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Abstract: Based on two-dimensional green phosphorene, we designed two molecular electronic de-
vices with zigzag (Type 1) and whisker-like (Type 2) configurations. By combining density functional
theory (DFT) and non-equilibrium Green’s function (NEGF), we investigated the electronic properties
of Types 1 and 2. Type 1 exhibits an interesting negative differential resistance (NDR), while the
current characteristics of Type 2 show linear growth in the current-voltage curve. We studied the
electronic transport properties of Type 1 under uniaxial strain modulation and find that strained
devices also exhibit a NDR effect, and the peak-to-valley ratio of device could be controlled by varying
the strain intensity. These results show that the transport properties of green phosphorene with
different edge configuration are different, and the zigzag edge have adjustable negative differential
resistance properties.

Keywords: first-principles calculation; negative differential resistance; green phosphorene

1. Introduction

In recent years, the development of molecular devices has led to significant advance-
ments in both simulational and experimental aspects. Molecular electronic devices exhibit
various physical phenomena, such as molecular rectification, spin filtering, and NDR [1-5].
These physical effects hold practical value in molecular devices.

After 2004, graphene was successfully isolated, offering excellent electrical proper-
ties and a two-dimensional structure as a new material for molecular electronic device
electrodes [6-11]. Similar to the preparation of graphene [12-16], two-dimensional black
phosphene was successfully stripped in experiments in 2014 [17-20]. Phosphorene pos-
sesses anisotropic in-plane characteristics, with a direct bandgap of 0.3-2 eV as its thickness
decreases from bulk to monolayer. Its carrier mobility is 10> cm?/Vs, which indicates that
phosphene has good electron transport properties. Due to its two-dimensional structure
and exceptional electrical properties, phosphorene has emerged as a promising material in
nanoelectronics and nanophotonics. In addition, phosphorus has a variety of allotropes,
such as white phosphorus, blue phosphorus, and red phosphorus. On the basis of first-
principles calculations, Han et al. designed a new allotrope of phosphorus, which they
named green Phosphorus [21], which has a direct band gap of 0.7 to 2.4 eV and strong
anisotropy in optical and transport properties [22].

Strain modulation is an important method that can change the electrical, optical, and
magnetic properties of materials by applying force to them. The study of Liu et al. men-
tioned that a moderate strain can induce an antiferromagnetic to ferromagnetic phase tran-
sition, driving monolayer MnB to a ferromagnetic metal with Weyl Dirac nodal loops [23].
Graphene, as a typical representative of two-dimensional materials, has excellent mechani-
cal strength and outstanding electrical properties. By introducing strain, the electrical prop-
erties of graphene, such as band gap and carrier mobility, can be adjusted [24]. Transition
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metal dichalcogenides (TMDs) [25] are a class of materials with significant spin-orbit cou-
pling effects, and their electronic structure and spin polarization can be controlled through
strain engineering. Strain modulation [26,27] controls electronic transport properties and
energy bands of electrons. In the works of Ren [28,29], the change of edge morphology
also has a large effect on the electronic properties of the material. He proposes that the
electronic properties of the isolated regions are different when cutting blue phosphene.
In addition, they discuss the differences in mechanical, electronic, and magnetic proper-
ties of various nanoribbons cut along typical crystal orientations from single-layer C3N
sheets. Considering the many effects of strain and edge morphology on two-dimensional
material properties, we choose to apply strain engineering and shear on two-dimensional
material green phosphene, and discuss the effects of strain and edge morphology on its
electronic properties.

In this work, we studied the structural transport and differences of single-layer green
phosphene devices with Zigzag edge configuration (Type 1) and whisker edge config-
uration (Type 2) by first principles calculation and the non-equilibrium Green function
method [30-37]. We select this Type 1 configuration to analyze its response to strain to
study their electron transport properties. The results show that Type 1 structures have
adjustable negative differential resistance properties under strain. This important property
comes from the structural properties under strain conditions, which help in the design of
electronic devices. Then, the corresponding mechanism of structural characteristic change
under negative differential resistance and the pressure strain is analyzed.

2. Materials and Methods

The considered model is shown in Figure 1 and consists of several single layers of
green phosphorene repeated in the z-direction. It has been demonstrated that single-layer
green phosphorene without hydrogen termination at the edges is a stable structure [38]. We
consider two different edge morphologies of monolayer green phosphene: one is zigzag,
and the other is whisker, which are labeled Type 1 and Type 2, respectively. Type 1 is the
existing structure, and Type 2 is obtained by cutting on the basis of Type 1. The molecular
device consists of three parts: the first part includes the left and right electrodes, the second
part is the electrode extension region, and the third part is the central scattering region. In
the simulation calculations, the central scattering region contains 60 phosphorus atoms. In
the molecular device structure, We perform n-type doping on the left and right electrodes
as well as the electrode extension region to generate a non-equilibrium state in the device
system, with a doping concentration of 1 x 10! e/cm3. The doping concentration in our
simulated device structure corresponds to doping only a few electrons at the scale of our
device. During the device experiment, the device’s electrodes need to make contact with
metal electrodes, which also leads to electron injection. This effectively simulates the
realistic experimental environment. After geometric optimization, in Type 1, the bond
lengths between adjacent phosphorus atoms are measured to be 2.23 A and 2.26 A, as
shown in Figure 1a. In Type 2, the bond lengths between adjacent phosphorus atoms
are 2.25 A and 2.26 A, as shown in Figure 1b. This bond length is basically the same as
described in the literature [39]. The entire structure adopts an x-z coplanar configuration,
with the transport direction along the z-direction.

We perform the geometric optimization and calculation of transport properties for
Types 1 and 2, using the developed first-principles calculation software package (ATK) [40],
which combines DFT with NEGF theory. In the calculations of the energy bands, we employ
the Perdew—Burke-Ernzerhof (PBE) exchange-correlation functional within the generalized
gradient approximation (GGA). The grid cutoff value for the electrostatic potential of 285 Ry
is chosen, and the Fermi function is at a temperature of 300 K. A Monkhorst-Pack k-point
grid of 1 x 1 x 285 was chosen for the calculations. The lattice parameters and atomic
positions were fully relaxed, with energy and force convergence criteria set to 107> eV and
0.05 eV /A, respectively. A vacuum spacing of at least 15 A was added in the direction
perpendicular to the electronic transport plane to avoid interactions caused by periodic
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boundary conditions. For Type 1 and Type 2, we employ the NEGF method to calculate
their transmission eigenvalues spectra and current-voltage (I-V) curves. When a voltage is
applied, the electrochemical potentials of the left and right electrodes move accordingly.
The current at a specific bias voltage, V}, is obtained using the Landauer-Biittiker formula:

2e [HR

I(V) B ? KL

T(E, Vp)[fL(E — pr) — fr(E — ur)]dE, @
in this equation, y; gy = Ep £ eV} /2 represents the electrochemical potentials of the left
and right electrodes, where the potential difference between the electrodes is equal to
the bias voltage V;,. f1.(E — pr)and fr(E — pr) are the Fermi distribution functions of the
left and right electrodes at equilibrium. T(E, V},) is the electron transmission probability
function, and it is calculated using the retarded Green’s function G(E, V;,):

T(E,V;) = T,[TL(E, V3)G(E, V;)Tr(E, V;)G' (E, V)], ()

in the above equation, I'; (g) = i(ZL( R) — Zz ( R)) represents the broadening matrices of the
left (right) electrode, where ) (r) is the coupling self-energy between the semi-infinite left
(right) electrode and the central region.

(b)

Type 2
i e e

Figure 1. (a) Zigzag edge morphology of green phosphorus. (b) Whisker edge morphology of green
phosphorus. N-type doping is carried out within the green box, which includes electrodes and
electrode extension regions, with a doping concentration of 1 x 10" e/cm?3.

3. Results

Based on the above considerations, we calculate the band structures of the left and
right electrodes of Types 1 and 2, as shown in Figure 2a,c, which exhibit metal abundance.
Besides, we also calculate their partial state density and total state density, as shown in
Figure 2b,d, where the solid red line represents the state density of the upper and lower
edge atoms of Types 1 and 2, the blue line represents the state density of all phosphorus
atoms except the edge atoms, and the black line represents the state density of all atoms.
Near the Fermi level, whether in Type 1 or Type 2, the red line representing the density of
states (DOS) is higher than the blue line. This indicates that the DOS contributed by the
edge atoms is larger, and the electrons are more localized at the edge atoms. For Type 1,
because the phosphorus atoms at the edge have only one unformed bond, Type 2 has
two unformed bonds, resulting in a high local density of electrons at the edge of Type 2.
As one can see from the red line in the figure, DOS of Type 1 is 35 eV~!, while DOS of
Type 2 reaches 67 eV~!. From the observation of the band structure near the Fermi level
in Figure 2a,c, we find that two energy bands in Type 1 passing through the Fermi level
are distributed in the conduction band region near the I' point, and in the valence band
region near the Z point, while Type 2 has four bands close to the Fermi level, which is an
important aspect. It must affect their response to strain and transport characteristics.
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Figure 2. (a,c) Band structures of the left electrode. (b,d) Total density of states and partial density of
states for Type 1 and Type 2, respectively.

After discussing the electronic structure of Type 1 and Type 2, in order to verify their
differences in electron transport caused by energy band structures, we construct electronic
devices and analyze their transport characteristics. The current-voltage (I-V) curves
calculated using the Landauer-Biittiker Formula (1) are shown in Figure 3a,b. The electron
transport properties of the two devices with different edge morphology are obviously
distinct. Among them, the current passing through Type 1 gradually increases with the
bias, reaching a maximum value of 34 pA at the bias voltage of 0.3 V, and then, when the
bias voltage increases, the current passing through Type 1 drops to the lowest value of
0.23 pA.

As can be seen from the illustration in Figure 3a, the minimum current of the device
is not zero. In contrast, the current through Type 2 increases linearly as the bias voltage
increases. The electron transport characteristics of the electronic devices also confirm our
previous theoretical analysis. In order to more clearly compare the electron transport
properties of the two systems, we calculated their transmission spectra under the bias
window with Formula (2), and the transmission spectra of the two structures are shown
in Figure 3c,d. From the transmission spectrum of Type 1, we find that the transmittance
of Type 1 has always been at a high level and observe that the transmission coefficient
below the Fermi level starts to drop from 0.3 V and then rises to about 1.0 V, which also
explains the reason for the NDR. For Type 2, in the bias window, there is a large number of
transmission values exceeding 1, and with the opening of the bias window, the transmission
value also gradually increases, which results in the I-V curves maintaining a linear increase
in current.
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Figure 3. (a,b) I-V curves. (c,d) Transmission spectra for Type 1 and Type 2, respectively. The black
dashed lines indicate the bias window.

Next, we discuss the response of Type 1 to strain and the effect of this regulation on
the NDR effect. We define the strain as € = (a — ag)/ag, where a and ag are the lattice
constants of the strained and the unstrained structures, respectively. When a strain occurs
in one direction, the other direction is relaxed. First of all, Figure 4a,c,e display the band
structure diagram, DOS diagram, and zero-bias transmission spectrum diagram when the
compressive strain is —2%, —5%, and —8% on the Y-axis, respectively.

It can be seen from the Figure 4 that the energy bands of the three groups and their
responses to transmission are different under different strain intensities. The energy band
of the strain structure varies greatly compared with that of the original structure. We note
that an energy band of the —2% strain structure crosses the Fermi level at the I" point, where
the energy gap between the conduction band and the valence band is small and increases
rapidly. The energy gap at the I' becomes smaller when the compressive strain is —5% and
—8%. Similarly, from the DOS diagram, we also show that the contribution of each atom
to the total electron orbital is also different under different compressive strains. When the
compressive strain is —2%, the density of states at the Fermi level is 0. The DOS at Fermi
level increases with the strain increase, and the peak value of —8% compression strain at
0.5 eV is higher than that at —5% compression strain. Besides, we note that the zero bias
transmission spectra of three different strain degrees that their response to different strain
degrees is corresponding to the band and DOS diagram. As can be seen from the figure,
with the compression along the y direction, the transmission coefficient of the zero-bias
transmission spectrum of several strain-configuration devices at the Fermi level exceeds 2,
but the difference is that the transmission spectrum of the —5% compression strain has a
very high peak value at 0.4 eV, while the transmission spectrum of the —8% compression
strain has two high transmission coefficient peaks at this energy point. Therefore, we
believe that the current transmission spectra of the device display distinct responses to
different compressive strain degrees. Next, we calculate the transmission spectrum of the
whole system under different bias voltages to verify this result.
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Figure 4. (a,c,e) Band structure on the left panel, DOS on the middle panel, and zero bias transmission
spectra for the left electrode of Type 1 on the right panel, when the applied strain is €, = —0.02,
ey = —0.05, and e, = —0.08, respectively. The red dashed line represents the Fermi level. (b,d,f) The
transmission spectra of Type 1 at strains of e, = —0.02, ¢, = —0.05, and €, = —0.08, respectively.
The black dashed line represents the bias window.

We calculated the transmission spectra under different strain conditions using
Formula (2). Figure 4b,d,f shows the transmission spectra with compression strains of —2%,
—5%, and —8%, respectively.The area between the two (black) dashed lines represents the
bias window, with bias ranging from 0 to 1.6 V. As shown in Figure 4b, the transmittance
of the device structure with a compression strain of —2% is always at a low level. In the
bias window, the area with a transmission coefficient greater than 1 appears before the
bias of 0.7 V, but after 0.4 V, the area covered by the part with a transmission coefficient
greater than 1 in the bias window gradually decreases, indicating that the peak current is at
0.4 V. For Figure 4d with a compression strain of —5%, we note that the high transmission
region appears before 0.5 V in the bias window. Unlike Figure 4b, most regions with a
transmission coefficient greater than 1 appear between 0.5 V and 0.9 V, indicating that the
current value of this part is higher than that of the structure with a compression strain of
—2%. For Figure 4f with a compression strain of —8%, the peak transmission also appears
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(a)

50

at 0.4V, and with the increase of bias, it also maintains a high transmission coefficient in
most regions within the bias window.

From the transmission spectra of several structures, we obtained their I-V curves
using Formula (1). As shown in Figure 5a, the variations in the I-V curves of different
structures, represented by different colored lines, corresponded to the results we predicted
from the transmittance spectra. First, we can clearly see that the peak current of the strain
structure is significantly increased by about 15 pA compared with the original structure,
and the current of these strain structures increases rapidly with the increase of bias voltage,
reaching 0.4 V and then gradually decreases with the further increase of bias, and NDR
effects emerge. In particular, the I-V curves of strain structures show different peak-to-
valley current ratios. The peak-valley specific currents of ¢, = —0.02, ¢, = —0.05 and
€y = —0.08 are 9.27, 2.66, and 1.86, respectively. As shown in Figure 5b, we calculate
DOS for several strain structures. Corresponding to the color of the I-V curve, the green
line represents a device with a compressive strain of €, = —0.02, the red line represents
a device with a compressive strain of €, = —0.05, and the blue line represents a device
with a compressive strain of €, = —0.08. We observe that with the increase of compressive
strain, the peak value of DOS near the Fermi level of the device gradually increases, and the
peak value increases. This result is also mirrored by the I-V diagram of the device under
different strain conditions analyzed in the figure.
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Figure 5. (a) I-V curves of Type 1 under different strain conditions. (b) DOS of the device under
different strain conditions.

4. Conclusions

In summary, in this study we investigated the current transport characteristics of
two different edge morphologies of green phosphorus devices. Firstly, we discussed
the distinct electronic and transport properties of the zigzag edge (Type 1) and whisker-
like (Type 2) configurations. Secondly, it was shown that the I-V characteristics of
Type 1 exhibited a NDR effect, while the current of Type 2 linearly increased with
bias. Thirdly, we also discussed the current transport characteristics of the Type 1
configuration under strain modulation. Fourthly, from the perspectives of the band
structure, the DOS, and the transmission spectra, we analyzed the physical reasons for
the transport differences under different strain modulations in detail. Finally, different
strain intensities proved to result in different peak-to-valley ratios of the current. These
results provide effective avenues for exploring the influence of edge morphology on device
transport and studying the response between strain and NDR effect. These results share a



Crystals 2024, 14, 239 8 of9

guiding significance for the design of electronic nano-devices made of two-dimensional
green phosphorene.
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