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Abstract: The fabrication of high-performance (opto-)electronic devices based on ultrathin
two-dimensional channel materials requires the optimization of the charge injection at the
electrode - semiconductor interface. While the chemical functionalization with chemisorbed
self-assembled monolayers has been extensively exploited to adjust the work function of
metallic electrodes in bottom-contact devices, such a strategy was never demonstrated when
the top-contact configuration is chosen, despite the latter is known to offer enhanced charge
injection characteristics. Here, we have developed a novel contact engineering method to
functionalize gold electrodes in top-contact field-effect transistors (FETs), via the transfer of
chemically pre-modified electrodes. The source and drain electrodes of the molybdenum
disulfide (MoS>) FETs were functionalized with prototypical thiolated molecules possessing by
design different dipole moments. While the modification of the Au electrode with electron-
donating molecules yielded a marked improvement of the device performance, the asymmetric
functionalization of the source and drain electrodes with two different chemisorbed molecules
with opposed dipole moment enabled the fabrication of a high-performance Schottky diodes
with a rectification ratio of ~103. Our unprecedented strategy to tune the charge injection and
extraction in in top-contact MoS: FETs is of general applicability for the fabrication of high-
performance opto-electronic devices based on 2D semiconductors in which the energetic
asymmetry is required to boost the device functionality (e.g., for light-emitting transistors, solar

cells, etc), enabling to tailor the device characteristics on-demand.
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Two-dimensional transition metal dichalcogenides (TMDCs) display a broad variety of
outstanding electrical and optical properties making them ideal components for the next
generation high-performance (opto)electronic devices.!!! Among them, MoS, represents a
prototypical 2D semiconductor as it combines several advantages such as a sizeable band gap,
high Ion/Tofr ratio, great scalability and immunity to short-channel effects.[!*2! Although MoS,
based field-effect transistors (FETs) showed good key performance indicators, the currently
developed devices are far from exploiting the full potential of this semiconducting material.
Major bottlenecks are associated to fundamental physical processes due to the presence of large
Schottky barrier heights (SBH, @gz), severe Fermi level pinning (FLP) and interfacial defects.
In order to boost the device performance charge injection and extraction at the metal - MoS»
interface need to be optimized.’! Numerous attempts have been made by using van der Waals
(vdW) contacts!*l, low work function (WF) contactsl®!, insertion of h-BN tunneling layer or
metal oxide layer!¢], introduction of graphene!”], contact doping!®], and via the functionalization
of the electrodes with self-assembled monolayers (SAMs)%%) in devices based on bottom-
contact geometries. Among them, SAMs functionalization has been proved to be a powerful
and versatile method to adjust the WF of noble metals (Au, Ag, etc.) by reducing the SBH and
contact resistance hence improving the carrier injection.

Among various configurations, FETs with bottom-contact geometries are the most
commonly used. While they allow easy functionalization of the metallic electrodes with
chemisorbed SAMs, they are far from being ideal for high-performance devices. Conversely,
both theory!!”l and experiments!'®!!] have unambiguously demonstrated that the top-contact
configuration of staggered architecture offers better contacts and more efficient charge injection.
This can be understood in view of some geometrical reasons: the injection of the coplanar
architecture occurs from the contact edge into semiconductor, and all contact area facing the
gate of staggered architecture can participate to the injection process.!'%:!2 However, the top
electrode is generally prepared by thermal deposition, hence it can hardly be chemically
modified. On the other hand, deposition of metallic electrodes via the direct vacuum
sublimation of “hot” metal atoms onto a molecular surface can be extremely invasive by

3] Moreover, the electrodes

destroying the molecular layer, leading to short circuits.[
functionalization in bottom-contact devices still has some problems which are hard to be
overcome. In the first place, due to the metal electrode strong electrostatic screening effect!!#,
the carrier injects from the contact edge of the electrodes which is limited by the thickness of
the electrodes.['?3 Although in principle this can be improved by increasing the electrode

thickness, another study demonstrates that the injection efficiency is not proportional to the
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thickness of the electrodes: When the electrode becomes thicker, the injection efficiency
deteriorates.!'>] Furthermore, since the semiconductor layer needs to be prepared after the
functionalization of the electrode, the morphology and stacking structure of functionalized
molecules have a significant influence on the formation of the semiconductor layer.['*]
Therefore, generally applicable methods for fabricating top-contact FETs with functionalized
electrodes are nowadays highly sought after.

Herein, we have devised an unprecedented dry-transfer approach enabling the efficient
covalent functionalization of top-contacts in MoS: based FETs devices. The electrodes are pre-
functionalized with SAMs and physically laminated on the 2D semiconductor through vdW
contact. The device performance can be tuned via the controlled electrodes functionalization
with different chemisorbed SAMs to decrease (increase) the charge injection barrier. This
strategy also enables the asymmetric functionalization of the source and drain top-contacts with
molecules possessing opposite dipoles, to fabricate Schottky diodes with a rectification ratio

exceeding 10°.

___________
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Figure 1. Schematic illustration of the procedure steps for the preparation of top-contact FETs devices with
functionalized electrodes. a) Gold evaporation, b) functionalization via SAMs chemisorption, and c) transfer
of functionalized electrodes onto PDMS mold. d) Dry transfer and lamination of functionalized electrodes
from the mold onto the MoS; flake. e) Scheme of FETs structure with SAMs functionalized electrodes. Inset
in b) Chemical structure of the thiolated molecules (DABT and PFBT) used in this study. The dipole moment

orientation within the molecules is indicated with colored arrows.
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The back-gate top-contact MoS> FETs were developed with transferred top functionalized
Au electrodes by making use of a novel dry transfer technique. The fabrication process is
portrayed in Figure 1 (see Supporting Information for fabrication details). A patterned electrode
array was first evaporated onto an octadecyltrichlorosilane (OTS) functionalized sacrificial
silicon substrate through a copper shadow mask. These patterned electrodes are then
functionalized with thiolated molecules after the UV/ozone cleaning treatment. Subsequently,
these functionalized electrodes can be mechanically desorbed from the silicon, then dry
transferred and laminated on a polydimethylsiloxane (PDMS) surface to form an interelectronic
gap using a mechanical probe.l'”] The MoS: flakes were mechanically exfoliated and transferred
to the top of highly doped silicon (p++) covered with a 270 nm thick SiO; layer and an
insulating spin-coated polymer layer (Cytop, 85 nm) as dielectrics. Compared with
conventional Si/SiO: interface, the Cytop film represents an ideal substrate for 2D
semiconductor, because of its low surface energy, nearly free trap states, absence of dangling
bonds and low permittivity (¢ = 2.1).I'8 Finally, the previously prepared PDMS film exposing
functionalized electrodes are aligned under a microscope and physically laminated on the top
of the MoS; flake, resulting in a top-contact FETs device with functionalized electrodes. The
PDMS film is then kept on the top of the device for suitable encapsulation and protection of the
device.!]

The thickness of MoS; flakes was monitored by atomic force microscope (AFM) and Raman
spectroscopy. Figure S1 and S2 display the morphology and Raman as well as
photoluminescence (PL) spectra of MoS; flake. We have used MoS: flakes with the thickness
of 8~12 nm (12~19 layers) since such multilayered flakes are robust and they exhibit negligible
flake-to-flake variation in the electron affinity and carrier mobility, as well as a low sensitivity
to environment. The latter is key since our use of SAMs coated electrodes is aimed at modifying
the WF of the electrode rather than at chemically modulating the local electronics of the MoS»

r.142% Figure 1e shows the architecture of the

layers via dipole induced doping or charge transfe
functionalized FETs device. These top (functionalized-) electrodes and 2D semiconductor are
in contact and interacting uniquely via vdW forces. The latter has several advantages such as a
lower FLP effect, reduction of the defect-induced gap states and suppression of the metal-
induced gap states.?!] The dry transfer technique also possesses unparalleled advantages
including the possibility to transfer (functionalized-) electrodes creating a damage-free
interface when compared with the more invasive conventional thermal deposition. On the other

hand, compared with traditional functionalized bottom-contact configuration, the SAMs in this

top-contact configuration is only used to modify the top metal electrode, and have negligible
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influence on the semiconductor’s structure and electronics.!'?>??] Therefore, the devices
characteristics resulting from the exposure to various SAMs functionalized electrodes can be
directly correlated to the dipole induced changes in the electron injection barriers, which is also
known as SBH (@s5). According to the Schottky-Mott rule, the barrier height is defined as the
potential difference between WF of the (functionalized-) electrode (W) and the electron affinity

(x, defined as the difference between the semiconductor conduction band edge and the vacuum
level) of multilayer MoS, semiconductor, that is,
gp = Wr — 1 (D
Unfortunately, due to severe FLP, the Schottky—Mott model is not applicable experimentally.[?3]
In this case, the electron SBH can be characterized by introducing pinning factor (S) and charge
neutrality level (CNL, @cpp).
B = S(Wy — Deyy) + (P, —X) =S Wy +b (2)
The S was defined as the slope,
S = dogp/dWs 3
The S was varied from 0 for perfect FLP to 1 for no FLP. For MoS;, a severe FLP effect of § =
0.02~0.11 has been reported by evaporating various metal electrodes.[%23 In view of this,
MoS:; exhibits electron transport behavior.

The characterization of the chemically functionalized electrodes was carried out prior to their
transfer. To assess the monolayer morphology, we performed atomic force microscopy (AFM)
imaging and contact angle (CA) measurements (see Figure S3 and S4). The root-mean-square
(Rrms) roughness of evaporated Au as determined on an area of 2 x 2 um? amounts to 2.05 nm.
After functionalization with 4-(dimethylamine)benzenethiol (DABT) and 2,3,4,5,6-
pentafluorobenzenethiol (PFBT) chemisorbed SAMs, it slightly changed to 1.98 nm and 2.37
nm, respectively. Such functionalization is also accompanied by a change in the CA from the
77.6 ° of bare electrode to the 86.7° and 58.0° of the PFBT and DABT coated films, respectively.
DABT and PFBT, whose chemical structure is displayed in Figure 1b, were chosen as
prototypical thiolated molecules because they are rigid and shape persistent and are either
strong electron-donor or acceptor. The short contour length along the molecular backbone
simply comprising a benzene ring not only ensures good electrical conductivity and sufficient
thermal stability, but also minimizes additional tunneling barriers between MoS> and metal

(241 The strong dipoles allow to modify the Au electrodes WF of a magnitude as high

electrode.
as 0.7 eV. In particular, the DABT molecule with its lone electron pair shifts the WF of Au
electrode from 5.00 eV to 4.30 eV, while the fluorine-rich PFBT molecule increased it to 5.67

eV (see table S1 as well as Figure 3g), as determined by Photoelectron Yield Spectroscopy in
6



WILEY-VCH

Air (PYSA). The unfunctionalized electrodes were utilized as a reference in the control
experiment.

The chemical composition of the electrodes assembled with the DABT and PFBT molecules
can be directly analyzed by X-ray Photoelectron Spectroscopy (XPS). Figure S5 shows the C
Is, S 2p, N 1s and F 1s spectra of modified electrodes and compared to the bare electrode. The
C 1s peaks of DABT monolayer exhibit the typical C-C bond and C-N bond at 284.8 eV and
285.3 eV, respectively. Similarly, PFBT monolayer displays the C-C bond and C-F bond at
284.8 eV and 286.7 eV, respectively. A clear single symmetric peak of N 1s (at 399.7 eV) and
F 1s (at 686.9 eV) provide unambiguous evidence for the formation of the monolayer, by
indicating the presence of DABT and PFBT molecules, respectively.?*! In addition, S 2p core
level spectrum of SAMs showed only one doublet peak at 162.1 eV corresponding to S

chemisorbed onto the gold surface through a thiolate bond.®
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Figure 2. a) Scheme of top-contact FETs with functionalized electrodes structure. (b-i) Comparison of MoS,

top-contact FETs with bare Au electrode and SAMs functionalized electrodes. b,c) Semilogarithmic and
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linear plot of I vs Vs transfer curves at a fixed bias voltage (V) of 5 V. d-f) I vs Vs output curves at a
step Vs from -90 V to 90 V with a 30 V intervals. g-i) Statistical distribution of the linear mobility of top-

contact FETs devices with functionalized and unfunctionalized electrodes.

To investigate the electrical properties of the SAMs modified top-contact electrodes on the
carrier injection, we measured the transfer and output characteristics for the unfunctionalized,

PFBT functionalized, and DABT functionalized MoS, FETs under nitrogen environment

(Figure 2). For the sake of comparison, channel length and width normalized current (I = I, %)

of MoS: FETs as a function of back-gated voltage (V) are displayed in Figure 2b and 2¢, where
I45 1s the source drain current, and L/W is the length/width ratio of the channel. Figure 2d-f
shows the typical output curves of devices. Table S1 summarizes the extracted electrical
parameters of these devices. The non-ohmic “S” shape of the output characteristics at lower
bias indicates an obvious Schottky barrier in the carrier injection region.>2’! With the increasing
bias voltage, the contact between the electrode and MoS; displays ohmic-like behavior. The
devices comprising unfunctionalized Au electrode exhibit transfer curves typical for electron
transport in MoS> FETs with a threshold voltage (V;) of 7.1 V, which is in contrast to the p-
type behavior of previous studies.[*! This is mainly attributed to substrate induced doping and
the appreciable roughness of the electrode surface.!'®213] The statistical distribution and average
values of the apparent linear mobility () are depicted in Figure 2g-i and table S1. The best
performance was obtained for the device with DABT treated electrode with the average u
values of 30.6 + 8.8 cm? V! s'l, While the devices with bare Au electrode exhibit moderate
performance with the average u values of 16.9 + 5.2 cm? V' s *! and the FET containing the
PFBT treated electrode exhibit degraded performance with the average u values of 8.1 + 3.6
cm?V-1s-1 As aresult, compared with bare gold electrodes, DABT treated electrodes facilitate
the charge injection thus improving the device performance, while PFBT-treated electrodes
suppress it. Moreover, these results also exhibit better performance than the bottom-contact

configuration.l!

Besides the relevance of the field-effect mobility, the threshold voltage engineering is also
important towards the device performance optimization.®! As shown in Figure 3h, DABT
functionalized electrodes display a significant negative shift of V;;, (-21.4 V) and an apparent
increase of I;; without augmenting the hysteresis, evidencing the n-doping of MoS,. From the
Vi, shift, the change of charge carrier densities (An) can be estimated (see formula S2 in the
Supporting Information). The quantified An amounts to 1.08 X 102 ¢m™, being a value

comparable to those observed when using traditional n-dopants.?*) On the other hand, a clear

8



WILEY-VCH

positive shift of V;, (11.0 V) and a substantial decrease of the overall current is obtained upon
PFBT functionalized electrodes also without increasing the hysteresis, evidencing a p-doping
effect. The estimated An amounts to —5.54 x 10**¢m™, in line with reported molecular p-
dopants.[2°3% However, a previous report by Cho et al.’!! demonstrated that the contact region
modification with thiolated molecules of any type can be instrumental to improve device
performance by reducing the injection tunneling barrier and by creating additional tunneling
percolation pathways. This is because thiol molecules had been directly deposited on the flake
surface and chemically adsorbed at the sulfur vacancies of MoS: by generating a covalent bond
with Mo atoms. The healed and repaired sulfur vacancy defects bring about the elimination of
interface states and the improvement of overall performance.*?) Tt is reported that defects on
the surface of MoS; can be utilized to control the device electrical behavior.*3] Moreover, the
thermally evaporated Au with MoS; interface is degenerately doped, which is different from
the transferred Au.'®! Our results above based on the top-contact configuration clearly revealed
that in absence of chemical functionalization of the MoS,, the increase of the WF of Au
electrode yields a significant degradation of the device electrical performance. This also
suggests that SAMs functionalization of top-electrode is an efficient way to control carrier
transport in MoS; transistors. Significantly, the possibility of transferring metal electrodes
functionalized with appropriate SAMs makes it possible to tune the device performance with a

high precision.

To further evaluate the impacts of SAMs functionalized electrode on the charge injection, we

extracted the SBH by using the following thermionic emission equation:[2334]

I, = AA*T?exp <— Zj,l;) exp (7{:‘;) (4)
B din(lys/T?)

where A is the junction area, A* is the equivalent Richardson constant, kg is the Boltzmann
constant and T is temperature. The @®gp, is the slope of a linear fit to In(I;5/T?) as a function of
1/T, equation 5. In this way, the @5 under various gate voltages and the effective @gp (under
the flat-band condition) can be obtained. Figure S6-S8 show the temperature dependent transfer
characteristics of MoS; transistors with bare Au electrode and SAMs functionalized electrodes.
The extracted @gp at various gate voltages for all devices are shown in figure 3a-c. As can be
seen, the effective @55 amounts to 0.19, 0.07 and 0.53 eV for bare Au electrode, DABT and

PFBT functionalized electrode, respectively. The extracted effective @5 for various electrodes
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as a function of the corresponding work functions are displayed in Figure 3i. The dash line is
the linear fitting with a slope indicating a pinning factor (S) of 0.33. The value is much larger
than the previously reported values of 0.02~0.11 for deposited metals, and better than metal
oxide interlayer of 0.24.1%232] This confirms that metal electrodes functionalized with various

SAMs can be used to alleviate FLP and tune the SBH of multilayered MoS: FETs.
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Figure 3. a-c) Extracted SBH values at various gate voltages for MoS, FETs with functionalized and
unfunctionalized electrodes. d-f) Energy band diagrams for multilayer MoS; crystal contacted with bare
gold electrode (e), DABT (d) and PFBT (f) functionalized gold electrode. The red arrows represent the
different injection mechanisms. From top to bottom: thermionic emission, field emission (tunneling).l*> The
gray dotted line represents the molecular spacing. g) Secondary electron cutoff of DABT functionalized (blue
dots) and PFBT functionalized (red dots) Au electrodes compared to the corresponding unfunctionalized Au
electrodes (measures by PYSA, see Instrumentation in Supporting Information). h) Threshold voltage V;;,

and contact resistance R of FETs devices for the bare Au, DABT, and PFBT functionalized electrodes cases.
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i) Experimentally determined effective electron SBH as a function of work function for the bare Au, DABT

and PFBT functionalized electrode cases.

Figure 3d-f illustrate the mechanism of SAMs functionalized electrode on the charge
injection. Interfacial charge transfer process takes place upon deposition of the electrodes onto
the semiconducting MoS; flake. For device based on bare Au electrodes (figure 3d), a &gp of
0.19 eV was reported. As shown in figure 3e, the functionalization with DABT molecules
determines a decrease in the WF (4.30 eV) significantly reducing the @55 hence promoting
carrier injection from electrode to semiconductor, thereby overall improving the device
performance. On the contrary, the PFBT functionalized electrode (5.67 eV) displays a major
enhancement in the @gp, worsening the electron injection at the electrode-semiconductor
interface, hence yielding an overall degradation of the device electrical characteristics (figure
3f). In addition, figure 3h shows the contact resistance (R.) of the various devices which was
evaluated by using Y-function method, being an established protocol for evaluating R, in

[36] Detailed information regarding the

organic materials and TMDs semiconductor based FETs.
Y-function method are provided in the Supporting Information. The extracted R, values
amounts to 17.6 £ 4.8, 50.6 =+ 8.5, and 83.5 + 12.3 kQ for DABT functionalized, Au
unfunctionalized, and PFBT functionalized electrodes in top-contact MoS, FETs, respectively.
The estimated width-normalized R resulted 66.2 + 33.8, 144.8 + 33.1, and 337.8 + 166.2 k) -

um, respectively. These findings are consistent with the trends of p and V;;,, and are in line with

previous reports.[>13°]
C
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Figure 4. (a) Schematic illustration of asymmetric MoS, FETs device. (b) Semilogarithmic plot of the I;,— Vs
output curve at 0 V and -30 V gate bias conditions. The drain electrode is PFBT functionalized electrode and
the DABT functionalized electrode is grounded. (c) Rectification ratio at V, in different gate bias conditions.
d-f) Energy band diagram of asymmetric MoS; FETs devices. (d) Energy band diagram at thermodynamic
equilibrium. The black lines show the original WF energy of DABT and PFBT functionalized electrode. (e)
Energy band diagram at positively biased source-drain condition. (f) Energy band diagram at negatively

biased source-drain condition.

By taking the method a step further, it is also possible to transfer pairs of diversely SAMs
functionalized electrodes to introduce electronic asymmetry in the device thereby enabling the
fabrication of Schottky diodes. Figure 4a shows the schematic cartoon of the metal—-
semiconductor—metal (MSM) Schottky diode produced by transferring DABT and PFBT
functionalized electrodes as vdW contacts. The I;; — V;, output characteristics of Schottky

diode as a function of Vs are reported in figure 4b and figure S9. The use of DABT and PFBT
functionalized asymmetric electrodes yielded a decrease of the V¢ from 90 V to -30V, with a
significant increase in the rectification ratio (RR) reaching a maximum value of 10° at the V

of -30 V, as shown in figure 4c, which is comparable to the diodes produced using asymmetric
metal or oxidized metal contacts.l*”! This can be understood that negative V, shifts the energy
bands upward, which results in the increase in the injection barrier. With the increasing of V,
the energy bands were shifted downward, which makes the channel more conductive, and an
increased current is observed. At strong accumulation region, the barriers on both sides are
negligible and the RR becomes uniform.[*’8l Figure 4d reports a scheme of the energy band
diagrams for functionalized asymmetric electrodes MoS; FETs. As aforementioned, the WF of
the DABT and PFBT functionalized Au electrodes are different. Once the electrodes are in
contact with the semiconductor, the charge will flow from the semiconductor to the Fermi level
of the electrodes, thereby forming different space charge regions on both two contact areas of
the semiconductor surface, which also results in different injection barrier heights for the DABT
and PFBT functionalized electrodes (Figure 4d). When the DABT functionalized electrode is
grounded, the carriers can be injected through a lower barrier from DABT functionalized
electrode into semiconductor (Figure 4e) when a positive V; is applied. Conversely, when a
negative Vy, is applied, the carriers must overcome a higher barrier to be injected from PFBT
functionalized electrode into the semiconductor (Figure 4f), yielding a poored electron injection
and lower currents, leading to a rectification.l3!-36d]

In summary, we have reported for the first time on the integration of chemically

functionalized source and drain electrodes in top-contact MoS2 FETs by using the dry transfer
12
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technique. We have demonstrated that the SAMs functionalized electrodes in top-contact
configuration can significantly modulate the performance of FETs by choosing commercially
available thiol molecules with different dipoles moment. In perfect agreement with the
theoretical prediction, the electrodes functionalization determines a reduction of the injection
barrier which yields in and efficient improvement of the device performance. Furthermore, we
have upgraded this approach to enable the asymmetric functionalization of source and drain
electrodes that resulted in the fabrication of high-performance Schottky diodes. This technique
not only eliminates the influence of bottom electrode modification on the semiconductor by
enhancing the area of injection, but also offers a viable approach for the functionalization of
top electrodes for tuning the device characteristics. The work we presented here thus
demonstrated a generally applicable functionalized metal integration strategy for the
construction of high-performance staggered 2D semiconductor based FETs, which can be
extended to other delicate functional materials, such as organic single crystal or thin-film
semiconductors, and to other applications in which asymmetry is required like planar inverters,

light-emitting devices and solar cells.

Experimental Section
Experimental details are available in the Supporting Information.
Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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