. Lee
et al. [10] find that the oxidation of the OH group produces almost the
same band structure as the monohydrogenation (sp2 hybridization)
does, and that the ketone CO and ether C2O groups are similar to the
dihydrogenation (sp3 hybridization), always making edge-modified
ZGNR metallic due to the difference in electronegativity of the edge C
and O atoms. The edge functionalizations of NH2, OH, COOH, and S-
NO2 result in spin-selective semiconductivity, but O and MS-NO2 form a
semiconductor-to-metal transition [13]. Graphene-based nanoribbon
heterostructures have attracted considerable attention because they can

integrate a variety of useful effects such as rectification, giant magne-
toresistance, spin filters and spin caloritronics [14–19]. Cao et al. [20]
report that bare-monohydrogenated ZGNR heterojunction has better
conductivity, while both bare-dihydrogenated and monohydrogenated-
dihydrogenated ZGNR heterojunctions exhibit rectification character-
istics caused by the different mirror operation symmetry of the bands
near the Fermi level. Similar heterojunctions have also been found to
exhibit rectifying properties in nanoribbons of other graphene-like two-
dimensional materials. For example, partially edge-hydrogenated MoS2
nanoribbon heterostructure [14] and bare-monohydrogenated phos-
phorene heterojunction [21]. In the previous work, most efforts are
devoted to the edge modification to regulate the properties of the zigzag
nanoribbons due to the lack of edge state near Fermi level in the
armchair nanoribbons [13]. However, in this paper, we focus on the
armchair nanoribbon of the new two-dimensional C2N-h2D material
[22–27]. The results show that the edge modification can effectively
regulate its electronic property, and realize semiconductor-to-metal
transition. A rectification ratio up to 1010 is achieved in designed metal-
semiconductor contact heterojunction, showing great potential for ap-
plication in future nanodevices.
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2. Computational method

The calculations are performed by the atomistix Toolkit (ATK)
package, which is based on the combination of density functional
theory (DFT) and non-equilibrium Green's function (NEGF) technique
[28]. The Perdew-Burke-Eenzerhof formulation of the generalized
gradient approximation (GGA) is used as the exchange-correlation
function, and the double-zeta polarized basis set is employed in the
calculations. The mesh cutoff energy is set to be 150 Ry, and a Mon-
khorst-Pack k-point mesh of 1×1×13 is used for the one-dimensional
Brillouin zone of AC2NNR nanoribbon, and 1× 1×100 for AC2NNR
two-probe nanodevice [29]. The vacuum spaces of supercell are set to
be more than 15 Å to eliminate the interactions between periodic ad-
jacent images. All the atomic positions of the structure have been op-
timized until all the forces are less than 0.01 eV/Å.

3. Results and discussions

Due to the heterogeneity of C and N elements and the presence of
holes in monolayer C2N-h2D material [22,23], there are various ways to
be cut into nanoribbons. Cutting along the dashed lines as shown in
Fig. 1(a), an armchair nanoribbon named M1 is obtained in Fig. 1(b).
M1 model is edge non-passivated, to study the effect of diverse edge
modification on its electronic structure, more models have been de-
signed, such as edge H/O-passivated M2/M3, as well as edge and sub-

edge H/O-passivated M4/M5 model.
In Fig. 2(a), the band structures of M1 to M5 models are calculated.

Obviously, diverse edge modification results in a significant change in
the electronic property of AC2NNR. The edge non-passivated M1
structure is a direct bandgap semiconductor with a bandgap of 1.54 eV,
which is slightly smaller than the 1.56 eV calculated by Wang et al.
based on VASP [30]. After passivated by H atoms (M2), it is still a direct
bandgap semiconductor, but the bandgap is reduced to 1.20 eV. How-
ever, if edge is passivated by O atoms (M3), it turns into an indirect
bandgap semiconductor, with a conduction band minimum (CBM) lo-
cated at Γ-point and a valence band maximum (VBM) moving to Z
point, resulting a reduce in bandgap to 0.81 eV, which is different from
the metallicity of O-terminated ZGNR [10]. Interestingly, when both
edge and sub-edge are H-passivated (M4) or O-passivated (M5), a
semiconductor-to-metal transition occurs. M4 is due to the falling of
CBM to contact with the Fermi level, while M5 is due to the occurrence
of a band crossing the Fermi level. Recently, Fan et al. [10] reported
that for zigzag phosphene nanoribbon, the edge non-passivated struc-
ture exhibits metallicity, and the edge H-passivated is a semiconductor
with a direct band gap of 1.44 eV, which is opposite to the edge mod-
ification effect of AC2NNR we studied.

To clarify the change in the band structure, the distribution of the
real-space wave functions of several energy bands near the Fermi level
is calculated in Fig. 2(b). First looking at the n= 1 band, its wave
function in all models has a similar distribution, mainly from the π

Fig. 1. Schematic illustrations of (a) monolayer C2N-h2D material; (b) AC2NNRs with different edge modifications after optimization, M1 to M3 models are suc-
cessively edge non-passivated, H-passivated, and O-passivated, while M4 or M5 models are respectively edge and sub-edge H-passivated or O-passivated. Nitrogen,
carbon, hydrogen, and oxygen atoms are represented by blue, gray, white, and red balls, separately. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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bonds formed by the Pz orbitals of C and N atoms, however due to the
passivation effect, its energy decreases as shown in Fig. 2(a), especially
in the M4 model, it drops to contact with the Fermi level to make M4 a
metal, which may derive from the contributions of the central C atoms
instead of the side C atoms in the third row as marked by a circle. For
the n=2 band, the state appears to be along the ribbon direction,
unlike n=1 band whose state is more oriented across the ribbon. In the
M1 model, its wave function comes from the contributions of the Pz
orbitals of C and N atoms, excluding the edge and central atoms. After
the H-modification, the contributions of the C atoms in the center of the
sub-edge are weakened, and after the O-modification, the Pz orbital of O
atom also participates in the contribution, which may result in the
energy reduction of n=2 band in Fig. 2(a).

Observing the n= 3 band, its wave functions distributes differently
in these five models. In M1 model, its state is delocalized, which comes
from the σ bonds formed by s orbitals of all atoms [22]. However, in
other models, the contributions of the central C atoms are suppressed.
For example, in M2 model its state derives from the Pz orbitals of other
atoms, and in M3 model, it is obviously localized at the edge C and O
atoms indicating an edge state, and it is precisely because the VBM of
this edge state is at the Z point that the M3 model becomes an indirect
bandgap semiconductor. In M4 model, it behaves like n= 2 band ex-
cept the central C atoms. In M5 model, the Pz orbitals of all atoms ex-
cluding the central C atom are involved in the hybridization, especially
the edge O atoms, finally the n= 3 band passes through the Fermi
level, making the M5 structure a metal. In addition, there are two

degenerate bands near the Fermi level, as can be seen from the inset of
Fig. 2(a) (the other band has similar wave function, for clarity, not
shown here), their wave functions are localized at the edge and sub-
edge O atoms belonging to edge states.

Metallic M4, M5 and semiconductor M1-M3 are respectively se-
lected to construct metal-semiconductor contact nanodevices, i.e., M4-
M1, M5-M1 and M4-M2 heterostructures as presented in Fig. 3(a) and
the insets of Fig. 3(b). Their current-voltage characteristics (I-V) are
calculated in Fig. 3(b). Obviously, their I-V curves all show forward-
blocking and reverse-conducting rectifier diode characteristics (the M4-
M2 device is difficult to converge at the bias of −0.6 V, so its current
value at −0.6 V is not shown). In the bias range of −0.7 V to −1.0 V,
these three devices conduct and their currents increase as the bias in-
creases. Among them, under the same conducting reverse bias, the
current value of M4-M2 device is greater than that of M4-M1 and M5-
M1, and reaches the maximum of 3.5 μA at 1.0 V.

Table 1 represents the specific rectification ratio of these three de-
vices in the bias range from 0 to 1.0 V (the rectification ratio of a certain
bias here is defined as the absolute value of the ratio of the current at
reverse bias to that at forward bias). As can be seen, in the conduction
bias range of 0.7–1.0 V, the M4-M1 device has a high rectification ratio
of 4.66×106 at 0.8 V, while that of M5-M1 is higher achieving
2.69×1010 at 0.9 V, which is much higher than those reported by
other research teams, exhibiting outstanding rectification performance
[31–35].

In NEGF theory, the current of the two-probe system is calculated

Fig. 2. (a) Band structures of M1 to M5 AC2NNRs around the Fermi level. The dashed line is the Fermi level, and the energy bands near the Fermi level are numbered
from top to bottom. (b) Side and front views of isosurface plots of the Γ-point wave functions of labeled subbands.
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based on the Landauer-Büttiker formula

∫= − − −I V e
h

T E V f E μ f E μ dE( ) 2 ( , )[ ( ) ( )] ,L R (1)

where μL(R) is the chemical potential of the left (right) electrode, f
(E− μL(R)) is the Fermi distribution of the left (right) electrode, and
V=(μL− μR)∕e represents the bias window. T(E, V) is the transmission
coefficient obtained by using Green's function. Clearly, the current is
determined by the area of the integral region in the bias window.

In order to explore the rectification mechanism, the transmission
spectra under different bias voltages represented by the M5-M1 device
are shown in Fig. 4. Apparently, at 0 V, the transmission coefficient at
the Fermi level is zero, showing semiconducting property, and some
broad transmission peaks appear near 1.0 eV and −1.5 eV. When a
forward bias is applied, as the bias increases, the transmission peaks
near these two energies become narrower and farther away from the
Fermi level, making the energy range with zero transmission coefficient
near the Fermi level wider and wider, so the M5-M1 device is cut off.

When a reverse bias is applied, as the bias increases, the transmission
peak near −1.5 eV first approaches the Fermi level and then moves
away, but always fails to enter the bias window (the bias window is
defined as the range from -V/2 to V/2, V is the absolute value of the
bias), so does not facilitate the device conduction. In contrast, the
transmission peak near 1.0 eV broadens as the reverse bias increases.
After a bias higher than −0.6 V, this transmission peak enters the bias
window so that electrons can be transmitted and the M5-M1 device is
turned on. On the whole, from 1.0 to −1.0 V, the transmission peak
near 1.0 eV gradually widens, and then enters the bias window at high
reverse bias inducing a forward-blocking and reverse-conducting rec-
tification effect.

In order to further elucidate the physical mechanism behind the
transmission spectrum, the projected density of states (PDOS) plots of
M5-M1 device at 0 V, 1.0 V, and −1.0 V are presented in Fig. 5. First
observing the case of 0 V as shown in Fig. 5(a), the left electrode (L) has
a PDOS peak at the Fermi level, corresponding to the metallicity of M5,
while the PDOS of the right electrode (R) is zero within a wide energy
range near the Fermi level, corresponding to the semi-conductivity of
M1 with a band gap of 1.54 eV displayed in Fig. 2. After the combi-
nation of M5 and M1 AC2NNRs, the PDOS of the central scattering
region (C) also has a peak at the Fermi level, however due to the zero
state density of the right electrode near the Fermi level, electrons
cannot be transmitted in this device resulting in zero transmission
coefficient as discussed in Fig. 4.

After applying a bias of 1.0 V, as shown in Fig. 5(b), the PDOS plots
of L and C shift toward the negative energy direction compared to that
at 0 V with little change in the overall shapes of the curve, however, the
PDOS plot of R shifts toward the positive energy direction and changes
greatly, especially the PDOS peak near −0.4 eV becomes very small in
contrast to that near −0.9 eV at 0 V. In the bias window, the PDOS
values of the three parts L, C, and R are all non-zero at the −0.4 eV, but
since these values are so small, the probability that electrons are
transmitted is quite low.

After applying a bias of −1.0 V, as shown in Fig. 5(c), compared to
0 V, the PDOS plots of L and C move toward positive energy direction,
and the PDOS plot of R moves toward negative energy direction. Fo-
cusing on PDOS near 0.5 eV, both L and C have a large PDOS peak,
which originates from the PDOS peak of the Fermi level at 0 V bias,
noticeably, the right electrode R also has a PDOS peak due to the
widening and heightening of the PDOS peak near 0.7 eV at 0 V bias.
Finally electrons can be transmitted from the left electrode to the right
electrode, so the transmission coefficient at −1.0 V in the bias window
is not zero shown in Fig. 4, and the M5-M1 device conducts.

As for the zigzag C2N-h2D nanoribbons (ZC2NNRs), we also check
the effect of the same edge modifications on their electronic structures

Fig. 3. (a) Schematic illustration of M4-M1 two-probe nanodevice constructed
of M4 and M1 structures. Two-probe device is divided into three parts: semi-
infinite left electrode, central scattering region and semi-infinite right electrode.
Vacuum layer is not shown for clarity. (b) The current-voltage curves of M4-M1,
M5-M1 and M4-M2 devices in the bias range from −1.0–1.0 V. The inset above
is a schematic of the M5-M1 two-probe nanodevice constructed of M5 and M1
structures; the inset below is a schematic of the M4-M2 two-probe nanodevice
constructed of M4 and M2 structures.

Table 1
Rectification ratios of M4-M1, M5-M1, and M4-M2 devices in the bias range
from 0 to 1.0 V.

Bias M4-M1 M5-M1 M4-M2

0.1 6.08× 101 1.13× 102 5.46× 101

0.2 1.35× 103 3.21× 103 8.27× 102

0.3 1.22× 105 2.76× 105 8.71× 102

0.4 2.25× 106 9.63× 104 7.80× 102

0.5 1.79× 108 6.85× 106 6.70× 103

0.6 2.61× 109 2.33× 109 –
0.7 2.25× 107 1.76× 1011 2.51× 103

0.8 4.66× 106 6.77× 108 1.96× 102

0.9 3.83× 105 2.69× 1010 1.04× 102

1.0 6.88× 104 3.04× 108 8.63× 101

Fig. 4. The transmission spectra of M5-M1 device at different bias. Zero energy
is the Fermi level.
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and transport properties. Different from AC2NNRs, all edge-modified
ZC2NNRs are metals, indicating that this modification method cannot
effectively modulate the electronic properties of the ZC2NNRs.

In addition, we further compare the electronic and transport prop-
erties of monohydrogenated and dihydrogenated AC2NNRs at the same
edge site, i.e., M2 and M2-2h models, as well as M4 and M4-2h models
(not shown here). We find that like M2 model, M2-2h is a direct
bandgap semiconductor too, but its bandgap increases to 1.68 eV
compared to 1.20 eV of M2. However, M4-2h model is different from
M4 model and is no longer a metal, but a semiconductor with a direct
bandgap of 0.48 eV. Due to the larger band gap, M2-2h model is chosen
to form M4-M2-2h device with the metallic M4 model. As a result, like
M4-M2 and other devices, M4-M2-2h device also exhibits forward-
blocking and reverse-conducting rectifier diode behavior, which is in
line with our analysis above.

4. Conclusion

In summary, using first-principles calculations, we have studied the
effects of edge modifications on the electronic structures and transport
properties of the armchair C2N-h2D nanoribbons (AC2NNRs). The un-
modified AC2NNR is a semiconductor with a direct bandgap of 1.54 eV.
After edge modification of H or O atoms, it remains semiconducting but
its bandgap becomes a direct bandgap of 1.20 eV or an indirect bandgap
of 0.81 eV. Interestingly, when both the edge and sub-edge are passi-
vated with H atoms (M4) or O atoms (M5), AC2NNR becomes a metal.
Selecting metallic and semiconducting AC2NNRs to construct hetero-
junction devices, a forward-blocking and reverse-conducting rectifier
diode behavior occurs with a rectification ratio as high as 1010. The
transmission spectra in the range from 1.0 to −1.0 V show that the
transmission peak at positive energy gradually widens, and after
−0.6 V, part of the transmission peak enters the bias window, causing
the device to conduct. After further analysis of PDOS, we find that the
forward-blocking and reverse-conducting rectifier diode phenomenon
stems from the wide bandgap of the semiconducting AC2NNR and the
opposite trend of PDOS peak in the bias window under the forward and
reverse bias. Our work provides a basic theoretical guidance for the
design and application of the new two-dimensional C2N-h2D material in
future nanoelectronic devices, especially the rectifying devices.
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