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Abstract: We employ atomistic quantum transport simulations based on non-equilibrium Green'’s
function (NEGF) formalism of quasi-one-dimensional (quasi-1D) phosphorene, or phosphorene na-
noribbons (PNRs), to explore routes towards minimizing contact resistance (Rc) in devices based on
such nanostructures. The impact of PNR width scaling from ~5.5 nm down to ~0.5 nm, different
hybrid edge-and-top metal contact configurations, and various metal-channel interaction strengths
on the transfer length and Rc is studied in detail. We demonstrate that optimum metals and top-
contact lengths exist and depend on PNR width, which is a consequence of resonant transport and
broadening effects. We find that moderately interacting metals and nearly edge contacts are opti-
mum only for wider PNRs and phosphorene, providing a minimum Rc of ~280 Qum. Surprisingly,
ultra-narrow PNRs benefit from weakly interacting metals combined with long top contacts that
lead to an added Rc of only ~2 Qum in the 0.49 nm wide quasi-1D phosphorene nanodevice.

Keywords: phosphorene; black phosphorus; nanoribbon; quasi-one-dimensional; quantum
transport; transfer length; contact resistance; non-equilibrium Green’s function (NEGF) formalism

1. Introduction

Since the discovery of graphene [1], tremendous research efforts have been invested

Citation: Poljak, M.; Mati¢, M. into exploring the properties and technological applicability of novel two-dimensional
Optimum Contact Configurations (2D) or van der Waals materials [2]. The 2D materials cover various material classes, from
for Quasi-One-Dimensional semiconductors to dielectrics [3-5], which facilitates the development of electron devices
Phosphorene Nanodevices. such as field-effect transistors (FETs) with atomically thin channels [6,7]. A recent ab initio
Nanomaterials 2023, 13, 1759. study has predicted more than 4000 2D materials to be stable under normal conditions,
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with exfoliation foreseen to be possible for several hundred from their bulk counterparts
[8,9]. The ultimate thickness, dangling bond-free surfaces, and good electronic and
transport properties make many 2D semiconductors promising candidates to replace na-
Received: 15 May 2023 noscale silicon FETs as the fundamental building block in the semiconductor electronics
Revised: 26 May 2023 industry. Monolayer black phosphorus (BP), or phosphorene [10-12], is among such
Accepted: 28 May 2023 promising 2D semiconductors due to its acceptable bandgap, adjustable between ~0.3 eV
Published: 29 May 2023 and ~2 eV depending on the number of monolayers in BP, and adequate transport prop-
erties [13,14]. For the latter, high carrier mobilities of ~1.000 cm?/Vs were measured in BP
A FETs [15], but only in relatively thick samples. The mobility in phosphorene was discussed
Copyright: © 2023 by the author. jn detail in [16], where disappointingly low mobilities of 25 cm?/Vs at 300 K are calculated
Licensee MDPI, Basel, Switzerland. by combining ab initio and Monte Carlo simulations. Therefore, any phosphorene FETs
This article is an open access article  relevant to technology applications necessarily need to be short-channel devices in which
the contribution of ballistic transport is expected to dominate the device performance [17].
In addition to thickness dependence, the properties of phosphorene can be further
modulated by quantum confinement effects. Namely, reducing the dimensionality of
phosphorene could lead to new physical properties that could improve device character-
istics. Patterning phosphorene into quasi-one-dimensional (quasi-1D) structures, such as

Academic Editor: Mads Brandbyge

distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license

s/by/4.0/).

Nanomaterials 2023, 13, 1759. https://doi.org/10.3390/nano13111759 www.mdpi.com/journal/nanomaterials



Nanomaterials 2023, 13, 1759

2 of 13

phosphorene nanoribbons (PNRs), has been experimentally demonstrated recently [18,19]
where PNR widths under ~4 nm and bandgaps up to ~1.8 eV have been reported. Hence,
it is now possible to imagine realistically sized PNR-based FETs [20,21] that could enable
high integration densities on-chip, combining atomically thin channels and ideal gate-
control over the electrostatics with promising carrier transport. While the performance of
phosphorene and PNR FETs with either ballistic or diffusive transport have been investi-
gated previously by numerical simulations at the scaling limit [21-23], very little is known
about the properties of contact resistance (Rc) in such nanostructures [24-27], which is the
main technology limiter for large-area 2D materials. The Rc reported in multilayer BP [28-
30] is at least one order of magnitude higher than the elusive quantum limit of contact
resistance of ~30 Qum [27,31], and unacceptable for future logic device technology gener-
ations where Rc <135 Qum is needed according to the International Roadmap for Devices
and Systems (IRDS) [32]. Contact resistance masks promising transport properties, so it is
imperative to understand Rc behavior not only for nanoscale FETs but also for other ap-
plications where the information is carried by the electron current.

In this paper, we investigate Rc behavior in quasi-1D phosphorene nanostructures by
employing atomistic quantum transport simulations for various PNR sizes and contact
configurations. The impact of PNR width scaling, area scaling in hybrid edge-and-top
contacts, and of varying metal-channel interaction strengths on the transfer length and Rc
is reported and discussed in detail. We find that wider PNRs benefit from moderately
interacting metals with short top contacts, whereas longer top contacts and weakly inter-
acting metals are needed for extremely narrow PNRs to achieve minimum Rc close to the
quantum limit.

2. Methods

The equilibrium part of the NEGF formalism is employed to obtain relevant device
transport and electronic properties. Our in-house NEGF code [33-35] is used in the simu-
lations that solve Schrodinger’s equation for the device with open boundary conditions
towards two electrodes, i.e., source/drain (S/D) contacts. The retarded Green’s function of
the device takes as input the device Hamiltonian based on the tight-binding (TB) model
from [36] that was fitted on ab initio band structure. The second and third inputs are the
contact self-energy matrices, Xs® and XpR, for the source and drain contact, respectively.
Figure 1a,b illustrate a semiconducting armchair PNR where the dashed-line rectangle on
the left side of Figure 1b marks a super-cell along the nanoribbon width (W), which is
repeated along the length (L) to construct the total Hamiltonian matrix. The retarded and
advanced Green's functions are then utilized to find the transmission function of the PNR
and its density of states (DOS). The PNR FETs are self-consistently simulated using the
top-of-the-barrier (TOB) model that provides ballistic device characteristics based on full
band structure in the channel and S/D regions. Channel width varies from ~0.5 nm to
~5.5nm, while the length is set to 15 nm for all devices because the explored design space
is vast as will be shown later. Moreover, 15 nm long channels are of interest for future
CMOS technology nodes as stated in the IRDS [32]. All devices have the same supply volt-
age (0.7 V), equivalent oxide thickness (1 nm), doping (0.001 molar fraction of the atomic
areal density), and threshold voltage (~0.24 V) [35], for a meaningful comparison of PNR
FETs with different nanoribbon/channel widths and contact configurations.

Contact resistance is calculated from the difference in the drain current between the
PNR FET with ideal contacts (IC) and their counterparts with metal contacts (MC) [37].
The ICs are treated with the standard approach, i.e., fast iterative Sancho—Rubio method
[38], and devices with ICs exhibit perfect step-like transmission characteristics and DOS
curves with van Hove singularities [39,40]. In contrast, MCs are implemented with a wide-
band limit (WBL) model [39] where the metal-nanoribbon interaction strength is set to a
constant complex value, which is equivalent to having constant hopping between metal
and channel atoms and a constant metal DOS at Fermi level. It has been reported previ-
ously that the WBL model is adequate for the study of metallization effects and Rc in
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nanostructured devices, including those based on 2D and quasi-1D materials [26,41,42].
Metal-phosphorene interfaces have been investigated previously by ab initio methods
[43-45], but due to high computational complexity, these studies are limited to electronic
properties, with little consideration of carrier transport in realistically sized devices. In
contrast, our approach enables quantum transport simulations of phosphorene nanostruc-
tures consisting of thousands of atoms. Within the WBL model, the metal-nanoribbon in-
teraction strength is assumed to be equal for S/D contacts and is designated as -ImXs® =
—ImXpR = -ImX. The -ImX varies by orders of magnitude depending on the MC material,
e.g., from ~0.01 eV to ~20 eV in carbon nanotubes [41,46]. Therefore, we start with the
initial -ImX. of 0.9 eV and afterward use different -ImX. values to study the impact of var-
ious metals on Rc in quasi-1D phosphorene.

source (d)
—— (c) contact
O N
| =5

i 1c-MC
contact gate oxide
source
-W contact (e)
channel bottom oxide
2c-MC

Figure 1. Illustration of a phosphorene nanoribbon with armchair edges with a side view shown in
(a) and top view in (b). (c) Schematic view of the simulated PNR FET with MCs, illustrating the edge
contacts labeled as 1a-MCs in the bottom figure. Illustration of two hybrid edge-and-top MC con-
figurations showing (d) 1c-MCs and (e) 2c-MCs where metal electrodes interact with the first and
the first two super-cells, respectively.

This work focuses on studying the impact of different MC configurations, i.e., distinct
combinations of edge and top contacts, on the MC-induced added Rc in ultrascaled PNRs
at 300 K. Several cases are analyzed with a different number of atom lines or super-cells,
counting from the left or right edges of the PNR, with which the S/D metal contacts inter-
act. Pure edge contacts where MCs interact only with edge phosphorus atoms or the first
atom line, shown bounded by a rectangle on the right side of Figure 1b, are labeled 1a-
MCs and are illustrated in Figure 1c. A similar description is valid for 2a-MCs as well,
while the remaining MC configurations are hybrid contacts in which the MCs also extend
on top of the PNR by a certain length measured in super-cell widths. For example, 1c-MCs
cover one super-cell (Figure 1d), while 2c-MCs extend over two super-cells from the left
and right edges of the PNR (Figure 1e). This study identifies optimum MC configurations
for the minimum intrinsic Rc in PNRs, depending on device size and electrode material
choice.

3. Results and Discussion

The impact of width downscaling on Iow is shown in Figure 2a, and we clearly note a
weak W-dependence and a strong influence of MC configuration when -ImX. =0.9 eV. The
Ion in PNR FETs with ideal contacts slightly decreases in the examined width range, from
1.64 mA/um to 1.35 mA/um, whereas all devices with MCs exhibit significantly poorer
current-driving capabilities, indicating high Rc. For purely edge MCs (1a-MC case) the Jon
equals 0.33 mA/um for W = 5.40 nm and decreases to 0.19 mA/um in the 0.49 nm wide
PNR FET. When the contact area (Ac) increases from the 1a-MC to the 3c-MC case the ON-
state drain current also increases up to 0.72 mA/um in the widest device. However, the
enhancement effect caused by larger Ac saturates in PNR FETs with wider nanoribbon
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channels. Therefore, it seems that MCs with a larger top part are generally more favorable
for ultrascaled phosphorene nanodevices in terms of the drive current.

The origins of Ion decrease in PNR FETs with MCs in comparison to devices with ICs
is elaborated in Figure 2b,c that report DOS and transmission, respectively, in 4.41 nm
wide devices with different MC configurations. When metal electrodes are attached to the
PNR, the DOS loses the van Hove singularities that are indicative of quasi-1D structures,
and Lorentzians are formed away from subband minima due to MC-induced broadening
effects [24,26,27]. Decreasing the contact area from the 3c-MC to the 1a-MC case decreases
the DOS, which in turn decreases channel charge density that feeds the drain current of a
PNR FET. At the same time, metal-induced gap states (MIGS) are induced by MCs, and
their intensity inside the bandgap increases as the contact area increases. Nevertheless,
the MIGS are strongly localized at the edges of the nanoribbon in the vicinity of contacts
and do not contribute to transport [26], which is also visible in Figure 2c, which reports a
greatly suppressed transmission inside the bandgap. Therefore, a transport gap (Erc) ex-
ists and is only weakly modulated by MCs in 15 nm long devices with -ImX. = 0.9 eV. For
the 4.41 nm wide PNR, the Erc decreases when going from edge contacts (1a-MCs) to-
wards the 3c-MC configuration, but the change is negligible being lower than 20 meV.
Focusing on the conduction band near the minimum, where the majority of electron cur-
rent in a FET is distributed, we observe that PNR FETs with 1a-MCs exhibit the lowest
transmission which agrees with the lowest lon in these devices as reported in Figure 2a.
Qualitatively identical effects are observed in the narrowest 0.49 nm wide PNR, as shown
in Figure S1 in the Supplementary Material.
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Figure 2. (a) Impact of W-scaling on Ion in PNR FETs with ICs and different configurations of MCs.
(b) DOS and (c) transmission of the 4.41 nm wide and 15 nm long PNRs with ICs and MCs. (d)
Dependence of Rc in PNR FETs on nanoribbon width and contact configuration. In all plots -ImX. =
0.9eV.
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The analyzed Ion behavior, supported by DOS and transmission comparison for dif-
ferent MC configurations translates into W-normalized Rc shown in Figure 2d. Generally,
Rc increases when PNR width is scaled down irrespective of the contact shape. For edge
contacts, i.e., 1a-MC and 2a-MC cases, Rc increases from ~990 Qum at W = 5.40 nm up to
~2020 Qum for W = 0.49 nm. In the same width range, Rc is lowest for the 3c-MC configu-
ration with the resistance going from 355 Qum in the widest to 501 Qum in the narrowest
device. In comparison to Rc measured in few-layer BP devices with top Ni, Ti, and Cr
contacts in the literature [30], where Rc from ~140 Qum to ~800 Qum is reported, our
results for the widest PNRs with the longest MCs fit within the experimental range. When
we consider Rc modulation by contact area, we observe that Rc decreases considerably
with Ac increase for all nanoribbon widths when —-ImX. = 0.9 eV. When changing the MC
configuration from the 1a-MC to the 3c-MC case, the Rc improvement is 67% at W =
5.40nm and 75% for W= 0.49 nm. Moreover, the Rc-W curve in Figure 2d seems to overlap
for wider devices for the two MC cases with the largest top contact area. These findings
demonstrate that 3c-MCs are close to ideal for wider PNR FETs, whereas even longer top
contacts are expected to further decrease the Rc in devices with the narrowest quasi-1D
phosphorene channels.

The findings on Rc are obtained by using -ImX = 0.9 eV which represents a moder-
ately interacting metal electrode. On the other hand, various -ImX. values describing var-
ious interaction strengths and metallization effects are possible by employing different
metals as shown previously for, e.g., carbon nanotubes [41,46], and as demonstrated qual-
itatively by ab initio studies of large-area phosphorene-metal interfaces [43,44,47]. Hence,
in the following text, we explore the impact of varying contact-channel interaction
strength -ImX together with the influence of MC configuration on Rc in PNR FETs. Figure
3a,b report the dependence of Rc on -ImX and MC shape for the 4.41 nm and 0.49 nm
wide device, respectively. The same is reported for W = 2.45 nm in Figure S2 in the Sup-
plementary Material. The characteristic surprisingly exhibits a minimum, which demon-
strates the existence of the optimum interaction parameter -ImX and, hence, optimum
metal electrode materials for PNR FETs. This effect was reported previously in [35] for
devices with edge contacts, but here we demonstrate it for hybrid MC configurations that
include top contacts as well. As shown in Figure 3a for 4.41 nm wide devices, the optimum
-ImX is 2 eV and minimum Rc is 468 Qum for the 1c-MC case and, hence, the choice of
optimum material reduces Rc by 31% in comparison to the data presented in Figure 2d.
Moreover, increasing the top contact area by using 3c-MCs pushes the optimum —ImX. to
0.3 eV and minimum Rc to 309 Qum. The same optimum -ImX. values, i.e., 2 eV and 0.3
eV for the 1c-MC and 3c-MC case, respectively, and similar qualitative behavior of Rc is
observed also for the ultimately scaled 0.49 nm wide PNR FET shown in Figure 3b. Hence,
optimum metal-PNR interaction strength depends on the channel material and not on the
quantum confinement effects in narrow nanoribbons. These findings show that in PNR
FETs the hybrid contact configurations with longer top contacts benefit from weakly in-
teracting MCs, which is somewhat counterintuitive. In addition, using strongly interact-
ing metals with -ImX. >3 eV results in higher Rc that is only negligibly modulated by top
contacts.
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Figure 3. Influence of contact configuration and -ImX on Rc of the (a) 4.41 nm and (b) 0.49 nm wide
PNR FET. (c) Width dependence of Rc for the chosen configurations with seemingly optimum -ImX-.
for 1c- and 3c-MCs.

In order to assess the benefits of employing optimum MCs, in Figure 3¢ we plot Re-
W characteristics for PNR FETs with 1c-MCs and its optimum —-ImX =2 eV, and for PNR
FETs with 3c-MCs and its optimum —ImX. = 0.3 eV. The figure contains the results for the
initial 1c-MC device with -ImX = 0.9 eV reported in Figure 2d for comparison. For the 1c-
MC case, the improvement of Rc is especially evident for wider nanoribbon where Rc de-
creases from 740 Qum to 436 Qum, i.e., by 41% for W = 5.40 nm. The change is much
weaker in narrower devices, with Rc decreasing from 872 Qum to 769 Qum, i.e., by only
12% in the 0.49 nm wide device. When the top contact area further increases in the 3c-MC
case, the Rc is additionally reduced when the optimum -ImX = 0.3 eV is used, in compar-
ison to Figure 2d which shows the data obtained with suboptimum MCs. The minimum
Rcis only 239 Qum for W =2.45 nm and increases with W-downscaling to the worst-case
value of 337 Qum in the 0.49 nm wide PNR FET. Therefore, the choice of MC configuration
and metal-channel interaction strength can be adopted to reduce Rc considerably to ~240
Qum, but even this Rc value is still considerably larger than the quantum limit of contact
resistance in PNRs and other 2D and 1D materials and structures [27]. The Rc can indeed
be minimized further, as we will show later in the text, but first, we wish to explain the
origin of the optimum metal-PNR interaction strength.

The root of the optimum -ImX and the accompanying minimum intrinsic Rc in quasi-
1D structures of 2D materials is made clear by examining the energy and interaction-de-
pendent transmission characteristics. Figure 4 reports the T(E, -ImX) with x-axis in the
logarithmic scale for 0.49 nm, 2.45 nm, and 4.41 nm wide PNRs with 1c-MCs (top row)
and 3c-MCs (bottom row). The calculations are performed for six different device config-
urations (three PNR widths and two MCs), each with 51 -ImX. points and 2.000 energy
points, resulting in a total of 612.000 NEGF calculations for 306 devices for the data re-
ported in Figure 4. For all devices, there exist the expected optimum energy ranges for
transmission, i.e., conduction and valence bands of the nanostructure, and also the unex-
pected optimum -ImX range in which the transmission is high. For low —-ImX, the
transport occurs only via tunneling or hopping, and the transmission is greatly sup-
pressed due to poor coupling between the channel and the two electrodes [41]. Similarly,
very large -ImX. causes greater broadening that merges individual transmission peaks and
leads to an overall transmission reduction [26,35]. A clearer insight into the behavior of
transmission characteristics is provided for the 2.45 nm wide device in Figure S3 in the
Supplementary Material. We conclude that the optimum range of interaction strengths



Nanomaterials 2023, 13, 1759

7 of 13

E (eV)

W=0.49 nm

1cell-MCs

W=0.49 nm
3cell-MCs

log10[-Ims]

exists for each device and this range is centered around -ImX =2 eV for the 1c-MC con-
figuration irrespective of PNR width, as can be seen in Figure 4a—c.
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Figure 4. Dependence of the energy-resolved transmission on the metal-channel interaction
strength for 0.49 nm, 2.45 nm, and 4.41 nm wide PNRs with (a—c) 1c-MCs and (d—f) 3c-MCs.

When the top contact area increases, and we consider the 3c-MC case, the findings
for the 1c-MC case qualitatively hold, but the optimum -ImX range widens towards lower
interaction strength values for all PNR widths, as shown in Figure 4d-f. Therefore, opti-
mum —ImZX is lower for the 3c-MC than for the 1c-MC case and equals 0.3 eV as reported
earlier (see Figure 3a,b). By comparing the transmission plots of the same PNRs with dif-
ferent MC configurations, we conclude that increased top contact area leads to better
transport properties on the low-interaction side of the plots. For W=0.49 nm and at about
-ImX ~ 0.1 eV, i.e., comparing Figure 4a,d, we observe that 3c-MCs provide higher trans-
mission due to stronger effective broadening introduced by larger contacts. In the first
case, the transmission exhibits a resonant behavior with the number of Lorentzian peaks
corresponding to the number of states in the channel (Figure 4a). In contrast, the trans-
mission is broadened and certain previously separate peaks merge into continuous high-
transmission ranges when 3c-MCs are attached to the 0.49 nm wide PNR (Figure 4d).
Therefore, we conclude that the optimum -ImX exists due to similar transmission-
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suppressing effects when using electrodes with either very low or very high interaction
strengths. Moreover, larger top contacts provide better injection efficiency or, in other
words, enable stronger effective interaction between the metal electrodes and the channel.
Consequently, the range of inefficient low-interaction values becomes narrower, which in
turn decreases the optimum interaction strength of the metal. As shown in Figures S4 and
S5 in the Supplementary Material, identical effects are reported for graphene nanoribbons
as well in terms of DOS and transmission. Given the generality of the underlying physics,
we expect our conclusions to be valid for all semiconducting 1D or quasi-1D nanostruc-
tures.

Because the optimum electrode material changes with MC configuration, i.e., the
length of the top part of the contact (Lc), in the following paragraphs we investigate the
transfer length (L7) for carrier injection. In Figure 5a we plot the contact area-dependent
absolute Rc for PNR FETs with -ImX = 0.9 eV. The contact area is determined by multiply-
ing the PNR width with the length of the top part of the contact, e.g., Lc = 1.1 nm for the
3c-MC case. The extracted data follows an analytical curve with a hyperbolic cotangent
dependence on Ac = W-Lc, similarly to the usual distributed resistive network model [48].
When the contact area decreases, Rc is boosted significantly, which signifies poor carrier
injection in PNR FETs with edge contacts and the narrowest nanoribbon channels. The
characteristic area Ar = W-Lr obtained by fitting equals 2.853 nm?, which enables the ex-
traction of Lr. The resulting transfer lengths are reported in Figure 5b for —-ImX of 0.01 eV,
0.9 eV, and 20 eV, with each value representing a weakly, moderately, and strongly inter-
acting metal. For all -ImX values, Lr increases with the downscaling of the nanoribbon
width. This behavior implies that shorter top contacts or even edge contacts are adequate
only for wider PNRs and phosphorene by extension, whereas the Rc of the narrowest
PNRs should benefit from longer top contacts. When —-ImX. = 0.9 eV, the 3c-MC configura-
tion provides sufficient injection area only for W > 2.5 nm because in this width range
Lc~1.1 nm > L. For narrower channels, Lt increases to 5.8 nm at W = 0.49 nm and this
demands top contacts extending over 17 unit cells (17c-MCs) for a PNR FET with the 0.49
nm wide channel. Figure 3b reports this device as well and we can see that 17c-MCs fur-
ther reduce Rc to 221 Qum at -ImX = 0.9 eV, i.e.,, by 56% when compared to the 3c-MC
case that has Rc of 501 Qum for the same interaction strength. Accordingly, the channel-
size-dependent features of the transfer length show that the optimum Lc exists and that it
depends on PNR width and metal choice.
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Figure 5. (a) Contact resistance vs. contact area in PNR FETs with moderately interacting MCs, i.e.,
—-ImX = 0.9 eV. (b) Impact of PNR width downscaling on the transfer length for different metal-
channel interaction strengths. (¢) Minimum achievable added Rc with corresponding optimum Lc
and -ImX.

Altering the metal-channel interaction strength changes the Lr-W characteristic as
shown in Figure 5b. Weaker interactions (-ImX = 0.01 eV) result in longer transfer lengths,
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ranging from 0.93 nm to 10.2 nm when PNR width decreases from 5.40 nm to 0.49 nm. On
the other hand, strongly interacting electrodes (-ImX = 20 eV) reduce Lr that now varies
in a smaller range between 0.26 nm to 2.85 nm for the same PNR width range. The more
or less pronounced Lr modulation by W for the weakly or strongly interacting metal, re-
spectively, observed here for PNR FETs generally agrees with recent ab initio theoretical
calculations regarding Rc of metal-graphene systems [42]. Namely, it has been shown that
Rce of graphene devices with Ni and Ti contacts is nearly length-independent due to high
-ImY, while the opposite is true for Pd contacts for which -ImX. is two orders of magni-
tude lower than for Ni and Ti electrodes. Regarding the absolute Lr values, our data pro-
vides very short transfer lengths under ~10 nm in comparison to, e.g., Lr>700 nm recorded
for thick BP FET [28]. The stark difference in magnitude is due to nonideal metal-channel
interfaces in the fabricated samples that include defects, tunneling and Schottky barriers,
etc., that are present due to an unoptimized process or choice of electrode materials. On
the other hand, optimized 2D material-based FETs such as those based on the heavily ex-
plored MoS: provide Lr as low as 150 nm [49], ~30 nm [50], and 5 nm [51]. Hence, our
results seem to agree qualitatively and quantitatively with recent theoretical, numerical,
and experimental work on metal-2D material interfaces.

Contact length in the 3c-MC configuration (~1.1 nm) is longer than Lt only for PNR
widths above 4.6 nm, 2.6 nm, and 1.4 nm when -ImX is 0.01 eV, 0.9 eV, and 20 eV, respec-
tively. Strongly interacting metals provide superior injection and allow shorter contacts
over a wider range of nanoribbon widths than other —-ImX cases. Nevertheless, transfer
length values tell us whether top contacts are long enough in terms of efficient carrier
injection, and only partly inform us about the magnitude of minimum Rc thatis achievable
in a specific device. For this reason, finding the optimum MC configuration in terms of Lc
and —-ImZX can be informed by data in Figure 5b, but multiple device simulations are still
necessary to find minimum Rc for PNR FETs with various nanoribbon widths. Figure 5¢
shows the W-dependence of minimum Rc with corresponding (Lc, —-ImX.) pairs needed for
those Rc values. We note that these values correspond to added intrinsic Rc introduced by
MC-induced transport effects, with tunneling and Schottky barriers assumed to be negli-
gible. The smallest achievable contact resistance in quasi-1D phosphorene structures
ranges from 281 Qum in wider PNRs to only 45 Qum in the 1.47 nm wide nanoribbon. At
the same time, optimum (Lc, -ImX) pairs change considerably with the width downscal-
ing. The PNRs with W >2.45 nm prefer shorter contacts with moderately interacting met-
als (Lc<1.1 nm, -ImX¥. = 0.3 eV), whereas the 1.47 nm wide nanoribbon benefits from longer
Lc and less interacting materials for contacts (Lc = 2.2 nm, -ImX. = 0.1 eV). The narrowest
0.49 nm wide PNR, which can be considered almost as a phosphorene atomic chain close
in width to recently reported quasi-1D phosphorene nanostructures [18,19], exhibits the
lowest Rc of ~2 Qum. This value is reached only if Lc is at least 6.1 nm and if MCs interact
weakly with the channel, i.e.,, -ImX = 0.03 eV, as reported in more detail in Figures S6 and
S7 in the Supplementary Material.

Clearly, wider PNRs and large-area monolayer BP by extension prefer nearly edge
contacts with moderate metal-channel interaction, which counterintuitively stands in
complete contrast to the narrowest phosphorene nanoribbon devices that need long top
contacts with weak coupling. Since we do not employ DFT calculations [17,52-54] due to
the computationally prohibitive size and the number of the analyzed PNR configurations,
our work does not identify exact metals for minimum Rc. Moreover, additional simplifi-
cations in our approach include neglecting the impact of gate dielectrics and thermal sta-
bility [54-56], which could modify our findings quantitatively. Nevertheless, our study
helps in identifying where to look given the previously reported data for bulk metal-
phosphorene interfaces [43], and given a large amount of possibly metallic 2D material
candidates with low DOS at the Fermi level and/or with weak interaction strengths [8,9].
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4. Conclusions

Atomistic NEGF simulations of ballistic 15 nm long FETs with quasi-1D phosphorene
nanostructure channels are employed to investigate the limits of contact resistance in such
nanodevices. The features of Rc are studied for various PNR widths in the range from ~5.5
nm down to ~0.5 nm, different hybrid edge-and-top MC configurations, and numerous
metal-PNR interaction strengths. We find that optimum metals and optimum contact con-
figurations, i.e., optimum -ImX and Lc, exist and lead to minimum achievable MC-in-
duced Rc in phosphorene nanodevices. The presence of optimum -ImX is due to the sep-
aration between the two low-transmission regions, one with resonant tunneling transport
when -ImX is small, and the other with strong broadening effects when -ImY. is large. The
optimum Lc is defined by the transfer length that increases from ~1 nm to ~10 nm when
the PNR width is scaled down from ~5.5 nm to ~0.5 nm. Moreover, it is shown that metals
that are weakly coupled to the channel (small -ImX) exhibit poorer injection efficiency
than those with large —-ImX, however, this fact does not mean that weakly interacting MCs
result in high Rc. Surprisingly, nearly edge contacts with moderately interacting metals
are preferable only for wider nanoribbons, and phosphorene by extension, whereas long
top contacts with weakly interacting metals are needed for minimum Rc in ultra-narrow
PNRs. Specifically, for the analyzed nanoribbon width range the minimized Rc ranges
from 281 Qum (W =5.40 nm, for Lc < 1.1 nm and -ImX = 0.3 eV) to only ~2 Qum (W= 0.49
nm, for Lc > 6.1 nm and -ImX = 0.03 eV). Our findings are supported by analyzing the
underlying electronic properties and transport physics and we expect that the results
should hold qualitatively for all 1D or quasi-1D nanostructures of semiconducting 2D ma-
terials. Therefore, this work could prove to be useful for minimizing Rc that could enable
high-performance nanodevices such as FETs, or at least facilitate the probing of relevant
physical properties and phenomena that are usually obscured by the high contact re-
sistance.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nan013111759/s1, File S1: Figure S1. Transmission of ~15
nm-long and 0.49 nm-wide PNRs with different metal contact configurations. Figure S2. Influence
of contact configuration and contact-channel interaction on Rc for PNR FETs with the 2.45 nm-wide
nanoribbon channel. Figure S3. Transmission of 15 nm-long and 2.45 nm-wide PNRs with 1c-MCs
with various -ImX values ranging from 0.09 eV to 20 eV. Figure S4. Impact of 1c-MCs on DOS and
transmission of ~15 nm-long GNRs with different widths in the range from ~0.4 nm to ~4.8 nm.
Figure S5. Impact of changing -ImX from 102 eV to 10' eV on the transmission of ~15 nm long and
~0.4 nm-wide GNRs with different contact configurations. Figure S6. DOS and transmission of the
0.49 nm-wide PNR with 17c-MCs and metal-channel interaction parameter equal to 0.03 eV. Figure
S7. Transmission of the 0.49 nm-wide PNR with 17c-MCs for different metal-channel interaction
parameters between 0.03 eV and 0.1 eV.
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