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ABSTRACT: Two-dimensional transition metal dichalcogenides
(TMDs) represent an ideal testbench for the search of materials by
design, because their optoelectronic properties can be manipulated
through surface engineering and molecular functionalization.
However, the impact of molecules on intrinsic physical properties
of TMDs, such as superconductivity, remains largely unexplored.
In this work, the critical temperature (TC) of large-area NbSe2
monolayers is manipulated, employing ultrathin molecular
adlayers. Spectroscopic evidence indicates that aligned molecular
dipoles within the self-assembled layers act as a �xed gate terminal,
collectively generating a macroscopic electrostatic �eld on NbSe2.
This results in an �55% increase and a 70% decrease in TC
depending on the electric �eld polarity, which is controlled via
molecular selection. The reported functionalization, which improves the air stability of NbSe2, is e�cient, practical, up-scalable, and
suited to functionalize large-area TMDs. Our results indicate the potential of hybrid 2D materials as a novel platform for tunable
superconductivity.
KEYWORDS: tunable superconductivity, NbSe2, transition metal dichalcogenide, large-area functionalization, self-assembly,
monolayer TMD

Transition metal dichalcogenides (TMDs) are layered
compounds which can be thinned down to the single-

layer limit.1,2 While mechanical exfoliation generates atomically
thin TMD �akes possessing an area of a few square microns,
chemical and physical methods3 provide high-quality mono-
layers on large-area substrates, which are suitable for actual
technological applications.3�8

Similar to other two-dimensional materials, TMD mono-
layers are characterized by extreme surface sensitivity,9 making
it possible to �nely tune their optoelectronic properties
through electrostatic gating or surface treatments.10�12

Molecular functionalization is one of the most promising
methods to engineer TMDs,13�18 because an accurate choice
of convenient functional groups makes it possible to provide
programmable doping levels and unique responsivity to light
and magnetic �elds.12,19�26 While most studies on molecular
functionalization of TMDs demonstrate the engineering of the
optoelectronic properties of micron-sized mechanically ex-
foliated �akes,12,13,22�26,14�21 only a few works focus on
technologically relevant large-area TMDs,27,28 leaving an open
question about the up-scalability of chemical approaches.
Moreover, the e�ect of organic adsorbates on other intrinsic

properties of TMDs, like superconductivity, has been notably
less explored.13

Despite its limited stability in air,29 superconducting NbSe2
has been intensely studied in the past decade because it
exhibits intriguing electronic correlated phases.6,8,29�32 In
particular, NbSe2 exhibits transition into a superconducting
state below a critical temperature TC,33 which is lower in
monolayers (TC � 1 K) than in bulk crystals (TC � 7 K).6,30

The low-temperature superconducting state is gate tuna-
ble29,34,35 and can be modi�ed by molecular functionaliza-
tion.36�38 For instance, paramagnetic37,38 and chiral mole-
cules39 were found to locally alter the surface super-
conductivity of bulk NbSe2, giving rise to bound states
within the superconducting gap, and signatures of ferromag-
netism were detected in liquid phase exfoliated NbSe2
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interfaced with a polar reductive molecule.36 However, a
deterministic manipulation of the superconductivity of TMD
monolayers by functionalization with on-purpose molecular
adlayers has not yet been reported.

In this work, we manipulate the critical temperature of large-
area single-layer NbSe2 in a deterministic way employing
ultrathin self-assembled adlayers. Functionalization with a
�uorinated or an amine-containing molecule results in a 55%

increase and a 70% decrease in the TC of NbSe2 monolayers,
respectively. We use ultraviolet photoemission spectroscopy
(UPS) data to demonstrate that the recorded changes in TC
are related to electric �elds generated by the molecular
adlayers, which act as an e�ective �xed gate terminal.
Importantly, the polarity of the �eld-e�ect is determined by
an accurate choice of appropriate functional groups. The
presence of the ultrathin adlayer improves the air stability of

Figure 1. Schematic representation of our approach to manipulate the critical temperature Tc of NbSe2. (a) Large-area NbSe2 monolayer grown on
epitaxial bilayer graphene (NbSe2/BLG/SiC); molecular functionalization of the NbSe2 monolayer with (b) trichloro(1H,1H,2H,2H-
per�uorooctyl)silane (PFS) and (c) N-[3-(trimethoxysilyl)propyl]ethylenediamine (AHAPS). The direction of the PFS (AHAPS) molecule’s
permanent dipole moment leads to an increase (decrease) of the work function (�), which in turn causes an increase (decrease) of TC, due to hole
(electron) accumulation.

Figure 2. Morphological and spectroscopic characterization of NbSe2 thin �lms grown by molecular beam epitaxy. (a,b) AFM images of NbSe2
grown on BLG/SiC and on HOPG, respectively. The insets show height pro�les along the white lines in (a,b). (c) Fitted Nb 3d and (d) Se 3d core
level XPS spectra of NbSe2/BLG/SiC. The Se 3d core level spectrum in Figure 2d can be deconvolved into three components with the main
component corresponding to Se2� in NbSe2 (Se 3d5/2 peak at 53.25 eV, red component). The two minor components can be ascribed to residual
amorphous Se (green component at 53.95 eV) and trigonal Se (blue component at 55.35 eV).
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