





III. RESULTS AND DISCUSSIONS

Figure 4 reports the dispersion of the 3.4 nm-wide
PNR obtained by using the TBL model (Fig. 4a) and the
new DFT-TB model (Fig.4b). First, we note that our
DFT-TB model reproduces multi-valley dispersion of
PNRs reported for fully ab initio calculations [24], which
makes it significantly more accurate that the TBL model
that results in a single parabolic valley. Moreover, electron
and hole bands are identical in the TBL model, whereas
they significantly differ in Fig. 4b for the DFT-TB model.
We observe a difference in bandgap because different
exchange-correlation functionals are used in the two DFT
calculations, with the PBE case (our DFT-TB model)
exhibiting a lower bandgap than the HSE-based TBL
model. The PBE functionals are known to underestimate
the bandgap so the realistic value is expected to be
between those obtained from PBE and HSE DFT
simulations. Nevertheless, our Hamiltonian model should
provide more reliable transport properties for both
electrons and holes.

The stark differences in E-k dispersions between the
two models is also evident in DOS and transmission
calculated for the 3.4 nm-wide PNR, as shown in Fig. 5a
and Fig. 5b, respectively. While DOS is approximately
equal near the CBM and VBM, the two curves in Fig. 5a
diverge significantly for energies away from the CBM and
VBM (approx. by 0.2 eV). These differences indicate that
the TBL model underestimates the amount of inversion
charge that can be induced in the PNR by appropriate
adjustment of the quasi-Fermi level in the channel by the
gate electrode, for both n- and p-type devices. Moreover,
as reported in Fig.5b, the DFT-TB model predicts
considerably higher transmissions close to CBM and
VBM than the TBL model, indicating higher transport
efficiency if DFT-TB model is used for full device
simulations.

The observed effects are more easily understood from
the plots in Fig. 6 that report the transmission in the
valence (Fig. 6a) and conduction (Fig. 6b) bands, where
the CBM and VBM are shifted to the same energy for an
easier comparison. The TBL Hamiltonian reproduces the
transmission well only for energies up to 0.2 eV above the
CBM and down to 0.15 eV below the VBM. At higher
energies, DFT-TB model predicts significantly higher
transmissions, i.e. above 20, while the simpler TBL model
gives about 7-8 for electrons and holes. In the conduction
band, the difference is the largest for energies between
0.85eV and 1.6 eV, while in the rest of the band the two
models provide similar transmission characteristics. In
contrast, TBL underestimates the hole transmission in
almost the entire valence band. The higher transmission of
the DFT-TB approach is a consequence of a larger number
of energy bands with a positive group velocity, as shown
in Fig. 4b, which should benefit PNR conductance and the
overall current-driving capabilities of PNR MOSFETs.

In the next few paragraphs, we assess the impact of
PNR width downscaling on PNR conductance in the ON-
and OFF-state, which serves as a study of intrinsic

9C

Fig. 4. Dispersion in 3.4 nm-wide PNRs obtained using (a) TB model
from the literature and (b) DFT-TB model developed in this work.

Fig. 5. Comparison of (a) density of states and (b) transmission in
3.4 nm-wide PNRs as calculated from the Green's functions with the
two TB Hamiltonian models.

Fig. 6. Transmission comparison for (a) valence and (b) conduction
band when the curves from Fig. 5b are shifted to the same CBM and
VBM.

limitations to PNR device performance, as provided by the
two TB approaches. Figure 7 reports the width-
dependence of Goy as obtained by using the TBL and our
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DFT-TB Hamiltonians for Green's function calculations.
In the case of TBL model, both Gon. and Gowa
monotonically decrease from =9.5xGo to =1xGy with
decreasing W, and the two curves are closely spaced,
indicating again that the TBL model cannot capture the
significant differences between the conduction and
valence bands. On the other hand, the new DFT-TB model
provides much higher conductance values and correctly
reproduces the differences between electron and hole
bands reported by DFT calculations in the literature. The
Gon,n is higher than Gow., decreasing from ~21.9xGo
(W=10.3 nm) down to =2.9xGy (W = 0.5 nm), while the
electron ON-state conductance decreases from =14.4xGy to
~2.1xGp in the same PNR width range. Therefore, in
contrast to the widely-used TBL model [8]-[10], [25],
[26], in reality we expect generally higher conduction in
PNRs, e.g. up to 120% for electrons and up to 199% for
holes. Even the lowest improvement over the TBL model,
obtained for the widest PNRs, reaches 64% and 129% for
electron and hole conductance, respectively. Moreover,
asymmetry between electrons and holes is obtained with
the DFT-TB model, with holes exhibiting higher
conductance than electrons with the difference being 41-
63%, depending on the nanoribbon width.

Figure 8 reports the width-dependence of the ON-OFF
conductance ratio (Gon/Gorr) that can be understood as an
intrinsic upper limit to PNR FET switching capabilities in
digital logic applications. For both TB models, Gon/Gorr
increases when the nanoribbon width is downscaled
because Gorr deterioration is stronger than Gon decrease.
For the TBL model, electron and hole ratio curves are
closely matched and Gon/Gorr increases from =1.7 x 10!2
(W=10.3nm) to =9.6 x 10> (W=0.5nm). The high
conductance ratios are a consequence of larger bandgaps
and significantly lower Gorr in the TBL model. On the
other hand, using new DFT-TB Hamiltonians results in
lower bandgaps and significantly higher OFF-state
conductance and, consequently, considerably lower
GonlGorr. For the new model, we obtain the ON-OFF
conductance ratio of =2 x 10° for the 10.3 nm-wide PNR,
that increases to =4 x 10'> when the width is downscaled
to 0.5 nm. In this case, the Gon/Gorr is higher for hole
transport than for electrons, indicating potentially better
switching performance for p-type than for n-type PNR
FETs. While the DFT-TB model leads to considerably
lower ratios than in the TBL model, the Gon/Gorr levels
above 10° are feasible for future digital logic applications.

Finally, we plot the Gon vs. bandgap characteristics in
Fig. 9 for all the examined PNR widths and both TB
models. The TBL model results in higher bandgap values
since it is calibrated on DFT calculations with HSE
functionals. However, the bandgaps of all PNRs obtained
with the DFT-TB model are larger than 0.7 eV, which
should be sufficient to suppress band-to-band tunneling
(BTBT) in future CMOS technology nodes because the
projected supply voltage is lower than 0.7 V. At the same
time, DFT-TB simulations reveal better transport
properties in the ON-state, especially for hole transport
through nanoscale PNRs. While full device simulations
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Fig. 7. Impact of nanoribbon width downscaling on the ON-state
conductance of PNRs for both TB models. For the oN-state, Fermi level
is shifted by 0.3 eV from the CBM and VBM.
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Fig. 9. on-state conductance vs. bandgap characteristics for electrons
and holes, for both TB models, and for all the examined PNR widths.

are necessary to properly assess the feasibility of PNR
FETs, our findings concerning their material properties
clearly indicate the potential of ultra-scaled phosphorene
nanostructures for future CMOS.
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IV. CONLUSIONS

Due to their remarkable properties, 2D materials such
as phosphorene are promising alternatives to bulk silicon
for future semiconductor devices. The high-density device
integration demands nanostructures such as nanoribbons,
which in turn calls for advanced physical formalisms with
atomistic and orbital resolutions for accurate simulations
and predictions. Due to the high numerical complexity of
using DFT directly, TB Hamiltonians are indispensable
for atomistic quantum transport simulations. In this work
we present a new TB model for phosphorene and PNRs
based on DFT calculations, that can be easily employed
for device simulations based on Green's function
formalism. We show that this model reproduces a
complex bandstructure and asymmetry in transport
properties between electrons and holes in PNRs. In
comparison to a TB model from the literature, the new
DFT-TB model results in higher transmission and density
of states, higher Goy and lower Gon/Gorr ratio. Therefore,
we expect that this more accurate DFT-TB Hamiltonian
model should result in higher driving currents and lower
(but still feasible) ON-OFF current ratios in PNR FETSs than
predicted by quantum transport device simulations using
the TB model from the literature.
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