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Two-dimensional (2D) GePj3 has recently been theoretically proposed as a new low-dimensional ma-
terial [Nano Lett. 17(3), 1833 (2017)]. In this manuscript, we propose a first-principles calculation
to investigate the quantum transport properties of several GeP3 nanoribbon-based atomic tunneling
junctions. Numerical results indicate that monolayer GeP3s nanoribbons show semiconducting behav-
ior, whereas trilayer GeP3 nanoribbons express metallic behavior owing to the strong interaction
between each of the layers. This behavior is in accordance with that proposed in two-dimensional
GeP3 layers. The transmission coefficient T'(E) of tunneling junctions is sensitive to the connecting
formation between the central monolayer GeP3 nanoribbon and the trilayer GeP3 nanoribbon at both
ends. The T(E) value of the bottom-connecting tunneling junction is considerably larger than those
of the middle-connecting and top-connecting ones. With increases in gate voltage, the conductances
increase for the bottom-connecting and middle-connecting tunneling junctions, but decrease for the
top-connecting tunneling junctions. In addition, the conductance decreases exponentially with respect
to the length of the central monolayer GeP3 nanoribbon for all the tunneling junctions. -V curves
show approximately linear behavior for the bottom-connecting and middle-connecting structures, but
exhibit negative differential resistance for the top-connecting structures. The physics of each phe-
nomenon is analyzed in detail.
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rial behaviors.
Three-dimensional GeP3 has been investigated for
many years, which are extensively considered to pos-

1 Introduction

Since fabrication of graphene in 2004 by Giem et al. in
experiment [2], two-dimensional (2D) materials investi-
gation have been one of the most popular and impor-
tant research field in physics, chemistry and material
science. So far, many 2D materials have been proposed,
including graphene [3-10], silicene [11, 12], TMDC [13-
18], black phosphorus [19-21], h-BN [22-24] et al., and
lots of researches have been carried out to investigate
their chemical, electronic, optical, mechanical, thermal
and magnetic properties [25-32]. These materials span
metal, Dirac semiconductor, direct band semiconductor
and insulator, and show extensive application prospect
in nanoscale electronics and spintronics considering of
their natural dimensional constraint and typical mate-

sess a promising application prospect of anode materi-
als because of higher specific capacity compared with
those of carbonaceous materials. Using facial and large-
scale ball milling method, Qi et al. [33] prepared GeP3/C
nanocomposite anode material, which shows excellent
lithium storage performance with a high reversible ca-
pacity up to 1109 mA-h-g=! after 130 cycles at a cur-
rent density of 0.1 A-g~!. The reversible capacity can
sustain with only a little change even at very high cur-
rent density. Using first principles calculation method,
Zhang et al. [34] investigated the electric behaviors of
the adsorption of Li atoms on single-layer GeP3. They
found that Li-GePj3 has merits of huge capacity, small
diffusion barrier, and low average open-circuit voltages,
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which indicates a promising application of this material
in rechargeable lithium batteries.

Very recently, 2D GeP3 with a few layers was theoret-
ically proposed and its structural and electronic behav-
iors were investigated using first principles calculation
method [1]. Similar to black phosphorus, GeP3 possesses
a puckered honeycomb structure, where each germanium
atom is enclosed by three phosphorus atoms in an equiv-
alent plane. The authors proved that 2D GeP3 with few
layers is dynamically stable and can exist independently
by calculating phonon dispersion spectrum. With the
decrease of dimension of GeP3 from multilayer to mono-
layer, its electronic behavior transforms from metallic to
semiconducting. For a monolayer GeP3, a low indirect
band gap of 0.55 eV appears at the Fermi level. The num-
ber of layers induced metal-semiconductor phase transi-
tion of GePj3 indicates a potential application of nano-
electronic devices via building nanoscale tunneling junc-
tions.

So far, no research has been carried out to investi-
gate the quantum transport of GeP3 nanoribbon based
tunneling junctions. Comparing to the conventional tun-
neling junctions including molecular junctions and bulk
tunneling junctions, which have been extensively investi-
gated both theoretically and experimentally [20, 21, 35,
36], nanoribbon based tunneling junctions have several
merits. The molecular junctions are extremely hard to
control the connecting details because the electric con-
duction is so sensitive to the connection between the
molecule and leads. In comparison, the nanoribbon based
junctions can provide a definite quantum transport prop-
erty. Comparing to the bulk tunneling junctions, the
nanoribbon based tunneling junction is boundary control
with additional edge characteristics [37-39] and shows
more promising usage in the future.

In this paper, we propose several kinds of GePj
nanoribbon based tunneling junctions and investigate
their electric transport behaviors using first principles
calculation method. The density of states (DOS), trans-
mission coefficients and I-V curves were calculated for
all the GeP3 nanoscale tunneling junctions under dif-
ferent bias voltage and gate voltage. We found that
the quantum transport behaviors have large distinction
among different tunneling junctions. For several tunnel-
ing junctions, conductance is large and increases versus
gate voltage. While for other tunneling junctions, con-
ductance is small and decreases versus gate voltage. In
the following, we introduce the GeP3 nanoribbon based
tunneling junctions and the numerical results in detail.

2 Structures and simulation methods

Figures 1(a)—(c) display three different configurations
of hydrogenated zigzag trilayer-monolayer-trilayer GeP3
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nanoribbon based tunneling junctions, where only the
bottom layer, the middle layer and the top layer of
monolayer nanoribbon in the center region are extended
to the bilateral semi-infinite trilayer GeP3 nanoribbons.
These bottom-connecting, middle-connecting and top-
connecting tunneling junctions are hereafter named con-
figuration I, configuration II, and configuration III, re-
spectively. In our calculation, the length of central mono-
layer nanoribbon is changed from N =5 to N =11 and
the width is fixed equal to M = 4 for each configuration,
where N and M are the number of unit length along
transverse and transport direction, respectively. All the
lateral atoms are saturated by hydrogen atoms and the
structures are relaxed using VASP [40] accomplished by
PBE functional along with PAW potentials [41, 42]. The
kinetic energy cutoff was chosen to be 500 eV and the
reciprocal space was meshed by 13 x 9 x 1 using the
Monkhorst—Pack method [43]. The volumes of structures
were fully relaxed until the atomic force is smaller than
0.001eV/ A. Numerical results show that the total energy
of configurations I and configuration III are more lower
than that of configuration II, and the distances between
layers are 3.17 A for the top two layers and 3.64 A for the
bottom two layers. Nanoribbon at each layer is slightly
deformed but keeps the same width as the other ones. To
see more clearly, the unit cell of the monolayer bottom
ribbon, the monolayer middle ribbon, and the monolayer
top ribbon are shown individually in Figs. 1(d)—(f). Note
that the unit cells of bottom ribbon and middle ribbon
are identical, but they are different from that of the top
ribbon. For the bottom ribbon and the middle ribbon,
the atoms at both zigzag edges are phosphorus, while
for the top ribbon the atoms at both zigzag edges are
phosphorus and germanium alternatively.

The quantum transport properties of the GeP3 tunnel-
ing junctions were implemented by the transport pack-
age Nanodcal, which is based on the standard NEGF-
DFT method [44]. In our calculation, norm-conserving
non-local pseudo-potential was used to define the atomic
cores [45], and atomic orbital basis set with double-¢
plus polarization was used to expand physical quanti-
ties [46, 47]. The exchange correlation potential was
treated using the LDA functional [42, 48, 49]. Finally,
the NEGF-DFT self-consistency was carried out until
the numerical tolerance of the Hamiltonian matrix is less

than 10~% eV.

3 Numerical results and analysis

In this section, we show our numerical results of electric
behavior and quantum transport of the GeP3 tunneling
junctions, including the density of states (DOS), trans-
mission coefficients T' and I-V curves. Previous investi-
gation indicated that 2D monolayer GeP3 shows semi-
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Fig. 1 (a—c) Side view of schematic structures of hydrogenated zigzag trilayer-monolayer-trilayer GeP3 tunneling junctions
with N = 9 and M = 4 for (a) configuration I, (b) configuration II, and (c) configuration III. For each configuration, the
trilayer GeP3 nanoribbon leads are extended to left and right infinity as highlighted by green color. In the center region, only
the bottom layer, the middle layer and the top layer of the monolayer nanoribbon is extended to the bilateral trilayer GeP3s
buffer layer respectively for configuration I, configuration II and configuration III. (d—f) Top view of the periodic structures
of (d) bottom layer, (e) middle layer, and (f) top layer of hydrogenated zigzag GePs lead. The purple, green and white balls
indicate phosphorus, germanium and hydrogen atoms, respectively. For the bottom ribbon and the middle ribbon, the atoms
at both zigzag edges are phosphorus, while for the top ribbon the atoms at both zigzag edges are phosphorus and germanium

alternatively.

conducting behavior, while few layers GePj3 is trans-
formed to be conducting. Therefore, we want to first ana-
lyze the electronic behavior of different GeP3 nanoribbon
as shown in Figs. 1(d)—(f). Figures 2(a)—(c) show DOS
of isolated GeP3 monolayer bottom ribbon (the same
as the monolayer middle ribbon), monolayer top ribbon,
and trilayer ribbon of leads, respectively, by projecting
the DOS to the s orbitals and p orbitals of phospho-
rus and germanium. Several information can be found:
(i) both monolayer bottom ribbon and monolayer top
ribbon show semi-conducting behavior, and the gap of
the former is smaller than that of the latter. This is
mainly caused by the chemical inequivalence of the edge
atoms between the monolayer GeP3 nanoribbon. Accord-
ing to Ref. [50], the band structure near the Fermi level
of a nanoribbon is mainly dominated by edge atoms,
and band gap increases versus chemical inequivalence of
these edge atoms. For the bottom ribbon as shown in
Fig. 1(d), one zigzag edge is upfolded, while the other is
downfolded, indicating the two zigzag edges composed of
P atoms are inequivalent. However, for the top ribbon
as shown in Fig. 1(f), P atoms and Ge atoms are inter-
phase at both sides with a Ge (P) atom at one edge corre-
sponding to a P (Ge) atom at the other edge. Besides the
folding inequivalence of atoms at both zigzag edges, the

Qiang Wang, et al., Front. Phys. 13(8), 188501 (2018)

positions of Ge and P atoms at both zigzag edges are also
inequivalent. Thus the chemical inequivalence of the top
ribbon is more obvious than that of the bottom ribbon,
and therefore a larger gap for the latter. In other words,
the appearance of lateral Germanium atoms increases
the CBM and decreases the VBM of the monolayer top
ribbon comparing to the monolayer bottom nanoribbon.
(ii) For both monolayer nanoribbons, the CBM and the
VBM are mainly contributed by p orbitals of phospho-
rus atoms, and then contributed by p orbitals of germa-
nium atoms. The contribution from s orbitals of phos-
phorus and germanium atom is much smaller. This be-
havior of PDOS of monolayer GeP3 nanoribbon is very
close to that of 2D monolayer GeP3 found in Ref. [1].
(iii) Different from the monolayer ribbons, trilayer GeP3
ribbon shows metallic behavior, where all the orbitals
of phosphorus and germanium near the Fermi level are
spread enormously and overlap at the Fermi level. To see
more clearly, Fig. 2(d) shows the PDOS of trilayer GePs3,
where DOS is projected to each layer of trilayer GePg
nanoribbon. Comparing to monolayer GeP3 nanoribbon,
each layer of trilayer GeP3 ribbon is transformed from
semi-conducting to metallic due to the interaction be-
tween layers.

In the following, we analyze the transmission coeffi-
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Fig. 2 (a—c) PDOS of periodic zigzag GePs nanoribbon for (a) monolayer bottom ribbon; (b) monolayer top ribbon;
and (c) trilayer ribbon of leads. In each panel, the pink dash-dot-dot curves, red solid curves, blue dash curves, and black
dash-dot curves indicate the DOS projected to s orbitals of phosphorus, p orbitals of phosphorus, s orbitals of germanium,
and p orbitals of germanium. The vertical green dash lines are the Fermi level. (d) PDOS of trilayer GePs versus energy
projected to the bottom ribbon, the middle ribbon and the top ribbon.

cient of different configurations of GeP3 tunneling junc-
tions. The transmission coefficient T" of a two probe sys-
tem can be calculated by [51]

T(E) = 4Tr[Im(2L(E))G" (E)Im(ZR(E))G*(E)], (1)

where Y7/ p is the self-energy which describes the cou-
pling between lead L/R and scattering region; G™* is the
retarded/advanced Green’s function of the system, which
is defined as G" = [G%]l = [E — H — ¥ — Yg]~! with
H the Hamiltonian of system. Fig. 3(a) shows T versus
E of GePj3 tunneling junctions with bias voltage equal
to zero, where the black solid curve, red dash curve and
blue dash-dot curve are for configuration I, configuration
II, and configuration III, respectively. We can find that
the transmission coefficient at the Fermi level T'(EF) is
largest for configuration I (roughly equal to 0.2), and is
least for configuration III (roughly equal to 0.001). The
magnitude of T(Er) of configuration II is in the mid-
dle and roughly equal to 0.01. Besides, there are several
broad peaks of T'(E) above the Fermi level for configu-
ration I and II, while the peaks disappear for configu-
ration III. Considering of the different configuration as
shown in Fig. 1, we can draw a conclusion that the differ-
ence of T(E) between configuration I and configuration
IT is contributed by the different connecting potential be-
tween the scattering region and leads, i.e., the bottom-
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connecting and middle-connecting potentials. As shown
in Figs. 1(d), (e) and (f), the structures of the middle
layer and the bottom layer of nanoribbon are the same,
and they are different from the top layer. That means the
only difference between configuration I and configuration
II is the connecting formation between the trilayer rib-
bon (leads) and the monlayer ribbon (center). In other
words, the difference of T(E) between configuration I
and configuration II is contributed by the different con-
necting potential between the monolayer ribbon and the
buffer layers in the scattering region. While the differ-
ence of T(E) between configuration I and configuration
IIT is mainly due to the different structure of monolayer
GeP3 nanoribbon in the scattering region, i.e., the ribbon
edges with pure phosphorus and phosphorus/germanium
alternatively. Because the band gap of monolayer top
ribbon is much larger than that of bottom ribbon, the
barrier in configuration III is much higher than that in
configuration I, and therefore T'(Er) of configuration IIT
is much smaller than that of configuration I.
Furthermore, we found that the peak of T(F) at
E = 0.045 €V for configuration I is mainly contributed by
the trilayer GeP3 nanoribbons leads whose DOS shows a
peak at roughly the same energy as shown in Fig. 2(c).
Although the section of monolayer bottom ribbon in the
central of scattering region shows semi-conducting be-

Qiang Wang, et al., Front. Phys. 13(3), 188501 (2018)
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havior at £ = 0.045 eV, its barrier height is not large
enough to block the overlap of expending p states of left
lead and right lead in the center region for configuration
I, and therefore a large peak of T(F) appears. While
for configuration III, the continuum states of left lead
and right lead at roughly £ = 0.045 eV are blocked in
left and right region, respectively, by the central mono-
layer top ribbon due to its high potential barrier. As a
result, T(E) near E = 0.045 €V is very small for configu-
ration III, although DOS of both leads near this energy
are very large. To see more intuitively, we plot the real
space scattering DOS at E = 0.045 ¢V in Figs. 3(b)—(d)
for configuration I-III, respectively. Obviously, the scat-
tering DOS of both leads are largely overlapped in the
center region for configuration I, slightly overlapped for
configuration II, and barely overlapped for configuration
III, corresponding to the decrease of transmission coef-
ficient in sequence. The other peaks of T'(E) above the
Fermi level in Fig. 3(a) can be understood similarly.
Next, we analysis the influence of gate voltage to
transmission coefficient for each configuration. In our
numerical calculation, the gate voltage is simulated by
supplying a uniform electric field to the central mono-
layer nanoribbon along the vertical direction. Finally, the
gate controlled hamiltonian of the system can be deter-
mined self-consistently using first-principles calculations
by ensuring the continuous and derivative continuous of

charge and potential at the gate boundaries. Figures
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4(a)—(c) show the conductances G versus gate voltage
Vy from —5 V to 5 V for configuration I, II, and III, re-
spectively. For configuration I and II, the conductance
increases versus gate voltage, which implies an n-type
conduction. While for configuration III, the conductance
decrease versus gate voltage, where a p-type conduction
is performed. To understand these behaviors, we cal-
culated the scattering states at the Fermi level of each
configuration under different voltage, and then projected
these states to the renormalized energy levels of the scat-
tering region using the following equation,

Po = |(¢o|¥(EF))?, (2)

where ¢¢ is the renormalized LUMO or HOMO of mono-
layer GeP3 nanoribbon section in the central of scatter-
ing region including the influence from leads, and ¥(Er)
represents the scattering state at the Fermi level of each
configuration under different gate voltage. Numerical
results are shown in Figs. 4(d)—(f), where PLymo and
Puomo under zero and 5 V gate voltages are plotted
for configuration I, II, and III, respectively. We found
that although T'(Fr) is small for each configuration, it is
still mainly contributed by the renormalized LUMO and
HOMO states, indicating the validity of this method in
conductance analysis. For configuration I and II, LUMO
levels are closer to the Fermi level than HOMO levels
when Vj is equal to zero, and therefore Prywmo is larger
than Pyomo- With increasing of gate voltage, the LUMO

(b)

(@

Fig. 3 (a) T(FE) versus E under zero bias voltage for configuration I (C1), configuration II (C2), and configuration III
(C3) with N = 9. The vertical green dash line indicates the Fermi level. Inset: Detail view of T(E) near the Fermi level for
configuration III. (b—d) Isosurface plot of real space distribution of scattering states at E = 0.045 eV for configuration I-I11
with N = 9, respectively, where the value of isosurface plot is 4 x 1076.
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Fig. 4 (a—c) G versus V; for (a) configuration I with N =

9, (b) configuration II with N =9, and (c) configuration III

with N = 9. (d—f) Normalized Puomo and Prumo under different gate voltages for configuration I, 11, ITI, respectively.

level is pushed closer to the Fermi level accompanied with
increasing Prumo. As aresult, T(Er) increases as a func-
tion of gate voltage as shown in Figs. 4(a)—(b). While for
configuration ITI, HOMO level is closer to the Fermi level
than LUMO level when Vj is equal to zero, and T'(Er)
is mainly dominated by Pgomo. With increasing of gate
voltage, the HOMO level is pushed away from the Fermi
level, and therefore T'(Er) decreases.

Figures 5(a)—(c) show equilibrium T'(E) as a function
of energy for configuration I, II, and III, respectively,
with different length N (N =5, 7, 9, 11). For each con-
figuration, T(EFr) decreases with increasing of N. This
is reasonable because the height of potential barrier in
the middle central is proportional to the length of cen-
tral semiconducting GeP3 monolayer nanoribbon. Fig-
ures 5(d)—(f) show the conductance G versus N for each
configuration, respectively, where G' = 2¢?/hT(Er). We
found G show roughly exponential decay versus N for
each configuration by G = Goe #V, where the decay
factors 8 of configuration I, II, and III were fitted and
equal to be 0.4967, 0.6459, and 0.9097, respectively. Ob-
viously, the decay rate of configuration I is much smaller
than configuration III.

Finally, the non-equilibrium transport behaviors were
investigated for each configuration, where the electric
currents of each configuration was calculated using the
Landauer-Biittiker formula as follows [52]:

e [T
I = _E/_oo dE[fL(E—uL)—fR(E_MR>]T(E)7 (3)

where fr,r is the Fermi distribution function of
left /right lead. Figure 6 shows the I-V curve for each

138501-6

configuration under different gate voltages. For con-
figuration I and II, currents increase versus bias volt-
age roughly linearly under different gate voltage. For
a given bias voltage, current increases with gate voltage
due to the increase of transmission coefficient as shown in
Figs. 4(a)—(b). While for configuration III, negative dif-
ferential resistance appears when bias voltage is roughly
larger than 0.05 V and smaller than —0.05 V. By compar-
ing the transmission coefficients under different bias volt-
age, we found that a sharp peak of T(E) in the integral
energy domain of Eq. (3) is leveled with further increas-
ing or decreasing of bias voltage, although the integral
energy domain of T'(E) is increased. Currents decrease
in sequence from configuration I to configuration III for
the structures with the same center length, showing ac-
cordant behavior of transmission coefficient as shown in
Fig. 3(a). Moreover, we found that the influence of gate
voltage to a short structure is smaller than to a long
structure as shown in Figs. 6(a) and (d). This is reason-
able because the contribution from both leads to T'(E)
is more affected by a gate voltage for a short structure.

4 Summary

In summary, we propose a first-principles calculation
to investigate the quantum transport properties of sev-
eral GeP3 nanoribbon based atomic tunneling junc-
tions. Numerical results indicate that monolayer GeP3
nanoribbon shows semiconducting behavior, while tri-
layer GeP3 nanoribbon expresses metallic behavior due
to the strong interaction between each of the layers.

Qiang Wang, et al., Front. Phys. 13(3), 188501 (2018)
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This behavior is accordant with that proposed in two
dimensional GePg layers. The transmission coefficient
T(E) of tunneling junctions is sensitive to the con-
necting formation between the central monolayer GeP3
nanoribbon and the trilayer GeP3 nanoribbon at both

Qiang Wang, et al., Front. Phys. 13(8), 188501 (2018)

ends. T(F) of the bottom-connecting tunneling junc-
tion is much larger than that of the middle-connecting
and top-connecting ones. With increase of gate voltage,
the conductances increases for the bottom-connecting
and middle-connecting tunneling junctions, while de-
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creases for the top-connecting tunneling junctions. In
addition, the conductance decreases exponentially ver-
sus the length of central monolayer GeP3 nanoribbon
for all the tunneling junctions. I-V curves show roughly
linear behavior for the bottom-connecting and middle-
connecting structures, while exhibit negative differential
resistance for the top-connecting structures. These prop-
erties offer GeP3 an interesting new employment in de-
vice applications for both nano-scale probes and semi-
conductors.
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