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Abstract—Electronic and transport properties of monolayer 

black phosphorus (phosphorene) make it promising for future 

nanoscale field-effect transistors (FETs), especially in the form of 

phosphorene nanoribbons (PNRs). Currently, these devices can be 

explored appropriately only by means of advanced formalisms 

such as quantum transport that accounts for atomically-resolved 

description of the system under study. In this work we report a 

new tight-binding (TB) model for phosphorene calibrated on ab 

initio density-functional theory (DFT) calculations that accurately 

reproduces the bandstructure of PNRs with the widths down to 

~0.5 nm. The new DFT-TB Hamiltonian produces qualitatively 

and quantitatively different results in terms of PNR FET 

performance in comparison to the widely used TB model from the 

literature. We show that PNR FETs with nanoribbon widths 

larger than ~1.4 nm can meet industry requirements at the "3 nm" 

node assuming ballistic transport. 
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I. INTRODUCTION 

Among 2D materials (2DM) discovered after graphene [1], 
monolayer black phosphorus (phosphorene) is often identified 
as a promising contender for 2DM-based electron devices due 
to its appropriate bandgap value and relatively high carrier 
mobility, especially in comparison to transition-metal 
dichalcogenides such as MoS2 [2]–[4]. While microscale 
phosphorene field-effect transistors (FETs) have been 
experimentally demonstrated [3], [5], [6], nanostructures such as 
phosphorene nanoribbons (PNRs) [7]–[9] are most likely 
needed for ultra-high density integration on chip. Due to their 
small dimensions along at least one direction, PNRs experience 
quantum effects that severely impact their electronic, transport 
and device properties [10]–[12]. 

Advanced formalisms such as atomistic non-equilibrium 
Green's function (NEGF) formalism are needed to predict the 
performance of PNR FETs, which in turn demands accurate but 
numerically efficient device Hamiltonians. A tight-binding (TB) 
model for phosphorene described in [13] is widely used in the 
literature to study both the material and device properties [11], 
[14]–[16]. However, this TB model does not reproduce the 

bandstructure of sub-5 nm-wide PNRs well in comparison to ab 
initio density functional theory (DFT) calculations [17], hence 
an improved description of the system under study is needed. In 
this work, we present an accurate new TB model for 
phosphorene and PNRs calibrated on DFT simulations, and we 
investigate the impact of an improved bandstructure description 
on the electronic and transport properties of ultra-narrow PNRs, 
and on the operation and performance of PNR FETs at the 
"3 nm" CMOS technology node. 

II. METHODOLOGY 

Our approach employs DFT simulations for the development 
of a new DFT-based TB Hamiltonian model (DFT-TB), and 
afterwards this model is employed for NEGF device 
simulations. The DFT simulations are done using the OpenMX 
package [18], [19], employing generalized gradient 
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation (XC) functional. The new DFT-TB model 
for phosphorene is developed using TBStudio [20], a software 
package that implements the Slater-Koster (SK) method [21]. In 
the new TB model, for each phosphorus atom we include 4 
orbitals (s, px, py and pz) and all relevant SK hopping integrals 
are accounted for (ssσ, spσ, ppσ, ppπ). Figure 1 shows the 
comparison of phosphorene bandstructures obtained with DFT 
and DFT-TB model, and clearly the new DFT-TB model 
achieves excellent agreement with DFT bandstructure in the 
energy range of interest. The SK parameters for the DFT-TB 
model obtained by fitting are listed in Table I. 

Quantum transport based on the NEGF formalism is 
employed to find geometry-dependent properties such as density 
of states (DOS) and transmission [22], [23]. We assume ideal 
contacts, i.e. source/drain (S/D) extensions or reservoirs are 
semi-infinite semiconducting PNRs. Therefore, contact and 
channel regions have an identical crystal and band structure, 
which eliminates noncoherent effects at the interfaces and does 
not introduce additional contact resistance [24]. The surface 
Green's functions and S/D contact self-energy matrices are 
obtained by the Sancho-Rubio method [25]. The PNR FET I-V 
characteristics and related device metrics are obtained with the 
top-of-the-barrier (ToB) model that self-consistently solves 
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electrostatics coupled to NEGF DOS and transmission and 
provides ballistic device characteristics [16], [26], [27]. We 
study the performance of 15 nm-gate-length PNR FETs, for 
which we assume a gate oxide with EOT = 1 nm and S/D doping 
of 0.001 (molar fraction of the areal density of P atoms). We set 
a common threshold voltage (VTH) of 0.24 V for all devices, as 
stated in the International Roadmap for Devices and Systems 
(IRDS) at the "3 nm" CMOS node [28], to provide a meaningful 
comparison between PNR FETs with different nanoribbon 
widths (W). Material and device simulation results we obtain 
using the new DFT-TB model are compared to those obtained 
with a simpler widely-used TB model from the literature [13]. 

III. RESULTS AND DISCUSSION 

Figures 2 and 3 show the dispersion for 2.45 nm and 
0.49 nm-wide armchair PNRs, respectively. While the literature 
TB model results in a symmetric single valley for both electrons 
and holes in the conduction and valence bands, respectively, our 
new DFT-TB Hamiltonian provides multi-valley dispersion 
characteristics in both the conduction and valence bands. 
Moreover, asymmetry between valence and conduction bands is 
obtained by the new DFT-TB model, which agrees with DFT 
bandstructure studies of PNRs reported in [7], [17]. With the 

downscaling the PNR width, bandgap increases, number of 
subbands or conducting modes decreases, while carrier effective 
masses increase as can be seen from the decrease of the bottom-
band curvature in Fig. 3b in comparison to Fig. 2b. 

The differences and effects observed in dispersion curves 
consequently impact the DOS and transmission significantly. 
For example, Fig. 4 shows the comparison of the transmission 
calculated using the literature TB model and the new DFT-TB 
model for the PNR with W = 2.45 nm. The difference in 
bandgaps comes from different XC functionals used in DFT 
simulations, i.e. PBE is used for our DFT-TB Hamiltonian 
model development, while HSE was employed for the TB model 
reported previously [13]. In addition, the literature TB model 
reproduces the transmission well only near the conduction band 
minimum (CBM) or valence band maximum (VBM). At higher 
energies, e.g. E > CBM + 0.3 eV, the new DFT-TB model 
provides a much richer transmission characteristic since more 
conducting modes are accounted for, which results in up to ~4× 
higher transmission in comparison to the literature TB model. 

Due to significant differences in material properties resulting 
from using two different TB model, considerable differences are 
also expected in ToB FET device simulation results. This 

 
Fig. 1. Comparison of the bandstructure from DFT calculations (blue lines) and 
from the DFT-TB model (dark red lines). Fermi level is positioned at 0 eV (red 
dashed line). 
 
 
Table I. On-site energies and SK parameters of the new DFT-TB model. All 
parameters are in eV. Bond designations are those from the TBStudio package. 
 

On-site energies 
s px py pz 

−14.168027 −3.028643 −2.618793 0.022100 
Slater-Koster parameters 

Type Bond 1 Bond 2 Bond 3 
ssσ 

spσ 
ppσ 

ppπ 

−2.139167 
−4.537056 
3.126358 
−1.083244 

3.194586 
−0.282688 
3.135120 
−0.999519 

−0.737496 
−0.426628 
0.935184 
−0.127240 

Type Bond 4 Bond 5  
ssσ 
spσ 

ppσ 

ppπ 

1.499989 
0.581242 
0.158343 
−0.095074 

−0.652033 
−0.780700 
1.324892 
−0.111658 

 

 
 

 

Fig. 2. Dispersion of 2.45 nm-wide PNRs with (a) TB model from the literature 
and (b) DFT-TB model developed in this work. 
 
 
 

 

Fig. 3. Dispersion of 0.49 nm-wide PNRs with (a) TB model from the literature 
and (b) DFT-TB model developed in this work. 
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expectation is confirmed in Fig. 5 that reports the impact of PNR 
width downscaling on the width-normalized ON-state current 
(ION) extracted at VGS = VDS = 0.7 V. The supply voltage of 0.7 V 
is chosen in accordance with IRDS. Comparison between 
different devices and models is made meaningful by 
automatically adjusting the gate work function for each device 
so that a common VTH = 0.24 V and a common OFF-state 
current of ~1 nA/µm is obtained for all devices. 

In the case of the literature TB model, ION is only weakly 
modulated by width downscaling. The maximum ION is 
1.7 mA/µm in the widest PNR FET (W ~ 3.5 nm) and none of 
the examined devices fulfills the IRDS requirement on the ON-
state current at the "3 nm" node (>1.9 mA/µm [28]). On the 
other hand, using the new DFT-TB Hamiltonian models leads to 
qualitative and quantitative differences in the ION vs. W 
characteristic. The ION decreases significantly, down to 
~0.5 mA/µm, in the narrowest PNR device (W ~ 0.5 nm) when 
a more accurate bandstructure is considered in FET simulations. 
The difference between the two models for W = 0.5 nm equals 
~2.7×, which demonstrates that the simpler TB model 
underestimates the severity of bandstructure effects in the 
narrowest PNR. However, the trend is opposite for wider PNRs 
because we observe a much higher ION for W > 1.2 nm for the 

DFT-TB model than for the literature TB model. The maximum 
ION reaches ~2.2 mA/µm in the ~2.5 nm-wide PNR FET. In 
contrast to the literature TB model, the improved bandstructure 
description enabled by our new DFT-TB model reveals that 
PNR FETs with W > 1.4 nm and with negligible scattering can 
meet IRDS ION goal at the "3 nm" node. 

The differences between the two models and related 
bandstructure effects on the device performance can be more 
readily understood by exploring the channel charge density 
(Qch), shown in Fig. 6, and average charge velocity (vavg), 
reported in Fig. 7. Both figures contain gate voltage dependent 
characteristics for the 0.49 nm and 2.45 nm-wide PNRs. For 
both devices and models in Fig. 6, the Qch increases with VGS as 
expected. The new DFT-TB model results in a higher (lower) 
carrier density in the narrower (wider) PNR, and all curves are 
relatively closely spaced. However, differences in vavg are 
considerable, and they are the dominant factor that causes the 
difference in ION behavior reported in Fig. 5. Namely, when the 
new DFT-TB model is used, the 2.45 nm-wide PNR has a lower 
effective electron mass (see the dispersion around the CBM in 
Fig. 2) and thus a higher vavg (as shown in Fig. 7). On the other 
hand, using the DFT-TB Hamiltonian for the 0.49 nm-wide 
PNR results in heavier carriers than in the case of the simpler 

 

Fig. 4. Transmission for 2.45 nm-wide PNRs obtained with the two TB models. 
Bandgap difference comes from using different XC functionals in DFT 
calculations. 
 
 

 

Fig. 5. Normalized ION vs. PNR width in PNR FETs calculated using the two 
TB models. 
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Fig. 6. Comparison of gate-voltage-dependent charge density for the two 
models in PNR FETs with 2.45 nm and 0.49 nm-wide PNRs. 
 

 

 

Fig. 7. Comparison of gate-voltage-dependent average charge velocity for the 
two models in PNR FETs with 2.45 nm and 0.49 nm-wide PNRs. 
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literature TB model (Fig. 3). Therefore, better (worse) current 
driving capabilities of n-channel PNR FETs with W > 1.2 nm 
(W < 1.2 nm) are mainly attributed to the electron effective mass 
modification by the geometry-dependent bandstructure effects. 

We note that in realistic devices several intrinsic and 
extrinsic scattering mechanisms would deteriorate the transport 
properties and reduce the current driving capabilities [29]. In 
addition, parasitic contact resistance is neglected in this work, 
which is known to significantly impact the performance of 
nanoribbon FETs [12], [16], [30]. However, our work illustrated 
the importance of using a proper TB Hamiltonian in the 
simulation of PNR devices, with a considerable improvement of 
PNR FET figures-of-merit in comparison to a simple TB model. 

IV. CONCLUSION 

We report a new DFT-based TB model for the atomistic 
quantum transport simulations of phosphorene-based 
nanodevices. This new model reproduces the complex 
bandstructure (multi-valley dispersion, and valence and 
conduction band asymmetry) of PNRs and allows more accurate 
but still numerically efficient device simulations. We 
demonstrate significant differences between the two TB models 
in terms of electronic and transport properties, including 
transmission, free carrier density, average carrier velocity in the 
channel, and PNR FET device performance. In contrast to the 
literature TB model, using an improved bandstructure 
description with the new DFT-TB model reveals that ballistic 
PNR FETs with W > 1.4 nm can meet IRDS requirement for ION 
at the "3 nm" CMOS technology node. 
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