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Abstract: Edge contacts are promising for improving carrier injection and contact resistance in de-
vices based on two-dimensional (2D) materials, among which monolayer black phosphorus (BP), or
phosphorene, is especially attractive for device applications. Cutting BP into phosphorene nanorib-
bons (PNRs) widens the design space for BP devices and enables high-density device integration.
However, little is known about contact resistance (R¢) in PNRs with edge contacts, although Rc is the
main performance limiter for 2D material devices. Atomistic quantum transport simulations are em-
ployed to explore the impact of attaching metal edge contacts (MECs) on the electronic and transport
properties and contact resistance of PNRs. We demonstrate that PNR length downscaling increases
R¢ t0 192 O pm in 5.2 nm-long PNRs due to strong metallization effects, while width downscaling
decreases the R¢ to 19 () um in 0.5 nm-wide PNRs. These findings illustrate the limitations on PNR
downscaling and reveal opportunities in the minimization of R¢ by device sizing. Moreover, we
prove the existence of optimum metals for edge contacts in terms of minimum metallization effects
that further decrease R¢ by ~30%, resulting in lower intrinsic quantum limits to Rc of ~90 Q) um in
phosphorene and ~14 () pm in ultra-narrow PNRs.

Keywords: phosphorene; black phosphorus; nanoribbon; edge contact; contact resistance; quantum
transport; NEGF; metallization; broadening

1. Introduction

Two-dimensional (2D) materials are considered to be feasible candidates for future
post-silicon electron devices due to their atomic thickness and exceptional mechanical,
electronic, and carrier transport properties [1-5]. Among monoelemental 2D materials,
monolayer black phosphorus (BP) or phosphorene is frequently identified as promising for
future nanoscale field-effect transistors (FETs) due to its acceptable bandgap and carrier
mobility that should enable appropriate switching and current-driving performance of
phosphorene-based electron devices [6,7]. Recently, experimental demonstration and
characterization results have been reported for micro-scale BP FETs [7-9], while theoretical
and numerical simulation reports have been published for short-channel and wide-gate
phosphorene FETs [4,10,11]. However, phosphorene nanoribbons (PNRs) that are quasi-
one-dimensional phosphorene nanostructures are less explored, despite the opportunity
provided by quantum confinement to adjust the material and device properties [12-16].
An additional motivation for further research on PNRs is provided by recent reports on
fabricated and characterized ultra-narrow PNRs with the widths down to ~0.5 nm [17,18].

While 2D materials and their nanostructures seem promising for nanodevices, they
suffer from high contact resistance (R¢), which limits their performance and conceals their
exceptional transport properties. For micro-scale BP FETs, Rc was measured in the range
from ~1750 Q) um [19] and ~1100 Q) um [9], over =700 OO um [20], down to ~z400 ) um [21]
and 310 Q) um [22]. Even the best reported R¢ values are unacceptably high for transistors in
future high-density integrated circuits and, additionally, very little is known about R levels
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and its behavior in PNR-based devices [23]. The most promising avenue toward low R¢ in
2D material-based devices seems to be the concept of edge contacts, i.e., one-dimensional
contacts connected only at the edges of the nanostructure. Edge contacts are scalable, not
limited by current transfer length as top contacts, and they allow the encapsulation of the
2D material that preserves its exceptional properties and enables long-term stability [24,25].
Almost all theoretical research on 2D material or nanoribbon-based FETs assumes ideal
contacts, which only provides upper limits to device performance since the parasitic contact
resistance is completely ignored [4,10,11].

In this work, we explore the contact resistance in PNRs with edge contacts using atom-
istic quantum transport simulations. We describe the metal electrodes by the wide-band
limit model that is capable of reproducing metal-induced broadening and metallization
effects. The impact of PNR size downscaling on R¢ is analyzed for technologically rel-
evant PNR widths (<5.5 nm) and lengths (<16 nm). We reveal significant metallization
effects visible in the deterioration of electronic and transport properties of PNRs, which
are especially detrimental for nanoribbon lengths under ~8 nm. Contact resistance de-
creases with the width downscaling but increases considerably when the length decreases.
Surprisingly, we show that even in the two-probe simulation setup there exists the opti-
mum metal-nanoribbon interaction parameter that results in the minimum R¢ for a given
PNR size. With metal edge contacts, optimum electrode material for PNRs is a more
strongly-interacting metal in the case of longer devices, whereas ultra-short nanoribbons
with lengths under ~6 nm demand contacts with a weaker interaction strength. Our results
indicate that the quantum intrinsic limits of R¢, i.e., minimum achievable R, in large-
area phosphorene devices could be as low as ~90 (O um. Moreover, an even lower R¢ of
~14 O) um can be obtained in 0.5 nm-wide PNRs with a careful choice of the electrode
material. Our results give an encouraging perspective on the suitability of phosphorene
and PNR FETs for future nanoscale electron devices and contribute towards theoretical
understanding and practical minimization of contact resistance in nanodevices with edge
contacts.

2. Methods

A multi-band tight-binding (TB) model from [26] is used for the construction of
armchair PNR Hamiltonians that enter the retarded Green’s function within the non-
equilibrium Green’s function (NEGF) formalism for quantum transport. This TB model
agrees well with more advanced GW simulations for electron energies up to ~2 eV away
from the Fermi level. While a more advanced Hamiltonian, e.g., one resulting from ab
initio simulations, would improve the bandstructure accuracy in ultra-narrow PNRs [16],
we choose a simpler model to reduce the computational burden since we investigate
numerous devices of different sizes and contact-device interaction strengths. Regarding
device size, we focus on technologically relevant extremely-scaled PNRs with the widths
(W) under ~5.5 nm and lengths (L) below ~16 nm. The largest PNR under study consists of
2312 phosphorus atoms, and as many orbitals in the Hamiltonian matrix.

Atomistic NEGF calculations are employed to investigate the electronic and transport
properties of ultra-scaled PNRs, and to calculate contact resistance that emerges in PNRs
after attaching metal edge contacts (MECs). Ballistic transport simulations are carried out
by assuming a two-probe configuration, i.e., two MECs attached on the left and right edge
of the nanoribbon, as illustrated in Figure 1. The NEGF formalism solves the Schrodinger’s
equation for a given system with open boundary conditions (OBCs) [27,28]. The retarded
Green'’s function of the device is given by:

GR(E) = [(E+i0+)I—H—Zf(E) fzgw)}’l 1)

where E is the energy, I is the identity matrix, H is the device Hamiltonian, and X matrices
are the retarded contact self-energies that account for OBCs in the nanoribbon imposed
by the two attached MECs (left contact or contact 1, and right contact or contact 2). Our
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existing NEGF code, written in C/C++ and Compute Unified Device Architecture (CUDA)
for heterogenous CPU-GPU execution, and previously demonstrated on graphene, silicene,
germanene and phosphorene nanostructures [29,30], is used for calculations in this work.
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Figure 1. (a) Side-view and (b) top-view of the left metal edge contact attached to the PNR. Light
red shaded area indicates the extent of metal-nanoribbon interaction across the closest super-cell,
described by the broadening parameter (I') or contact-self energy (Z).

Regarding the OBCs, we study the impact of attaching ideal and metal edge contacts
on the electronic and transport properties of PNRs. The ideal edge contacts (IECs) are
semi-infinite regions with the same geometry and bandstructure as the central region.
Setting IECs in NEGF simulations is common throughout the literature, and this approach
eliminates destructive interference at contact-device interfaces and results in perfect step-
like transmission functions. In this work, MECs are treated with the wide-band limit
(WBL) model in which only the constant imaginary part of contact self-energy matrices
is retained [28]. As shown previously in the case of GNRs [31], we set the initial value
of the nanoribbon-MEC interaction strength to —ImXR = 0.9 eV, in accordance with the
average hopping parameter in the TB model for phosphorene, and with the expected
density of states (DOS) in the model metal near the Fermi level [28,31]. We analyze the
effects of changing —ImXR from the initial to lower and higher values, thus exploring the
consequences of attaching weakly and strongly-interacting metals to the PNR, respectively.
The MECs are assumed to be Ohmic so tunnel or Schottky barriers are disregarded to solely
study the impact of metal-induced broadening or metallization effects. We note that our
approach could be applied to large top contacts as well, but contact and device sizes are
limited by the available computational facilities since atomistic NEGF simulations are very
computationally intensive.

After transmission is calculated from the retarded Green’s function [32], we find the
PNR conductance at 300 K from the expression:

282 00
G_Yo

T(E)(—of(E — Ep)/9E)dE, )
where T(E) is the transmission function, f(E — Er) is the Fermi-Dirac distribution func-
tion, Er is the Fermi level set to 50 meV away from the conduction band minimum, ¢ is
the electronic charge, and # is the Planck’s constant. Attaching WBL contacts induces
broadening and decreases the transmission and conductance in the conduction and valence
bands [31,33]. Therefore, by comparing the conductance values between the IEC and MEC
cases, we can calculate the added contact resistance introduced by edge metal contacts
using
1 1
Gmec  Giec’

Rc (3)
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where Gpgc and Gjgc are PNR conductances with either metal or ideal edge contacts,
respectively.

3. Results and Discussion

First, we focus on investigating the impact of PNR width downscaling from 5.4 nm to
0.5 nm on the electronic and transport properties of PNRs with IECs and MECs. Figure 2a
shows the DOS in 2.5 nm-wide PNRs and we observe oscillations in DOS in the case of
MECs, in contrast to van Hove singularities obtained for ideal contacts. These oscillations
are known to occur in graphene and other nanodevices with metallic contacts [34], and
can be easily understood from an analytical solution for a one-dimensional atomic chain.
For the atomic chain, electron dispersion can be found to be E(k) = E( + 2tcos(ka), where
k is the wave-vector or crystal momentum, E; is the local orbital energy, t is the hopping
parameter, and a is the distance between atoms in the chain. Setting > =X, = —il'/2 for
the MEC case, where I is the broadening parameter, and using Equation (1) for the Green’s
function, we analytically obtain the following spectral function:

2r
A(E) = GR(I'} +T)GA = ECLie (4)

where G is the advanced Green'’s function. Therefore, A(E) and density of states defined
as DOS(E) = A(E)/m are clearly Lorentzian curves centered at Ey, i.e., at band center, that
decrease towards ban edges. This characteristic is in stark contrast to the case of ideal
contacts that exhibits singularities at band edges and minimum DOS at the band center in
1D structures [27].
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Figure 2. (a) DOS in linear, and transmission in (b) logarithmic and (c) linear scale for 15 nm-long
and 2.5 nm-wide PNRs with ideal and metal edge contacts. Impact of width scaling on (d) DOS and
(e) transmission in 15 nm-long PNRs with MECs. For all MEC-PNRs, —ImZR =09eV.

The impact of attaching MECs is also visible in the appearance of metal-induced
gap states (MIGS) between the valence band maximum (VBM) and conduction band
minimum (CBM). However, these states are clearly strongly localized as can be seen in
Figure 2b that reports the transmission through the 2.5 nm-wide PNR with IECs and MECs.
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The transmission is extremely low inside the bandgap so the transport gap (E7g) exists.
Therefore, MIGS do not contribute to transport, which is beneficial for FETs that need
a transport gap to achieve efficient switching between the ON and OFF states. These
findings demonstrate that PNRs are a more plausible solution of ultra-scaled FETs than
GNRs given the considerable metallization-induced Etg decrease reported for GNRs with
MECs [31]. While the energy gap of PNRs is immune to MEC-induced metallization effects,
the characteristic shown in linear scale in Figure 2c demonstrates a significant transmission
suppression by MECs. Lorentzian oscillations are also reported in the transmission as in the
DOS curves, and the reasons are given in the Supplementary Materials—Supplementary
Note S1. In contrast to ideal contacts that result in unitary transmission probability for each
conducting mode and a step-like transmission function, attaching MECs described within
the WBL model allows destructive interference for electron waves injected from the contact
into the nanoribbon [31,33,34].

Figure 2d,e plots the DOS and transmission, respectively, for MEC PNRs with L = 15 nm
and for various widths. When W decreases from 5.4 nm to 0.5 nm, the MIGS decrease
in intensity due to shorter edge contacts in narrower nanoribbons. At the same time,
reducing W increases the transport gap of PNRs, with Lorentzian oscillations existing
in the transmission functions for all PNRs irrespective of the width. Therefore, in PNR
nanodevices with MECs we expect a considerable deterioration of the current driving
capabilities, even in the ballistic transport case that presents an upper intrinsic limit to
device performance. Assessing device performance is beyond the scope of this work, but
the presented data allows the calculation of relevant conductance values and enables the
extraction of R¢ introduced by MECs, as described in Section 2.

The influence of decreasing nanoribbon width on the conductance calculated for Er =
CBM + 50 meV at 300 K is reported in Figure 3a for 15 nm-long PNRs. The conductance
deteriorates in narrower devices due to lower transmission (see Figure 2e), which itself
is a consequence of a lower number of modes or bands in narrower PNRs. In the case
of IECs, the conductance decreases from 1.64 (constant 2¢2/h is omitted for clarity) to
0.87 in the examined W range, whereas the conductance drops from 0.43 to 0.24 when
MECs are connected to the PNRs. Comparing the two edge contact cases, we find that the
conductance deterioration with MECs equals 74% for W = 5.4 nm and 72% in 0.5 nm-wide
PNRs. Using Equation (3), we extract the contact resistance introduced by MECs and plot
Rc versus PNR width in Figure 3b. As the width decreases, R¢ increases from 22 kQ) (W =
5.4 nm) to 38.3 kQ) (W = 0.5 nm), which demonstrates that the narrower PNRs are more
susceptible to MEC-induced metallization effects through the transmission deterioration.
Figure 3¢ depicts the width-dependence of the width-normalized R, i.e., RcW, which is a
common contact resistance figure of merit for electron devices. In contrast to R¢ behavior
in Figure 3b, RcW monotonically decreases with the downscaling of nanoribbon width,
from 119 Q) pm for W = 5.4 nm down to 19 Q) um for W = 0.5 nm.
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Figure 3. Width-dependence of (a) conductance, (b) contact resistance, and (c) width-normalized
contact resistance in 15 nm-long PNRs. For all MEC-PNRs, —ImXR =09eV.
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In comparison to GNRs [31], phosphorene nanodevices exhibit a 62% higher R¢ for
the widest nanoribbons, whereas the narrowest PNRs offer a 10% lower R¢ (at W ~ 0.5 nm).
By extrapolating the results for wide nanoribbons to large-area 2D material devices, our
results indicate that micro-scale phosphorene devices should have a significantly higher
Rc¢ than graphene devices. This finding agrees with the literature that reports the best
Rc of 400 O3 pm [21] to 310 Q) um [22] for phosphorene FETs, whereas the best reported
Rc for graphene FETs is ~80 (2 um [35]. On the other hand, R¢ is very low in narrowest
PNRs which means that patterning phosphorene into nanoribbons offers a promising
avenue for R¢c minimization in ultra-scaled devices that enable high-density integration.
The best reported experimental R¢ for phosphorene devices is ~300 (2 um, so the space
for improvement of the contact resistance exists and is quite extensive since the quantum
limit of RcW reported above (~20 (2 um) is more than 15x lower than the best-reported
measured RcW value.

Width scaling provides an opportunity to expand the design space through confine-
ment effects, however, length scaling is also important because in modern CMOS industry
the channel length decrease is the main driving force behind FET performance improve-
ment. Hence, in the following paragraphs we set a common W = 3.4 nm and analyze the
electronic and transport properties, and R¢ for PNRs with the lengths from ~16 nm down
to ~5 nm. Figure 4a shows the DOS of MEC-PNRs for various lengths with a zoomed-in
energy range around the CBM reported in Figure 4b. The DOS again exhibits Lorentzians
instead of van Hove singularities due to metallization effects. In the case of L scaling, MIGS
are present but the magnitude of localized states inside the bandgap does not change with
PNR length. In contrast, Figure 4b shows that DOS inside the conduction band changes
considerably when L decreases, with the first DOS peak closest to CBM being shifted away
from the CBM when the PNR length is scaled down. The CBM is positioned at E = 583 meV
in the case of IECs, whereas the closest Lorentzian peak is situated at E = 595 meV for L
= 15.9 nm in PNRs with MECs. Decreasing the length to 7.9 nm moves the first peak to
E =623 meV, while for L = 5.2 nm the first peak is positioned at E = 677 meV, i.e., shifted
by 94 meV from the CBM. In addition to significant qualitative changes, we observe that
DOS values decrease when L is scaled down, which is expected to decrease the ability
of ultra-short PNRs to generate enough charge carriers for acceptable performance of
PNR-based FETs.

As reported in Figure 4c, the transmission curves exhibit variations similar to those
seen in the DOS. Decreasing L reduces the number of Lorentzians and shifts the first peak
away from the CBM. The transmission is greatly reduced in PNRs with MECs, which is
especially evident for L = 5.2 nm for which the transmission is almost completely suppressed
in the entire energy range corresponding to the first transmission step of the PNR with
IECs. Results presented in Figure 4c seem to indicate that the downscaling of the length of
PNRs with MECs leads to the increase of the transmission gap, but Figure 4d that reports
the transmission in logarithmic scale reveals a more complicated picture. Namely, while
the transmission decreases with L downscaling in the energy range above the CBM, the
opposite is true inside the bandgap. As the PNR length decreases, transmission probability
below the CBM increases considerably, which leads to the contraction of the transport
gap. If we define the transport gap as the energy range where the transmission is lower
than 0.001, we find that E7¢ decreases by 56 meV when L = 7.9 nm and by 252 meV in the
5.2 nm-long PNR. Since the existence and value of E7¢ is very important for the practical
realization of FETs, this finding clearly shows that broadening or metallization effects must
be included into the physical framework used for the simulation of nanoscale electron
devices. We have previously reported that in ultra-short GNRs the transport gap closes
completely due to these metallization effects [31], but PNRs are evidently more resilient to
the influence of metal edge contacts than GNRs since Etg still exists, albeit being somewhat
smaller.
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Figure 4. DOS in (a) entire energy range, and (b) in the conduction band for 3.4 nm-wide PNRs of
various lengths with ideal and metal edge contacts. Influence of length downscaling on transmission
in the (c) linear and (d) logarithmic scale. For all MEC-PNRs, —ImXR =09eV.

The observed strong suppression of transmission near the CBM consequently de-
creases the conductance and induces contact resistance at the two MEC-nanoribbon in-
terfaces. Figure 5a reports the conductance calculated for Er = CBM + 50 meV and 300 K
versus PNR length for 3.4 nm-wide PNRs with IECs and MECs. While the conductance
is length-independent in the case of ideal contacts, it noticeably decreases for L < 8 nm
when MECs are attached to PNRs. Hence, conductance difference between the two contact
configurations is largest in the shortest devices, which is also seen in the extracted R¢
shown in Figure 5b. As the length is downscaled, R¢ increases from 31.9 k) (L = 15.9 nm)
to 56.6 k() (L = 5.2 nm), which is a consequence of the greatly decreased transmission
near the CBM in 5.2 nm-long PNRs (see Figure 4c). After width-normalization the contact
resistance curve in Figure 5c stays qualitatively the same as in Figure 5b. The RcW equals
109 O3 pm for L = 15.9 nm, stays almost constant down to L = 7.9 nm, and then increases to
192 (3 pm in MEC-PNRs that are only 5.2 nm long. In addition to transport gap decrease,
the observed boost of RcW is yet another negative consequence of attaching metal contacts
if we consider ultra-scaled PNRs as channel material for future FETs.
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Figure 5. Length-dependence of (a) conductance, (b) contact resistance, and (c) width-normalized
contact resistance in 3.4 nm-wide PNRs. For all MEC-PNRs, —ImZR = 0.9 eV.

All the results considered so far are based on using —Im%X = 0.9 eV in MEC self-energy
matrices, which presents a model metal material with moderately-strong interactions with
the nanoribbon. However, we have recently shown for FETs based on various monoele-
mental 2D materials that there exists the optimum interaction parameter value leading
to the lowest transmission decrease, which enables the minimization of R¢ in such nan-
odevices [23]. An example concerning optimum —ImXR for transmission is given for
a 2.45 nm-wide and 15 nm-long PNR in the Supplementary Materials—Supplementary
Note S2, Figure S1. This finding is in accordance with the study dealing with reflections
and transmissions in atomic chains and carbon nanotubes connected to wide-band leads
reported in [36]. An illustrative example based on 1D atomic chains about the evolution of
eigenstates and transmission functions, and the existence of the optimum interaction param-
eter is provided in Supplementary Materials—Supplementary Note S3, Figures S2-54. For
phosphorene FETs with 15 nm-long channels, the optimum —ImXR of ~2 eV was reported
in [23]. Therefore, it seems reasonable to assume that such optimum interaction parameters
will exist also in the case of a two-probe setup assessed in this work with the aim of finding
quantum limits of R¢ in PNRs with metal edge contacts. In the following discussions, we
calculate RcW for MEC-PNRs of various dimensions, and for —ImXR that ranges from
0.01 eV to 20 eV. The —ImXR value range is chosen according to studies on graphene-metal
and carbon nanotube-metal contacts in [37,38]. While we do not perform ab initio interface
studies for phosphorene-metal systems as in [39-41] due to heavy computational burden of
doing so for a large variety of nanoribbon sizes and metal choice, the WBL approach allows
us to explore the impact of weakly, moderately and strongly-interacting metal electrodes
on the contact resistance in PNR nanodevices. Generally, the low —ImXR values in our ap-
proach correspond to weakly interacting metals such as Al, Ag, Au, Cu, and higher —Im%R
values describe strongly interacting metals such as Cr, Ni, Pd, Ti, where the interaction
strength is assessed in detail by ab initio calculations in [39].

Figure 6a reports the dependence of RcW on the interaction strength in 2.45 nm-wide
and 15 nm-long phosphorene nanoribbons. Starting from very weakly interacting metals
(—ImXR = 0.01 eV) where RcW = 11.2 kQ) um, the resistance first decreases and reaches a
minimum of 61 Q) um for the optimum —ImZR of 2 eV, and then increases to 247 Q) um
when strongly-interacting (—ImXR = 20 eV) MECs are attached to the PNR. In comparison
to the initial resistance value of 90 () um for W = 2.45 nm in Figure 3c, a careful choice of
contact material can reduce RcW by 32%. Assuming the optimum interaction parameter of
2 eV for all 15 nm-long devices, in Figure 6b, we report RcW values for the entire examined
PNR width range. In this case the resistance decreases from 84 (3 um for W = 5.4 nm down
to 14 Q) um in the 0.5 nm-wide MEC-PNR. The improvement is almost constant and equals
~30% for nanoribbon widths down to ~1.5 nm, whereas RcW drops by 23% for 0.5 nm-wide
PNRs with MECs and —ImER =2 eV. The characteristics reported in Figure 6b indicate that
a minimum RcW of ~90 () um is achievable in large-area phosphorene devices with edge
contacts, which puts these lower quantum limits of R¢ in phosphorene close to the best
reported contact resistance in graphene devices [24,35]. In addition, our results show that
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the contact resistance can be further minimized to ~14 (3 pm by using ultra-narrow PNRs
as channel material in ultra-scaled FETs.
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Figure 6. (a) Dependence of width-normalized contact resistance on interaction strength in 2.45 nm-
wide and 15 nm-long PNRs with MECs. (b) Impact of PNR width downscaling on RcW for the two
—ImXR values, initial and the optimum one. (¢) RcW versus interaction strength in 3.43 nm-wide
and 5.2 nm-long PNRs with MECs.

Concerning the PNR length scaling, optimum —ImXR stays the same down to about
L =10 nm (not shown), and then decreases. Figure 6¢ plots RcW versus the interaction
parameter —ImXR for 3.4 nm-wide PNRs with a length of 5.2 nm. For this device, Rc W
starts at 5.5 k() pm in the case of weakly-interacting WBL edge contacts, then decreases
and reaches the optimum value of 132 Q) um for —ImZR = 0.4 eV, after which RcW in-
creases to 559 () um for the strongest-interacting MECs considered. The improvement of
RcW in 5.2 nm-long PNRs with —ImER = 0.4 eV, over the initial case where —ImXR was
0.9 eV, amounts to 31%. Hence, even in the shortest devices, the contact resistance can be
significantly reduced despite the very strong metallization-induced effects. Nevertheless,
the choice of optimum electrode material changes in shorter devices that clearly bene-
fit from less-interacting MECs (optimum —ImXR = 0.4 eV) than longer PNRs (optimum
—ImXR =2 eV) and, by extrapolation, large-area phosphorene devices with edge contacts.

4. Conclusions

Using atomistic quantum transport simulations, we studied the consequences of at-
taching metal electrodes in the edge-contact configuration on the electronic and transport
properties of ultra-scaled PNRs. Since we ignore tunnel and Schottky barriers, our approach
allows us to explore upper performance limits and lower limits on contact resistance in
these devices. Attaching MECs leads to Lorentzian peaks in the DOS and transmission
characteristics, appearance of localized MIGS inside the bandgap, noticeable narrowing of
the transport gap, and overall suppression of the transmission in the conduction and va-
lence bands. This suppression decreases the device conductance and introduces additional
contact resistance at electrode-nanoribbon interfaces. We have shown that PNR width
downscaling in the 5.4-0.5 nm range decreases RcW from 119 ) um down to 19 O pm.
Therefore, patterning phosphorene into PNRs provides a compelling way to minimize
contact resistance to levels acceptable to the CMOS industry for nanoscale FETs. In con-
trast to width scaling, RcW increases with decreasing PNR length from 109 (2 um when
L =159 nm to 192 3 um in 5.2 nm-long PNRs with MECs. In addition to Er¢g decrease,
the boosted RcW in ultra-short PNRs also limits their feasibility as channel material in
ultra-scaled FETs, and emphasizes the importance of including metallization effects in
device simulation at this scale. Finally, we have demonstrated the existence of optimum
interaction parameters or optimum electrode materials that can significantly improve RcW
(30% in comparison to the initial case of —ImXR = 0.9 eV). Surprisingly, shorter PNRs favor
less-interacting metals (optimum —ImXR = 0.4 eV), whereas longer PNRs profit from more
strongly interacting electrodes (optimum —ImZR = 2 eV) that reduce RcW to very low
levels, i.e., ~14 Q) pm in the narrowest PNRs. Our work proves that there is enough room
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for RcW improvement in BP and PNR devices since quantum limits of RcW reported in this
work are an order of magnitude lower than the best reported measured contact resistance.
Regarding large-area phosphorene devices with edge contacts, we show that RcW of ~90 ()
um is achievable, which is close to the best reported contact resistance in graphene devices.
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/ /www.mdpi.com/article/10.3390 /nano12040656/s1, pdf document containing additional simu-
lation results, mainly on 1D atomic chains to illustrate the emergence of contact resistance and
existence of optimum electrode material in nanodevices with edge contacts: Figure S1: Transmission
of 15 nm-long and 2.45 nm-wide PNRs with MECs for various contact self-energy or interaction
parameter values ranging from 0.09 eV to 20 eV, Figure S2: Transmission function of a 5-atom chain
with ideal and metal contacts for different ratios of the contact self-energy and inter-atomic hopping
parameter —Im{>} /¢ that ranges from 0.1 to 10, Figure S3: The same as in Figure S2 but for —Im{X}/¢
values that range from 0.9 to 1.5, Figure S4: Transmission in a 5-atom chain for weakly and very
strongly interacting MECs, and dependence of eigenvalues on the interaction strength.

Author Contributions: Conceptualization, M.P.; methodology, M.P., M.M. and T.Z.; data curation,
MM., A.Z., T.Z. and M.P; writing—original draft preparation, M.P., M.M. and A.Z.; writing—review
and editing, M.P,; project administration, M.P.; funding acquisition, M.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Croatian Science Foundation (CSF) under the project
CONAN2D (Grant No. UIP-2019-04-3493). The work of doctoral student A. Zeljko was also supported
by CSF through the Program “Young researchers’ career development project—training of doctoral
students” (Grant No. DOK-2020-01-7349).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article and
are available on request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fiori, G.; Bonaccorso, F.; lannaccone, G.; Palacios, T.; Neumaier, D.; Seabaugh, A.; Banerjee, S.K.; Colombo, L. Electronics Based
on Two-Dimensional Materials. Nat. Nanotechnol. 2014, 9, 768-779. [CrossRef] [PubMed]

2. Briggs, N.; Subramanian, S.; Lin, Z.; Li, X.; Zhang, X.; Zhang, K.; Xiao, K.; Geohegan, D.; Wallace, R.; Chen, L.-Q.; et al. A
Roadmap for Electronic Grade 2D Materials. 2D Mater. 2019, 6, 022001. [CrossRef]

3.  Pizzi, G.; Gibertini, M.; Dib, E.; Marzari, N.; lannaccone, G.; Fiori, G. Performance of Arsenene and Antimonene Double-Gate
MOSFETs from First Principles. Nat. Commun. 2016, 7, 12585. [CrossRef] [PubMed]

4. Klinkert, C.; Szabg, A ; Stieger, C.; Campi, D.; Marzari, N.; Luisier, M. 2-D Materials for Ultrascaled Field-Effect Transistors: One
Hundred Candidates under the Ab Initio Microscope. ACS Nano 2020, 14, 8605-8615. [CrossRef] [PubMed]

5. Afzalian, A. Ab Initio Perspective of Ultra-Scaled CMOS from 2D-Material Fundamentals to Dynamically Doped Transistors. NP]
2D Mater. Appl. 2021, 5, 5. [CrossRef]

6. Liu, H.; Neal, A.T,; Zhu, Z.; Luo, Z.; Xu, X.; Tomének, D.; Ye, P.D. Phosphorene: An Unexplored 2D Semiconductor with a High
Hole Mobility. ACS Nano 2014, 8, 4033-4041. [CrossRef]

7.  Das, S.;; Demarteau, M.; Roelofs, A. Ambipolar Phosphorene Field Effect Transistor. ACS Nano 2014, 8, 11730-11738. [CrossRef]

8. Li, L; Yu, Y; Ye, GJ.; Ge, Q.; Ou, X,; Wu, H,; Feng, D.; Chen, X.H.; Zhang, Y. Black Phosphorus Field-Effect Transistors. Nat.
Nanotechnol. 2014, 9, 372-377. [CrossRef]

9. Haratipour, N.; Robbins, M.C.; Koester, S.J. Black Phosphorus P-MOSFETs with 7-nm HfO, Gate Dielectric and Low Contact
Resistance. IEEE Electron Device Lett. 2015, 36, 411-413. [CrossRef]

10. Cao, X.; Guo, J. Simulation of Phosphorene Field-Effect Transistor at the Scaling Limit. IEEE Trans. Electron Devices 2015, 62,
659-665. [CrossRef]

11.  Afzalian, A.; Pourtois, G. ATOMOS: An ATomistic MOdelling Solver for Dissipative DFT Transport in Ultra-Scaled HfS2 and
Black Phosphorus MOSFETs. In Proceedings of the 2019 International Conference on Simulation of Semiconductor Processes and
Devices (SISPAD), Udine, Italy, 4-6 September 2019; pp. 1-4.

12. Guo, H.; Lu, N;; Daj, J.; Wu, X.; Zeng, X.C. Phosphorene Nanoribbons, Phosphorus Nanotubes, and van Der Waals Multilayers. J.

Phys. Chem. C 2014, 118, 14051-14059. [CrossRef]


https://www.mdpi.com/article/10.3390/nano12040656/s1
https://www.mdpi.com/article/10.3390/nano12040656/s1
http://doi.org/10.1038/nnano.2014.207
http://www.ncbi.nlm.nih.gov/pubmed/25286272
http://doi.org/10.1088/2053-1583/aaf836
http://doi.org/10.1038/ncomms12585
http://www.ncbi.nlm.nih.gov/pubmed/27557562
http://doi.org/10.1021/acsnano.0c02983
http://www.ncbi.nlm.nih.gov/pubmed/32530608
http://doi.org/10.1038/s41699-020-00181-1
http://doi.org/10.1021/nn501226z
http://doi.org/10.1021/nn505868h
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1109/LED.2015.2407195
http://doi.org/10.1109/TED.2014.2377632
http://doi.org/10.1021/jp505257g

Nanomaterials 2022, 12, 656 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Taghizadeh Sisakht, E.; Zare, M.H.; Fazileh, F. Scaling Laws of Band Gaps of Phosphorene Nanoribbons: A Tight-Binding
Calculation. Phys. Rev. B 2015, 91, 085409. [CrossRef]

Poljak, M.; Suligoj, T. Immunity of Electronic and Transport Properties of Phosphorene Nanoribbons to Edge Defects. Narno Res.
2016, 9, 1723-1734. [CrossRef]

Poljak, M.; Mati¢, M. Quantum Transport Simulations of Phosphorene Nanoribbon MOSFETs: Effects of Metal Contacts, Ballisticity
and Series Resistance. In Proceedings of the 2020 International Conference on Simulation of Semiconductor Processes and Devices
(SISPAD), Kobe, Japan, 23 September—-6 October 2020; pp. 371-374.

Poljak, M.; Mati¢, M. Bandstructure and Size-Scaling Effects in the Performance of Monolayer Black Phosphorus Nanodevices.
Materials 2022, 15, 243. [CrossRef] [PubMed]

Watts, M.C.; Picco, L.; Russell-Pavier, ES.; Cullen, P.L.; Miller, T.S.; Bartus, S.P; Payton, O.D.; Skipper, N.T; Tileli, V.; Howard, C.A.
Production of Phosphorene Nanoribbons. Nature 2019, 568, 216-220. [CrossRef]

Zhang, W.; Enriquez, H.; Tong, Y.; Mayne, A.].; Bendounan, A.; Smogunov, A.; Dappe, Y]J.; Kara, A.; Dujardin, G.; Oughaddou, H.
Flat Epitaxial Quasi-1D Phosphorene Chains. Nat. Commun. 2021, 12, 5160. [CrossRef]

Du, Y,; Liu, H.; Deng, Y.; Ye, P.D. Device Perspective for Black Phosphorus Field-Effect Transistors: Contact Resistance, Ambipolar
Behavior, and Scaling. ACS Nano 2014, 8, 10035-10042. [CrossRef] [PubMed]

Li, X;; Yu, Z,; Xiong, X; Li, T.; Gao, T.; Wang, R.; Huang, R.; Wu, Y. High-Speed Black Phosphorus Field-Effect Transistors
Approaching Ballistic Limit. Sci. Adv. 2019, 5, eaau3194. [CrossRef]

Telesio, E; le Gal, G.; Serrano-Ruiz, M.; Prescimone, F.; Toffanin, S.; Peruzzini, M.; Heun, S. Ohmic Contact Engineering in
Few-Layer Black Phosphorus: Approaching the Quantum Limit. Nanotechnology 2020, 31, 334002. [CrossRef]

Haratipour, N.; Namgung, S.; Grassi, R.; Low, T.; Oh, S.; Koester, S.J. High-Performance Black Phosphorus MOSFETs Using
Crystal Orientation Control and Contact Engineering. IEEE Electron Device Lett. 2017, 38, 685-688. [CrossRef]

Poljak, M.; Mati¢, M.; Zeljko, A. Minimum Contact Resistance in Monoelemental 2D Material Nanodevices with Edge-Contacts.
IEEE Electron Device Lett. 2021, 42, 1240-1243. [CrossRef]

Wang, L.; Meric, I.; Huang, PY.; Gao, Q.; Gao, Y.; Tran, H.; Taniguchi, T.; Watanabe, K.; Campos, L.M.; Muller, D.A.; et al.
One-Dimensional Electrical Contact to a Two-Dimensional Material. Science 2013, 342, 614-617. [CrossRef] [PubMed]

Jain, A.; Szabd, A.; Parzefall, M.; Bonvin, E.; Taniguchi, T.; Watanabe, K.; Bharadwaj, P.; Luisier, M.; Novotny, L. One-Dimensional
Edge Contacts to a Monolayer Semiconductor. Nano Lett. 2019, 19, 6914—-6923. [CrossRef] [PubMed]

Rudenko, A.N.; Katsnelson, M.I. Quasiparticle Band Structure and Tight-Binding Model for Single- and Bilayer Black Phosphorus.
Phys. Rev. B 2014, 89, 201408. [CrossRef]

Datta, S. Quantum Transport: Atom to Transistor, 2nd ed.; Cambridge University Press: New York, NY, USA, 2005; ISBN 0-521-
63145-9.

Pourfath, M. The Non-Equilibrium Green’s Function Method for Nanoscale Device Simulation; Computational Microelectronics;
Springer: Wien, Austria, 2014; ISBN 978-3-7091-1799-6.

Poljak, M.; Glavan, M.; Kuzmi¢, S. Accelerating Simulation of Nanodevices Based on 2D Materials by Hybrid CPU-GPU
Parallel Computing. In Proceedings of the 2019 42nd International Convention on Information and Communication Technology,
Electronics and Microelectronics (MIPRO), Opatija, Croatia, 20-24 May 2019; pp. 51-56.

Poljak, M. Electron Mobility in Defective Nanoribbons of Monoelemental 2D Materials. IEEE Electron Device Lett. 2020, 41,
151-154. [CrossRef]

Poljak, M.; Mati¢, M. Metallization-Induced Quantum Limits of Contact Resistance in Graphene Nanoribbons with One-
Dimensional Contacts. Materials 2021, 14, 3670. [CrossRef]

Datta, S. Nanoscale Device Modeling: The Green’s Function Method. Superlattices Microstruct. 2000, 28, 253-278. [CrossRef]
Liang, G.; Neophytou, N.; Lundstrom, M.S.; Nikonov, D.E. Contact Effects in Graphene Nanoribbon Transistors. Nano Lett. 2008,
8, 1819-1824. [CrossRef]

Liang, G.; Neophytou, N.; Lundstrom, M.S.; Nikonov, D.E. Ballistic Graphene Nanoribbon Metal-Oxide-Semiconductor Field-
Effect Transistors: A Full Real-Space Quantum Transport Simulation. J. Appl. Phys. 2007, 102, 054307. [CrossRef]

Meersha, A.; Variar, H.B.; Bhardwaj, K.; Mishra, A.; Raghavan, S.; Bhat, N.; Shrivastava, M. Record Low Metal—(CVD) Graphene
Contact Resistance Using Atomic Orbital Overlap Engineering. In Proceedings of the 2016 IEEE International Electron Devices
Meeting (IEDM), San Francisco, CA, USA, 3-7 December 2016; pp. 119-122.

Nemec, N.; Tomének, D.; Cuniberti, G. Modeling Extended Contacts for Nanotube and Graphene Devices. Phys. Rev. B 2008, 77,
125420. [CrossRef]

Fediai, A.; Ryndyk, D.A.; Cuniberti, G. The Modular Approach Enables a Fully Ab Initio Simulation of the Contacts between 3D
and 2D Materials. J. Phys. Condens. Matter 2016, 28, 395303. [CrossRef] [PubMed]

Fediai, A.; Ryndyk, D.A; Seifert, G.; Mothes, S.; Claus, M.; Schréter, M.; Cuniberti, G. Towards an Optimal Contact Metal for
CNTFETs. Nanoscale 2016, 8, 10240-10251. [CrossRef] [PubMed]

Pan, Y,; Wang, Y.; Ye, M.; Quhe, R; Zhong, H.; Song, Z.; Peng, X.; Yu, D.; Yang, ]J.; Shi, ].; et al. Monolayer Phosphorene-Metal
Contacts. Chem. Mater. 2016, 28, 2100-2109. [CrossRef]


http://doi.org/10.1103/PhysRevB.91.085409
http://doi.org/10.1007/s12274-016-1066-1
http://doi.org/10.3390/ma15010243
http://www.ncbi.nlm.nih.gov/pubmed/35009387
http://doi.org/10.1038/s41586-019-1074-x
http://doi.org/10.1038/s41467-021-25262-7
http://doi.org/10.1021/nn502553m
http://www.ncbi.nlm.nih.gov/pubmed/25314022
http://doi.org/10.1126/sciadv.aau3194
http://doi.org/10.1088/1361-6528/ab8cf4
http://doi.org/10.1109/LED.2017.2679117
http://doi.org/10.1109/LED.2021.3087908
http://doi.org/10.1126/science.1244358
http://www.ncbi.nlm.nih.gov/pubmed/24179223
http://doi.org/10.1021/acs.nanolett.9b02166
http://www.ncbi.nlm.nih.gov/pubmed/31513426
http://doi.org/10.1103/PhysRevB.89.201408
http://doi.org/10.1109/LED.2019.2952661
http://doi.org/10.3390/ma14133670
http://doi.org/10.1006/spmi.2000.0920
http://doi.org/10.1021/nl080255r
http://doi.org/10.1063/1.2775917
http://doi.org/10.1103/PhysRevB.77.125420
http://doi.org/10.1088/0953-8984/28/39/395303
http://www.ncbi.nlm.nih.gov/pubmed/27502169
http://doi.org/10.1039/C6NR01012A
http://www.ncbi.nlm.nih.gov/pubmed/27124382
http://doi.org/10.1021/acs.chemmater.5b04899

Nanomaterials 2022, 12, 656 12 of 12

40. Li, J.;Sun, X,; Xu, C.; Zhang, X.; Pan, Y.; Ye, M.; Song, Z.; Quhe, R.; Wang, Y.; Zhang, H.; et al. Electrical Contacts in Monolayer
Blue Phosphorene Devices. Nano Res. 2018, 11, 1834-1849. [CrossRef]

41. Zhang, X.; Pan, Y,; Ye, M.; Quhe, R.; Wang, Y.; Guo, Y.; Zhang, H.; Dan, Y.; Song, Z.; Li, ].; et al. Three-Layer Phosphorene-Metal
Interfaces. Nano Res. 2018, 11, 707-721. [CrossRef]


http://doi.org/10.1007/s12274-017-1801-2
http://doi.org/10.1007/s12274-017-1680-6

	Introduction 
	Methods 
	Results and Discussion 
	Conclusions 
	References

