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28 Abstract. Achieving good quality Ohmic contacts to van der Waals materials is a
29 challenge, since at the interface between metal and van der Waals material different
30 conditions can occur, ranging fromithe presence of a large energy barrier between the
31 two materials to the metallization of the layered material below the contacts. In black
gg phosphorus (bP),4a further challenge is its high reactivity to oxygen and moisture,
34 since the presence of uncontrolled oxidation can substantially change the behavior of
35 the contacts. Heregve study three of the most commonly used metals as contacts to bP,
36 Chromium, Titanium, and Nickel, and investigate their influence on contact resistance
37 against the variability between different flakes and different samples. We investigate
38 the gate dependence of\the current—voltage characteristics of field—effect transistors
39 fabricated with.these metals on bP, observing good linearity in the accumulation regime
40 for all metals investigated. Using the transfer length method, from an analysis of ten
41 devices, bothat room temperature and at low temperature, Ni results to provide the
42 lowest contact resistance to bP and minimum scattering between different devices.
43 Moreover, we observe that our best devices approach the quantum limit for contact
Zg resistance both for Ni and for Ti contacts.

46
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1. Introduction

Ohmic contact engineering for van der Waals materials represents a challénge in booesting
the performance of any device based on these materials. This opens new, fields of
investigation, since at the interface between a metal and a van der /Waals material,
different conditions could apply, ranging from the presence of a thick tunneling barrier to
metallization of the van der Waals material below the contacts, which could dramatically
modify device performance [1, 2]. With graphene, many strategies hayve been proposed
to achieve good Ohmic contacts, from creating defects by oxygen plasma to improve the
adhesion with the metal [3, 4], to the engineering of one—dimensional contacts at the
edge of encapsulated flakes [5]. On the other hand, in transition'metal dichalcogenides,
a local phase transition between the semiconducting and the metallic phase was shown
to greatly improve contact resistance [6, 7, 8, 9], as did bias annealing [10]. Moreover,
a local p—type doping induced by an oxygen plasma on MoSs has been demonstrated
to induce ambipolar behavior [11], and the qualityref the contacts to these materials is
still improving, as demonstrated by the very re¢ent achievément of ultraclean interfaces
between transition metal dichalcogenidessand In/Au contacts [12].

Black phosphorus (bP) is a layered semiconduetor [13], which has been widely
studied in the last few years because of the pessibility to exfoliate it to very thin
layers, even down to the monolayer,“called phosphorene. Few-layer black phosphorus
attracted great interest in the scientific community since its demonstration in 2014
[14], because of the direct band gap, tunable by layer number from 0.3 eV in the bulk
to approximately 2 eV for the monolayer [15, 16]. This feature, together with a carrier
mobility which reaches up to 456000 cm?/(Vs) for encapsulated few—layer bP at cryogenic
temperatures [17], is very intereéting among van der Waals materials, since it places bP
between graphene with itg semimetallic behavior and the high band gap transition metal
dichalcogenides. Moreover, bP has a peculiar crystal structure, puckered in—plane, with
a strong crystalline anisotropy between the armchair and the zig—zag direction. This
morphological anisotropy in.the plane induces a strong anisotropy of the optical and
thermal transport properties [18, 19|, as well as of the electronic properties, observed
by magnetotransport experiments [20, 21].

The high reactivity of bP in humid air, which is much more relevant for thin layers
[22], has so far' been the major drawback for device applications of this material. In
particular, the combined effect of oxygen and water, also in very small concentrations, is
very distuptive for bP [23, 24]. Phosphorus atoms react with oxygen forming phosphorus
oxides that are hygroscopic, thus the flakes gradually hydrolyze and dissolve [14].
Mareover, this process is accelerated by light [22], especially in the UV spectral region
[25].

The bP/metal interface has been studied intensely in the last few years. Since bP
i§ a semiconductor, in analogy to 3D semiconductors, the most intuitive scenario for a
bP /metal interface is the formation of a Schottky barrier at the interface between the
metal and the bP flake, due to the mismatch between the work function of the metal
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and the electron affinity of the semiconductor [26, 27]. Theoretical efforts have been
dedicated to modeling metals on both monolayer and multilayer bP in terms of work
function alignment [28, 29] and by complementary band calculations with quantum
transport simulations for monolayer bP [30], as well as by density funetional theory
31, 32].

Experimental work focused on characterization of the Schottky barrier height
[33, 34, 35] or the contact resistance [36, 37, 38, 39, 40, 41], in order to better understand
the ambipolar behavior of bP field—effect transistors [15, 42, 43, 44;45]theit anisotropic
transport properties [46, 47, 48], the influence of capping [49] or annt%ling treatments
[50], or even quantum transport [51]. In these studies, the reactivity of bP was addressed
by extracting as much information as possible from the samendevice, for example
the contact resistance for different flake thicknesses usingra stepped flake [43], or by
depositing contacts of two different metals on the same bPychannel [36].

Our aim is complementary to such studies: we iivestigate if the choice of the contact
metal has a sufficiently strong influence to besrobust against the variability among
different factors such as different flakes (with different %rystallographic orientations
with respect to the source-drain direction),or different fabrication batches, and thus we
compare results over different transistors for each metal. The focus is on lowering the
contact resistance. We discuss our results in comparison with previous studies both on
contact resistance [36, 42, 44, 51, 52, 53|rand. on Schottky-barrier height [30, 31, 32, 33].
Moreover, we show a correlation of contact resistance with carrier concentration in bP,
an information which was stillmissing in literature and which allows comparison with
other 2D materials [9]. We cheserChromium, Titanium, and Nickel for the present
study, since these transition metals present a good adhesion on SiOy and thus they are
commonly used as adhesionlayers. for gold electrodes.

As a first estimate of the/band alignment of the metal with the semiconductor, the
Schottky—Mott approximation [27] can be used to determine the Schottky barrier height
(SBH). Since bP is p<type, the SBH for holes (®,,) is defined as ¢, = E,—(®P,,—x), where
®,, is the metal work function, x the electron affinity of the semiconductor, and E; the
semiconductor band gap. The metals chosen have different work functions, in particular
Oy, ~ 5.0 eVA36], Peyad 4.5 eV [54], and Pp; ~ 4.3 €V [1], which are thus expected to
produce different baud alignments with bP (x,p ~ 4.4 €V) [55]. From this simple rule,
we would.expect Ni‘to have the best band alignment, while Ti the worst. However, it
is well known that at the interface between a metal and a semiconductor more complex
phenomena can arise, leading to a Fermi level pinning [56] and deviations from the
Schottky—-Mott rule. The presence of Fermi level pinning has already been suggested
and studied theoretically for few-layer bP [57], and it has been as well investigated
experimentally [34]. What is observed for bP [34] (and what is generally observed in
semiconductors) is a combination of Schottky—Mott barrier and Fermi level pinning.
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2. Methods

Substrates of B-doped Si, with 300 nm thermal SiO,, were pre-pattetned by optical
lithography with a grid of markers to allow flake identification. bP (prepared,following
a published procedure [58]) was exfoliated on these substrates. The samples were,then
immediately coated with a bilayer of MMA/PMMA which acts both,as a, protective
layer for the bP and as a positive resist for electron beam lithography (EBL). After the
EBL step, we performed a mild oxygen plasma. This step allows#o obtain/more stable
contacts for two reasons: first of all, it removes the organic residues’of the EBL resist
after development, and furthermore, it introduces in a contrelled way a'thin oxide layer
on the bP flake, which makes the samples more homogeneous and. increases the quality
of the interface [59].

Metal evaporation was performed next. We evaporated 10 mm of the selected metal,
plus an overlayer of 100 nm gold. After metal evaporation, the samples underwent a
15 minutes lift—off in hot acetone. Again a bilayersof MMA /PMMA was spun onto the
chips, to prevent degradation of the flakes during measuréments. This coating protects
the bP flakes [60, 61] and improves the field—effect transistor (FET) quality by tuning
the SBH, as reported in a recent study [49].

For electrical transport measurements; theé,samples were bonded to a 16—pin
dual-in—line chip carrier using Aaiwire. The transport properties were measured
under vacuum (p < 107* mbar) in @, custom-made insert, equipped with a diode
for temperature measurement.. The leakage current though the gate was measured
during gate loops and always found to be negligible. Atomic force microscopy (AFM)
measurements were performed with a Bruker Dimension Icon AFM, in peak force mode.
Data analysis was performed,with the WSxM software [62]. Further details on sample
fabrication and measurementsiare provided in the Supplementary Material.

3. Results and Discussion

3.1. Device geometry and sample preparation

The transferdength method (TLM) is one of the most frequently used methods to
evaluate contact/ resiStance [26]. It consists in measuring the two—terminal resistance
(R2) for various contact distances (Figure 1(a)). The resistance measured in two—probe
configuration isihe series resistance of the two contacts and the channel. Assuming that
all contacts between the metal and the bP flake of the device have the same resistance
Rg, Ry can be expressed as a function of the distance d between the contacts, as
Ry=2-Ra+ (d/W) - Rg, where (d/W) - Rg is the resistance of the bP channel, Rg the
sheet resistance of the flake, and W its average width. We can thus extract Rc and Rg
fromyaglinear fit of Ry vs. d. In order to compare flakes of different width, we have to
normalize the contact resistance Ro to the flake width W.

Our aim is to investigate whether a general trend in contact resistance to
bP is observed despite the scattering induced by possible residual oxidation and
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inhomogeneities. Therefore, the bP flakes used for this experiment, despite being from
the same source, were selected from different crystals of different batches. Twandifferent
exfoliation protocols, one in a glove box and one in a glove bag, aré used. Foruthe
devices, elongated bP flakes were chosen, which showed a regular shape and an optical
contrast typical of flakes of few tens of nanometers thickness. Several parallel contacts
were designed on the flakes by EBL, at nominal distances d; ranging from 600 nm to
1 pm, depending on flake length L (Figure 1(a)). Overall, 10 devices were Tealized and
characterized, both at room temperature and at low temperatures"/An optical microscopy
image of a typical device is shown in Figure 1(b). =
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Figure 1." (a) Schematics of the devices for transfer length method. Length (L)
and gvidth (W) of the bP flake are indicated. d; is the distance between neighboring
contacts, while we label the general distance between two contacts as d. (b) Optical
microseopy image of device 10. The scale bar is 10 ym. (c) AFM image of the device
shown in (b). The scale bar is 1.6 ym. (d) Profile along the line indicated in (c) to
measure the flake thickness, which is (21 & 4) nm. The red dotted lines indicate the
average substrate and flake level.

To measure the geometrical parameters of the flakes, after the electrical transport
measurements, we removed the protective layer to perform AFM measurements. One
example is shown in Figure 1(c). This process was performed as a last characterization
step, since an AFM measurement in air degrades the flakes. These measurements allowed
to precisely evaluate the width W and length L of the bP flakes and to measure the
distances d on each flake. The scattering in d with respect to the nominal value resulted
smaller than 5% for all devices. Furthermore, we extracted flake thickness from cross—
sections such as the one shown in Figure 1(d). The thickness of the individual flakes is
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in the range 15 — 40 nm, which coincides with the thickness range found in literature
on bP contacts [28, 43] and allows a comparison between different devices, since band
alignment and Fermi level pinning do not change anymore significantly with thickness
in this range [34]. The geometrical dimensions of the individual flakes are presented in
the Supplementary Material.

3.2. FElectrical characterization

The devices were measured at room temperature and at low temperature (4.2 K). As a
standard for the analysis, we used a bias voltage in the +£1 mV- range, which is the one
typically used in experiments. In order to evaluate Ry, we acquired afull current—voltage
(I — V) curve for each pair of contacts and extracted the two-probe resistances from
linear fits of these curves. Examples of I — V' characteristics are/shown in Figure 2(a).
The slope of the I —V curves decreases with increasing distanee between the electrodes.
We found that the I —V behavior of all devices is linear in this bias range, independent
of contact metal. The linear behavior of the!l — Vhcurves demonstrates the good
quality of the contacts. Furthermore, it is crucial for the correct evaluation of the two—
probe resistance R,. Generally the +£1 mVirange isisuitable for performing transport
measurements, since higher bias voltages could produce self heating in the proximity of
contacts due to current crowding [39].. Nevertheless, at low temperature we measured
some [ — V curves in a wider bias voltage range, namely £100 mV. A typical I —V
curve in this range for a devige of each metal is shown in Figure 2(b).

To quantitatively evaluate the linearity of the I — V' curves, we performed a linear
fit of each curve and used thefadjusted.r? of the fit as an indicator of the linearity. As
can be seen in Figure 2(b), with no gate bias applied (V; = 0 V), all curves are linear,
with an adjusted r? ~ 0.99 or higher. As a first indication, the linear trend of the I-V
curves suggests that the energy barrier, if any, at the bP/metal interface is very small
for all three metals investigated:

Source—drain eurrenthvss gate voltage measurements are shown in Figure 2(c).
These measurements do not show any ambipolar behavior in the £80 V range, while
they instead show a,strong unipolar p—type conduction, independent of the metal used.
Several factors could eontribute to this effect, such as flake thickness, since we realized
our FETs with/bP multilayers in the 15 nm to 40 nm thickness range, or the 300 nm
thickness of the Si0, used as a gate dielectric, which could be too thick to efficiently gate
bP into the electron region. Other studies performed with a much thinner SiO, [15, 36]
or with an'even thinner HfOy gate [44] successfully reach the electron region. Another
factor which could play a role is the oxygen plasma procedure that we use, since, as
suggestedby some preliminary evidence [43, 63|, oxygen exposure could increase the
p-type doping of bP. However, a systematic investigation of the link between oxygen
exposure and p—type doping is still missing.

Figure 2(c) shows that for positive gate voltage above 40 V, one device (Ti) reaches
the depletion regime, highlighted in the inset to Figure 2(c) on a logarithmic scale,
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Figure 2.
distances d at room temperature in the &1 mV bias range for a device with Cr
contacts (device 2).
in the Supplementary Materials, (b) Two—probe current—voltage characteristics in the
£100 mV bias range at T = 4.2°Ky(Ni, red curve, device 7; Cr, blue curve, device 3;
Ti, green curve, devicen6) (c) Source—drain current versus gate voltage for the same
devices. Vsq = 100amV. The inset shows the same data on a logarithmic scale, which
highlights the presence of a hysteresis in the depletion regime. 7' = 4.2 K (d) Adjusted
r? of the linearsfitswof. all current—voltage measurements acquired at different gate
voltages. T' = 4.2 K.

(a) Two—probe current=voltage characteristics for different contact

Similar measurements for all metals investigated are reported

and shows a hysteresis there. A similar behavior was found for another device (with
Ni contacts, see the Supplementary Material), which underlines that this effect is not
The hysteresis in bP FETs on SiO, has been
previously related to trap states at the interface [64].

related to the €ontact metal type.

As a last remark; it ‘has to be noticed that the I —V characteristics in these devices
becomes aon linearwhen the depletion regime is reached. The adjusted 72 of linear fits
to currént—voltage measurements at various gate voltages are displayed in Figure 2(d).
While.in the aceumulation regime all contacts show a linear trend (adjusted 72 ~ 1),
the adjusted 7? drops when a device reaches the depletion regime, here r? < 0.8 for
V, 340 V for the device with Ti contacts. A similar deterioration of contact quality in
the depletion regime has already been reported for bP [65].
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3.3. Contact resistance

Plots of Ry vs. d for three representative devices, one for each metaly, are presented
together with linear fits in Figure 3, both for room temperature (panel {a)) and low
temperature (panel (b)). The linear trend expected from TLM is indeed observed, and
the scattering of the resistance values for the same distance d is very small, as visible
from the error bars, which are often barely visible in the graph. From the slope of the
linear fits, the sheet resistance Rg is obtained, while the intercept is.equal to 2R-. To
better inspect this region of interest, a zoom—in at d close to 04s showsn in the insets of
Figures 3(a) and (b).

(@)

25 Room T
20t

15

R, (kQ)

10

50

R, (kQ)

d (um)

Figure 3. Transfer length method: average two-probe resistance Ry at room
temperature (a) and at low temperature (b) as a function of contact distance d. The
solid lines in (a) and (b) are the results of the linear fit procedure. Outside the range
of fitting, the same linear function is plotted using dashed lines. A zoom-in showing
the intercepts at d = 0, corresponding to 2R¢, is shown in the insets of panels (a) and
(b). Ni: device 7, Ti: device 5, Cr: device 2.

We then calculated Re - W and averaged the results (Ro - W) for all devices which
had contacts of the same metal, in order to rule out as much as possible device—
dependent effects and to obtain the general trend related just to the metal bP layer
contact. The results are presented in Table 1. Two different errors are evaluated on
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the aggregate data: the propagated error on the average, labeled as avg. error, which
is related to the experimental errors during the measurements and the scattering of the
data on the single device, see Figure 3. The other relevant uncertainty is the standard
error, labeled in the table as std. error, which is the standard deviation of the digtribution
of contact resistances of different devices with the same contact metalddivided by VN ,
where N is the number of devices. This latter value allows an evaluation'of thesscattering
between different devices with the same metal. Further information on the evaluation
of uncertainties is presented in the Supplementary Material.

~
Room T' Low T' (4.2 K)
Metal Method | Ro-W avg. error  std. error | Ro - W “avg. error  std. error
[ pm] [ pum] [Qpm] | [Qpm] [ pm] [€2 pm]
Cr TLM 797 64 253 2428 198 1377
Ry vs Ry 444 165 0.2 1353 240 408
Ti TLM 217 88 163 740 209 282
Ryvs Ry | 484 56 4 912 225 382
Ni TLM 135 13 64 432 30 208
Ry vs Ry 138 25 75 448 64 213

Table 1. Average of thepnormalized contact resistance Rc - W obtained from the
TLM measurements and frem the comparison between two-probe and four—probe
resistances (Rg vs Ry), both at teom temperature and at 4.2 K, for each of the three

metals investigated.nBoth the propagated error on the average (avg. error) and the

*

standard error (std. error) are displayed. *: The standard error is missing because

these measurements are frompa single device.

Figure 3 shows that contaa resistance at low temperature is higher than at room
temperature, which suggests a contribution of bP to R¢ for all three metals. This
trend is also clearly wisible from the contact resistance data presented in Table 1. At
room temperature #Re. - Wo=»135 Q pm is obtained for Ni, which is among the lowest
previously reported contact resistances in literature for bP [41, 50, 66], also for the
Ni/bP interface [36, 37],/and well within the 2017 target for silicon transistors in the
International Technology. Roadmap for Semiconductors (ITRS) [67]. Ti has a normalized
contact resistance which is slightly higher (~ 200 Q pm), but still much lower than
values réported infliterature for this metal [15, 47], while the highest contact resistance
is obtained for Cr with Ro - W ~ 800 Q um. Also at low temperature, chromium with
~ 2400 @ pmcis the metal that shows the highest contact resistance, followed by Ti
with 740 € ym. Despite its comparatively lower performance, the normalized contact
resistancefor Cr contacts at low temperature is still lower than in previous reports
[51]. Ni with 430 © pm confirms to be the metal with the lowest contact resistance,
with Rc - W more than a factor five smaller than for Cr. Moreover, with the lowest
scattering of the results, Ni contacts show the most consistent performance among the
three metals investigated.
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To obtain another independent evaluation of contact resistance, we comparéd four—
probe and two—probe measurements (RyvsRy). For this purpose, the outermost:contacts
were used as source and drain, while all other contact combinations were used for;the
four—probe resistance measurements (R4). Four—probe resistance measuresyjust the
contribution of the bP channel, Ry = Rg - d/W. We compare thishvalue with the
corresponding two—probe resistance Ry = 2 - Ro + Rg - d/W = 2 - Rg* Rygymeasured
using the same inner contacts as for the four-probe measurement. We can thus evaluate
R¢ as Re = (Ry — Ry)/2. This method allows to eliminate the influenee of@any possible
inhomogeneity of the bP channel, because the very same region of the channel is probed
in both measurements. In these measurements, which are €§mmmarized in Table 1, Ni
shows again the best performance, with specific contact resistivity values which are
consistent with those obtained by TLM. Also for Ti, a goodragreement between the two
methods is obtained, especially at low temperature/while.for Cr comparatively large
variations are observed.

Table 1 shows that the standard error is typically larger than the average error.
This is expected because the standard error describes the scguttering between the different
devices and includes therefore the variation in the characteristics of the specific flakes,
which were intentionally allowed to vary, suchias the thickness or their crystallographic
orientation. On this latter aspect it has to be underlined that conductivity varies at
most by a factor 1.5 between the armchair,and the zigzag direction [18].

Our results for the Ni and Ti contagts are in good agreement with previous studies
on SBH. Qubhe et al. [31] report,for Ni a SBH between 0 eV and 0.36 eV, while Pan et
al. [30] report a SBH between 0:02:eV and 0.26 eV. The two different values for SBH
are related to longitudinal and transversal injection of the carriers. Also Ti is shown to
have a low barrier for holesdmnjection into bP, both from theoretical modeling [32] and
from an experiment by Liu et al¢\[33], in which a SBH of 0.21 eV is obtained. This
is consistent with ourdata; which show that the performance of Ti-contacted devices
does not significantly differ from those with Ni contacts. The larger variation in contact
resistance for devices with Ti contacts compared to Ni can be explained by the higher
reactivity of Ti{68].

From ouwrfmeasurements it appears that the performance of the Cr contacts is
moderate, both ifr terms of contact resistance and for what concerns the scattering from
device to.device. Therefore, the Schottky—Mott rule does not capture the full physics
occurring at this interface. However, it is well known that Fermi level pinning [26] can
occur, which leads to a deviation from the ideal trend [69]. The configuration of the
surface states in the semiconductor is very important in determining Fermi level pinning
[70,:71]. A theoretical prediction suggests a more defected growth of Cr on bP with
respect to Ni. From energetic considerations, it appears that a three-dimensional island
growth of Cr on bP is favorable, while for Ni a two-dimensional growth is predicted [72].
This different growth mechanism could be relevant here, since defects, interface dipole
moments, and the chemistry at the interface can produce significant deviations from the
simple Schottky—Mott model [71]. Also the calculations and experimental observations

Page 10 of 15



Page 11 of 15

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-125158.R1

Ohmic contact engineering in few-layer black Phosphorus 11

by Jiang et al. [34] suggest that the Cr/bP interface is not as favorable for hole injection
as the Schottky-Mott rule would suggest. Moreover, independent theoretical studies on
monolayer bP suggest that at the interface with Cr, non—trivial effects occur, leading.to
a better transport for electrons than for holes [30].

Table 2 gives the values of sheet resistance Rg obtained from the slope of thelinear
fits in Figure 3. Besides, we obtain an independent evaluation of sheét’resistance from
the four—probe measurements, since Rg = R4 - W/d. Data obtained with TLM and
Ry vs Ry methods display both at room and low temperature afvery good consistency
for all three metals investigated. At room temperature, deviges frgm all three metals
have similar sheet resistance. At low temperature, instead, the sheet résistance for Cr—
contacted samples increases much more than for the other two metals, reaching 18 kf2,
which is further evidence for an interfacial reaction between, Cr and bP. Moreover, the
low Rg of the devices with Ni contacts is associated with, a higher mobility in these
devices at low temperature, as shown in the Supplementary Material. Since for thin
flakes the scattering at the interfaces is relevants and sinee a significant amount of the
device area is covered by contacts, we can ascribe/this increased mobility to a higher
quality of the Ni/bP interface with respeét, to the lother metals.

Metal Method Room T, Low T (4.2 K),
R, ko) R, k)
Cr TLM 7H+E14 17.3 £8.0
Ry vs Ry 6.5+ 0.7 18.0£9.0
Ti TLM 7.0£1.5 9.3£20
Ry vs Ri 70+14 9.84+2.6
Ni TLM™ 49+1.5 5.8+ 1.0
Ry vs R4 4.8+1.5 5.7+0.9

Table 2. Averagersheet resistance of bP for three contact metals. Only the larger
between avg.ierror,and std. error is shown in the table for clarity.

From the gate voltage modulation, combined with Rg, we can calculate the carrier
concentration'n of eachrdevice using the Drude model. A cross-check of these results with
an evaluation of'n from the threshold voltages gives consistent carrier concentrations,
as described in.detail in the Supplementary Material. We then investigate if there
is a correlation{between R and carrier concentration in the individual devices, and
compaze our results with the quantum limit [9]. These data are reported in Figure 4.
There is atrend of Ro with carrier concentration. Nevertheless, the scattering between
the different devices suggests that band alignment is not the only relevant contribution
to R¢, and that other effects such as the chemistry at the interface play an important
role.Furthermore, Re approaches the quantum limit [9] in a wide range of carrier
concentrations, both for devices with Ni and Ti contacts.

Surprisingly, the correlation of contact resistance with carrier density for bP is
difficult to retrieve in literature. In order to compare our results with previous
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reports, we added in Figure 4 literature data for Ti at room temperature [42], Pt at
room temperature [40], and Cr at low temperature [51]. Details are reported in the
Supplementary Material. Clearly, our best devices show a superior pérformance both
with respect to other studies on bP [36, 42, 44, 51, 52, 53] and also ingcomparison t0
other 2D materials [73].

103_ I I ’CeroomT °Cr42KI_
N @ Nioont & Nand]
= 10%¢ 00  § Fomiih imoomtnd
E L O From [51]: Cr 1.7K
3. 10 ]
N 100_ vy ’ 2
HO v
; 4 v © ® t
D:O 10 T = ~v E
T 0% 99
10%F NS T -
0.1 113 2 10
n, (20 "/cm?)

Figure 4. Contagt resistance of the individual devices versus carrier concentration.
For clarity, only TLM values of R¢ are used, and error bars are not displayed. The
full symbols represerit rooni temperature data, while the empty symbols represent low
temperature data./Cr is associated with blue, Ti with green, and Ni with red symbols.
Data fromliterature are included, using a full square for Yang et al. [40], a full circle for
Das et al. [42], and empty circles for Chen et al. [51]. The quantum limit is displayed
as a dashed line.

4. Conclusions

In this werk, we presented a study of contact resistance in exfoliated black phosphorus
devices/ with thickness 15 — 40 nm in a transfer length method configuration. Three
different metals, Titanium, Chromium, and Nickel were used, and measurements were
performed both at room temperature and at liquid Helium temperature. In order to
evaluate how robust the observed trends are, we presented aggregate data from 10
devices and used two different exfoliation protocols for bP.

Both at room temperature and at low temperature, contacts from all three metals
show linear I — V' curves in the 1 mV regime. In all samples we observed a strong
unipolar p-type behavior. We observe a linear behavior for all three metals in the
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+100 mV bias voltage regime, except when the depletion regime is reached @and Iy
approaches zero, as previously already observed in bP FETs [65].

Devices contacted with Cr display the highest contact resistances and the largest
scattering of the data. The anomalous behavior of Cr—contacted devices can berelated to
a more defective growth mechanism of Cr on bP, consistent with theoretical studies [72].
The lowest RoW is obtained for Ni contacts, which also display thesmallestiscattering
among the different devices both at room temperature and at low tempetature. This
trend is confirmed by the comparison between two—probe andfour=probe resistance
measurements. =

These results suggest that the quality of the bP/metalinterface plays a crucial
role in lowering contact resistance. Moreover, by demonstrating a. correlation of RcW
with carrier concentration, we clearly show that our best devices, both with Ni and Ti
contacts, approach the quantum limit for a broad range of\carrier concentrations.
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