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Published: 29 Novermber 2016 . N this paper, pho.sp?horene nanorleons (.PN.Rs) are theoretically st.udled using a multiscale sn_mulatlon
. flow from the ab initio level to the tight binding (TB) level. The scaling effects of both armchair PNRs
. (aPNRs) and zigzag PNRs (zPNRs) from material properties to device properties are explored. The much
. larger effective mass of holes compared to that of electrons in zPNR is responsible for its asymmetric
. transport. However, in aPNR, not only the effective mass difference but also the non-equal density of
state (DOS) distributions near valence band maximum (VBM) and conduction band minimum (CBM)
lead to the asymmetric transport. This non-equal distribution phenomenon is caused by energy band
degeneracies near the VBM. Based on these two different mechanisms, PNRs’ asymmetric transport
. characteristics at the device level are explained, and it is shown that this behaviour can be ameliorated
. well by reducing the ribbon width in an aPNR MOSFET. Calculation results also indicate that aPNR’s
. effective mass is comparable to that of a graphene nanoribbon (GNR) at the same bandgap; however,
aPNR'’s band gap variation is more stable and regular than that of GNR, making it a good candidate for
use in low-dimensional nano devices.

. Two-dimensional materials such as monolayer graphene and MoS, are extensively studied for the development of

© planar technology. Charge carriers in graphene are massless, which is favourable in current transport. However,

© its zero bandgap significantly hinders graphene’s applications. Although graphene can be cut into a nanorib-

. bon to generate a bandgap, the effective mass also increases sharply with the scaling of the ribbon width!~%. As

© anaturally non-zero bandgap material, monolayer MoS, is regarded as another competitive candidate for use

: in two-dimensional nano devices®®. However, the low carrier mobility that makes it not so easy to support a

* large current is possibly the most serious problem of MoS,°-!!. Owing to its good balance between the bandgap

. and carrier mobility, phosphorene has attracted intense research interest'?. The bandgap of monolayer phos-

. phorene is approximately 1eV and the reported carrier mobility is up to 1000 cm?/V - s*2-15, making it suitable

¢ for quasi-two-dimensional applications. Anisotropic conducting behaviour is another interesting property of

. phosphorene due to its different effective masses of carriers along different transport directions'2.

: Following the continuous scaling down of nano devices, large area phosphorene is tailored into phosphorene
nanoribbon (PNR)!¥, similar to graphene nanoribbon (GNR). PNR provides opportunities to use phosphorene
in 1D nanoelectronics and to tune the electronic and transport properties of monolayer phosphorene!7?%2!,
Several studies have shown that the PNR bandgap increases with decreasing ribbon width and that PNR also
shows asymmetric conducting behaviour!”?%; several other properties such as the strain effect, edge saturation,
defect, and stability have been studied as well'”12%22-25 However, the mechanism of asymmetric transport of
electrons and holes in PNRs with different chiralities, which should be different from that of phosphorene because
of PNR’s nano scale size, has not been elucidated.

The existing theoretical calculation methods of PNR face obstacles in the exploration of its transport mecha-
nism. For examples, several studies utilized tight binding (TB) parameters of phosphorene?>**?’. Other researchers

- used computation theories such as the k- p d and effective mass methods!®*. However, in these methods, the key

: parameters are obtained from large area phosphorene, without considering the edge effect of PNR. Their availa-

. bility and accuracy in PNR, especially when including the scaling effect, are limited.

: Here, we introduce a new method for simulation of the material and transport properties of PNR. This simu-

. lation procedure has been verified for silicon and carbon devices, as reported in our previous works?*. First, the

. edge effect is considered by a force relax calculation within the ab initio method. Then, the energy band properties
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Figure 1. Front views (a,c) and side views (b,d) of 7-aPNR and 7-zPNR. Transport direction is along the z axis.
P atoms are shown in deep blue, and they are saturated by H atoms, which are shown in light blue. Outside
rectangles are the size of supercells.

are transformed perfectly into the TB parameters using the Wannier function®. These TB parameters obtained
from the Wannier transformation describe PNR’s material properties more precisely than those obtained directly
from large area phosphorene.

Using this method, both material properties and device properties of PNRs with different ribbon widths are
simulated and summarized. We found that the hole current in armchair PNR (aPNR) is larger than the electron
current, while in zigzag PNR (zPNR), the electron current is larger than the hole current, demonstrating the
asymmetric transport in PNRs. To explore this interesting phenomenon, the energy band structures, densities of
states (DOS) near the valence band minimum (VBM) and conduction band maximum (CBM), effective masses
of electrons and holes, and respective field effect mobilities (1) of PNR are analysed in detail. The mechanisms
underlying aPNR’s and zPNR’s asymmetric transport behaviours are different, and as a scaling effect, the asym-
metric behaviour of aPNR can be significantly ameliorated by reducing its ribbon width. The calculations also
clearly show that the effective mass of aPNR is similar to that of aGNR at the same bandgap but that its bandgap is
more stable and regular than that of GNR (which is helpful for reducing difficulties in technological implementa-
tion). Therefore, aPNR can be a competitive candidate for use in next-generation nano devices. Our explanation
of the mechanism provides a theoretical foundation for its future applications.

Results and Discussions

The supercells used as basic models in the ab initio simulation of PNRs are shown in Fig. 1. For convenience,
PNRs are denoted by their widths (similar to GNRs). For example, the front views of 7-aPNR and 7-zPNR are
shown in Fig. 1(a,c). In our calculations, PNRs are all saturated by H atoms drawn as light blue balls. The effect
of substrate is not incorporated and a high pressure hydrogen environment is considered in order to eliminating
reconstructions of PNR edges®**?. The rectangles outside are the sizes of the supercells and are set to be larger
than the sizes of the PNR structures in both the x and y directions in order to remove the interactions with image
PNRs in the ab initio computation. In the TB model that has been reported previously*, two types of bonds that
induce the largest effect on the band structure of phosphorene are denoted as b1 and b2 in this figure. To release
the forces, variable-cell calculation is adopted with the variations of these two types of bonds along with their
positions shown in Fig. 2. It is clear that two or three bond lengths near edges show obvious variations. The edge
effect induces increases in b2 in zZPNRs, while the edge bonds are reduced in other cases. Another interesting
phenomenon is that the changes in b2 at aPNR edges are less than those on the inside of the aPNR. The variation
ranges of b1 and b2 in aPNR are approximately 0.005 A, and the ranges in zPNR are 0.02 A and 0.01 A, respec-
tively. Therefore, the edge reconstruction effect has a greater impact on zZPNR than aPNR after force relaxation.
Additionally, PNRs with narrower widths are more strongly impacted because of their higher fraction of the edge
atoms. It can be concluded that the width scaling effect leads to changes in both aPNR and zPNR structures. Thus,
it also can be inferred that their electronic properties are affected.

Following force relaxation, the band structures of PNRs with widths ranging from 7 to 27 were calculated.
Figure 3(a) shows the results obtained for some PNRs as examples. The number of bands within the same energy
range increases when the ribbon width is enlarged, and so do the energy valleys at I" point. More importantly,
these valleys tend to be more degenerate at CBM or VBM as the ribbon width increases. Because the band struc-
tures near the CBM and VBM are important for carrier transport, three conduction band valleys (CB1, CB2, and
CB3) and three valence band valleys (VB1, VB2, and VB3) in every PNR are chosen and are discussed in detail.
Energy differences of these valleys in aPNRs with different ribbon widths are shown in Fig. 3(c) in units of kT,
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Figure 2. (a,b) Length variations of bI and b2 in aPNRs. (c,d) Length variations of b1 and b2 in zPNRs. For
better presentation, the middles of different ribbons are moved into the same y coordinate.

where k is the Boltzmann’s constant and T is the absolute temperature (300K in our calculation). It is clear that
the energy band degeneracy appears at both valence and conduction bands in aPNRs when the ribbon widths
are large, and the degeneracy of the valence bands increases much faster than that of the conduction bands. The
energy difference between VB1 and VB2 drops significantly below 1* kT when the ribbon width is larger than
19, and even the difference between VB1 and VB3 decreases rapidly. For CB1 and CB2, the lowest difference is
approximately 1.6* kT. Lower energy differences between VB1 & VB2 and VBI1 & VB3 indicate a greater degen-
eracy of the valence bands that can induce a higher DOS at the VBM. On the other hand, degeneracy behaviour
can be eliminated by reducing the ribbon width of the aPNR. Unlike aPNR, the energy differences of valleys in
zPNRs are much larger as shown in Fig. 3(d). Although the tendency of decreasing energy differences can also be
observed, decreasing velocities in conduction bands and valence bands are similar to each other and the lowest
energy difference is still larger than 4* kT, which means that no actual degeneracy exists in zPNRs. Thus, the
DOS of CBM or VBM in zPNRs are mainly determined by the lowest conduction band or the highest valence
band. Real space distributions of these energy valleys within aPNRs and zPNRs are displayed in Fig. 3(e), as a
reference of energy band degeneracy. For aPNR with a wide ribbon width (27-aPNR), these energy states show
the localization property. CB1 and VB1 are mainly located in the middle of the ribbon, which may be caused
by the edge effect. It is interesting that CB2 and VB2 are forbidden in the middle of the PNR and that they are
nearly complementary with CB3 and VB3, respectively. It can be deduced that the edge effect and band degen-
eracy jointly induce these localization phenomena, and the localizations within zZPNRs are weaker than aPNRs
because of the less degeneration tendency in the energy bands of zZPNRs. As the ribbon width is scaled down, the
localization behaviour is eliminated gradually and can hardly be observed in 7-aPNR. Weak localization in the
narrow width PNR can help improve the transport properties in PNR since it can promote the transmission of
carriers. However, this promotion effect may be limited considering other degeneration factors such as effective
mass which will be discussed later.

In addition to energy band degeneracy, several other interesting phenomena can be seen in the bandgaps
as shown in Fig. 3(b). The bandgaps and their range of variation of ZPNRs are larger than those of aPNRs. In
graphene, the hexagonal Brillouin zone is superimposed and touches the energy bands at the K-points. Six equiv-
alent Dirac points are present at the boundary of graphene’s Brillouin zone, resulting in three families according
to bandgap variation in its respective ribbons. However, inverse relations are observed between the ribbon widths
and bandgaps in both aPNR and zPNR without being divided into different families because of the lack of equiva-
lent Dirac points. Because the variation curves do not show any fluctuations, the PNR bandgaps are more regular
and stable than those of GNRs. Moreover, the bandgaps in PNRs will still be maintained at values above that of
the phosphorene bandgap (approximately 1 eV in our calculation) even when their widths are hugely enlarged.
Thus, in device applications, PNRs can be much wider than GNRs which will undoubtedly reduce technological
restrictions on their use and increase their current transport ability. It is also important to note the following sub-
tle detail: as their width is scaled down, aPNRs remain direct-gap semiconductors; however, in zZPNR, the VBM
begins to shift away from the I" point for widths less than 17, making zPNRs indirect-gap-like semiconductors.
As illustrated in the plot of 7-zPNR shown in the insert of Fig. 3(a), the VBM is located at 0.08* k, and the energy
difference between the VBM and the highest energy at the I" point is 7 meV. This characteristic may influence the
variation of the zZPNR hole effective mass, as discussed below.
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Figure 3. (a) Band structures of six types of PNRs. At I" point, the three lowest conduction band valleys and
three highest valence band valleys are denoted by CB1, CB2, CB3, and VB1, VB2, VB3 shown in 15-aPNR and
15-zPNR as examples. (b) Bandgap variations along with ribbon width. (c,d) Energy difference variations of
energy valleys along with ribbon width in aPNR and zPNR, respectively. Real space distributions of energy
valleys in different aPNRs and zZPNRs are also shown in (e). VB1, VB2, ETC., are energy valleys in each PNR
(shown in (a) as examples). Red colour shows the isosurfaces of distribution probabilities of electrons within the

respective valleys. The value of isosurfaces is 5 x 1074
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Figure 4. DOS of several aPNRs (a,b,c) and zPNRs (d,e,f). The horizon lines are 3 * kT away from CBM or
VBM.

As an important factor in carrier transport, DOS (depicted in Fig. 4) verifies the effect of energy band degen-
eracy in PNRs. The horizon lines are 3* kT away from the CBM or VBM. In 7-aPNR, the DOS near the CBM and
VBM are similar to each other because the energy band degeneracies are not obvious. However, with the increase
in the ribbon width, DOS are increased as well because VB2 and VB3 move upward and CB2 and CB3 move
downward (Fig. 3(a)). The degeneracy appears more rapidly for the valence bands than for the conduction bands.
Thus, DOS near the VBM become higher than the CBM when the ribbon width is increased, as seen for 15-aPNR
and 27-aPNR for which the VBM DOS are almost twice as large as the CBM DOS. In 27-aPNR, the DOS peaks
which are induced by the overlap of individual energy valley provides another proof of the existence of energy
band degeneracies.

For a comparison, the zPNR DOS are also shown. It is clear that the DOS peaks induced by each energy valley
can be clearly distinguished even when the ribbon width reaches 27 because there is no obvious energy band
degeneracy, as discussed above. However, the VBM DOS are still higher than the CBM DOS. It is inferred from
the above analyses that the high DOS of VBM in aPNRs are caused by band degeneracies, while in zPNRs, DOS
due to the highest valence band are higher than due to the lowest conduction band.
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Figure 5. (a,b) Effective mass variations along with ribbon width in aPNRs and zPNRs, respectively. To
compare to GNRs, effective mass variations together with bandgaps in aGNRs and aPNRs are also shown in
(c,d), respectively.

The role of effective masses near the CBM and VBM is explored, as shown in Fig. 5. Figure 5(a) shows that
effective masses of both electrons (,*) and holes (m,*) of aPNRs increase with the scaling down of ribbon width
and show a nearly exponential distribution. Within the variation, m,* is 10% larger than m,* up to their phos-
phorene values of 0.16*m, for m,* and 0.15*m, for m,*, where m, is the absolute mass of an electron in a vacuum.
This small difference may not fully account for asymmetric transport in aPNRs, especially when the ribbon width
is large. Fitting equations for hole (1) and electron (2) effective masses of aPNRs can be sorted as

mt=oax*e™ + m*

p 'p__phosphorene (1)
and
_ YW
m: - ﬂ *e + mr’t‘_phosphorene 2)

where o and 3 are fitting coefficients equal to 0.2415 and 0.2887, respectively. The exponential coeflicient 7 is
0.262 for both mP* and m,*, proving that holes and electrons have similar variation tendencies. w is the ribbon
width in the unit of atoms.m* ;. andm} . norene €3N be treated as effective masses of holes and electrons
in phosphorene along the armchair direction irrespective of slight deviations and are equal to 0.1498 and 0.1649,
respectively. It is noted that after the ribbon width is reduced from 27 to 7, only a 25% increase in the effective
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mass is observed in aPNR; this means that the ribbon width of aPNR can be scaled down without a significant loss
of transport ability.

Unlike in aPNRs, the effective masses in zPNRs are much larger, as can be observed in Fig. 5(b). m,* main-
tains its phosphorene value (1.2* m,) with the reduction of the ribbon width, while m,* first increases but then
decreases when the ribbon width is less than 17. This is because the VBM moves away from the I' point and
becomes similar to an indirect gap semiconductor, as discussed above, with an increase in the VBM curvature
after the shift. The minimum value of mp* is 3.2* m,, which is still much larger than m,*, whereas its phosphorene
value is 6.9 * m,. The high DOS induced by the highest valence band in zPNRs shown in Fig. 4(d-f) can also be
attributed to the large effective masses. However, this property can hardly induce hole currents that are larger than
electron currents because mm,* in ZPNRs are too large.

For a meaningful comparison, the effective mass variations along with bandgaps of aGNRs and aPNRs are
drawn together in Fig. 5(c,d). Although both m,* and m,* in aGNR are very low when the bandgap is small,
they increase quickly when the bandgap is enlarged, with the increasing trend obeying Gaussian fitting. This
means that the bandgap enlarges the aGNR effective mass because the Dirac point is broken®!%>. In contrast, the
increases in mm,* and m,* in aPNRs are much lower and they obey linear fitting with small slopes. When comparing
the effective masses of aGNRs and aPNRs at the same bandgap, the low effective mass advantage no longer exists
in aGNRs. The effective masses of zGNRs and zPNRs are not compared because zGNRs are gapless.

In addition to the material parameter analysis, the asymmetric transport in PNRs can be directly demon-
strated in device-level simulations. In our procedure, TB Hamiltonians of PNRs are obtained using maximally
localized Wannier functions (MLWF)31%, Because of the MLWFs’ unitary transformation property, the material
properties of PNRs are accurately represented by the TB parameters. Using these TB parameters, Schrodinger’s
equation is solved by the non-equilibrium Green’s function (NEGF) method and the final transport properties
are obtained by iterations between Schrodinger’s and Poisson’s equations. To compare the current properties of
different PNRs at the device level, a PNR MOSFET model is constructed and is shown in Fig. 6. A double-gate
structure is chosen for its good performance in nano device design. The SiO, layers on both sides are 1-nm thick.
The channel length is 10 nm and it is undoped. The channel is connected to virtual reservoirs at its ends acting as
the source and drain®. Carriers within the channel are assumed to be ballistic transport since the channel length
is only 10 nm. Both the source and drain are assumed to be heavily doped and their Fermi levels only can be con-
trolled by the source to drain voltage. At zero gate voltage (V,), the Fermi level of the channel is kept in the middle
of the PNR’s forbidden band by a translation of the diagonal terms in the Hamiltonian. The source voltage is kept
at zero, and the source to drain voltage (V) is 0.1 V.

Transfer curves of MOSFETs with different PNR channels are presented in Fig. 7. As shown in Fig. 7(a), as
the ribbon width is increased, both on (1,,) and off (I, state currents are increased. However, I,z of all aPNR
MOSFETs are still maintained below 10~mA, which is a tiny value in digital logical circuits, and I,,, are several
or dozens of mA, as seen from the linear scale plots in Fig. 7(b). It is also noted that the asymmetric current
transports in aBPNR MOSFETs are significant and that the ratios between the hole and electron currents increase
with increasing ribbon width (seen in the inserted plot). When the ribbon width is 7, the ratio between the hole
and electron currents is approximately 1.5 and can be treated as induced by the effective mass difference. Both I,,,
and I yreach several mA, which can meet the current requirement for low-dimensional devices. With increasing
ribbon width, the current ratio is increased and reaches 2.7 at the 27-aPNR MOSFET. Because in this case, mP*
is maintained at just approximately 10% lower than m,* as shown in Fig. 4(a), the enhancement of the current
ratio is mainly caused by the rapidly rising degeneracy of the valence bands in aPNRs. On the other hand, I;in
zPNR MOSFETs are smaller as shown in Fig. 7(c) due to their wider bandgaps. However, their I, are also about
one order of magnitude lower than those of aPNR MOSFETs as shown in Fig. 7(d) because they have much larger
effective masses of both holes and electrons. zZPNR’s electron currents are much higher than their hole currents
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Figure 7. (a,b) Transfer curves of aBPNR MOSFETs in logarithmic and linear scales. (¢,d) Transfer curves of
zPNR MOSFETs in logarithmic and linear scales. Inset plots in (b,d) are ratios of I, contributed by different
carriers. All curves are calculated at V,=0.1V, and I,,, is defined as the drain current at V,==+1V.

because the effective mass differences between electrons and holes are significant, dominating the current ratio
between electrons and holes. This is demonstrated by the similarity of the current ratio variation tendency in the
inset of Fig. 7(d) to that of the effective mass ratios of holes and electrons shown in Fig. 5(d). The subthreshold
slopes (SS) of both aPNT MOSFETs and zPNR MOSFETs are all near 60 mV/dec when the gate voltage is low
because of the assumption of ballistic transport. However, the SS in zZPNR MOSFETs are degenerated rapidly with
the increasing of gate voltage, which also means an unsuitable property in current transport.

The I,, and I,; of PNR MOSFETs are presented in Fig. 8. It is clear that with increasing ribbon width, I,; of
both aPNR and zPNR MOSFET: first increase rapidly and then flatten out. This is consistent with their bandgap
variations as a key factor in the modulation of I, Larger bandgaps induce lower currents in the off state, and
therefore, I,;in ZPNR MOSFETs are lower than in the aBPNR MOSFETs. In addition to I, I,, are also affected
by the bandgaps due to the shifts in the threshold voltage (V). Thus, the increasing tendencies of I, in aPNR
MOSFETs and zZPNR MOSFETs are all similar to that of I,;but with different slopes. Based on the above analyses,
it can be concluded that aPNR is more favourable for use in MOSFET because of its stronger current transport
ability. When cut into narrower ribbon, its asymmetric behaviour can be relieved without significant loss current
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Figure 8. I,, and I s variations of alPNR MOSFETs (a) and zPNR MOSFETs (b) along with ribbon widths.
Curves and y coordinates shown in the same colour correspond to each other.

Hole Mobility
Electron Mobility

113
105

137
109

131
121

123
113

147
123

156 | 12 9 10 | 9 9 16
135 | 26 | 24 | 28 | 27 | 27 | 28

Table 1. Field effect carrier mobilities in PNR MOSFETs (cm?/Vs).

transport ability because of its stable effective mass variation and delocalized energy state distribution when the
width is scaled down.

Based on the channel currents of PNR MOSFETS, iz of carriers can be computed according to equation (3)°,
which also demonstrates the role of the effective mass in current transport

L*gm

u = —
e W Cyx Vy

®3)

where L and W are the length and width of the PNR MOSFET, V is the source to drain voltage (0.1 V in our
calculation), and g, is the transconductance. To obtain more precise mobility values, gate capacitance (C,) is cal-
culated as dQjqnneil @V, Where Qugpyer are the charges in the channel and Vi the gate voltage that can be regarded
as the total serial capacitance of the oxide capacitance and quantum capacitance. For verification of the influence
of the effective mass on current transport, the final yiz; values are summarized in Table 1. In aPNR MOSFETs,
fugg are more than 100 cm?/V s, similar to Si and GNR MOSFETs at the same bandgap. The differences between
electron’s i and hole’s fi; are approximately 10%, which is consistent with their effective mass values. Because
aPNR MOSFETS’ differences in fiz; or effective masses are insufficient for inducing such large asymmetric I, (for
example, the ratio between the hole and electron currents is 2.7 in 27-aPNR MOSFET), this shows that the differ-
ences between the hole and electron currents in aPNR MOSFETs are caused not only by the holes’ slightly small
effective masses but more importantly by the larger DOS in the VBM induced by energy band degeneracy, espe-
cially for wider ribbon widths. On the other side, the mobilities of ZPNR MOSFETs are much lower than those of
the aPNR MOSFET: because of their larger effective masses. Furthermore, /45 of electrons are approximately two
times larger than those for the holes in zZPNR MOSFETSs, directly leading to larger electron currents.

Conclusions

In this paper, the scaling effect of PNRs and their corresponding devices are studied using a multiscale simula-
tion procedure. Unlike the semi-empirical TB or k- p methods, TB parameters in this procedure are obtained
by unitary transformations from ab initio Bloch wave functions to TB orbitals. Therefore, the edge effects of
PNRs computed using ab initio methods can be incorporated into their TB Hamiltonians and are reflected in the
device-level transport properties. Simulations reveal that asymmetric transport behaviour exists in both aPNR
and zPNR devices. Hole currents in aPNRs are larger due to their small m,* at the VBM and faster valence
band degenerations, whereas electron currents are larger in zPNRs because their m,* are much smaller than
m,*. The currents in aPNR MOSFETS are one order of magnitude larger than in ZPNR MOSFETS, indicating that
aPNRs are more appropriate in MOSFET application and that the asymmetric current transport behaviour can be
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ameliorated when the ribbon width is small. Comparison of aPNRs and aGNRs shows that their effective masses
and field effect mobilities are similar. Furthermore, PNRs can be used in a much wider range of applications
than GNRs because of the natural bandgap in phosphorene and because the bandgap variation in aPNR is more
stable and regular than in aGNR. All of the above the properties make aPNR a competitive candidate for use in
low-dimensional nano devices. Furthermore, our explanation of the mechanism provides a theoretical founda-
tion for the future applications of PNR.

Simulation Methods. A multiscale simulation procedure is adopted in this simulation study?3%-3%3%,
First, ab initio density functional theory (DFT) is used as implemented within the QUANTUM ESPRESSO
open source package. To obtain a stable PNR structure with the forces relaxed, variable-cell calculation with
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional is used. The total energy change between two
consecutive self-consistent field (SCF) steps is less than 1 x 10~*Ry, and all components of all forces are smaller
than 1 x 10~*Ry/a.u. The total energy criterion within one SCF calculation is 1 x 10~'2Ry'"'2. Then, in order to
avoid the underestimation of the PNR’s bandgap''#!, the PBE and VDW-DF functionals are used together in the
band structure calculation step. In our calculations, the bandgaps of monolayer and multilayer phosphorenes
are 0.3eV and 1 eV, consistent with the reported experimental values'*. The pseudopotential is ultrasoft, and
the kinetic energy cutoff is 40 Ry'7*2, A vacuum spacing of more than 10 A is used to separate the GNR from its
images resulting from the periodic boundary condition. Although several studies used larger spacing in their
calculations, we have tested that 10 A is sufficient to obtain electronic properties that are exactly the same as
those obtained using a space of 20 A. Two 1 x 1 x 10.and 1 x 1 x 25 k-meshes are used in SCF and non-SCF cal-
culations, respectively'!.

To obtain the final transport property, Wannier transformation is then adopted as implemented in the wan-
nier90 open source code®’. The electron wavefunctions computed in ab initio calculations are transformed into
the TB form, and the TB Hamiltonian is also obtained. The traditional 1 X 1 x 25 k-mesh is not sufficient for
computing DOS. This problem can be overcome by Wannier interpolations, and more accurate DOS calculations
are achieved. Finally, the TB Hamiltonian is used by another open source code, NanoTCAD ViDES*, devoted to
solving the transport problem at the nano scale using the non-equilibrium Green’s function (NEGF) method*.
Computational details are mainly focused on the iterations between Schrodinger’s equation and Poisson’s equa-
tion. Benefiting from the verified and reliable TB Hamiltonian obtained from a unitary transformation, the PNR’s
material properties can be preserved and are reflected in the transport properties of the respective devices.
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