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Controlling carrier densities in semi-
conductors is essential for producing 
functional devices and can be achieved 
using various doping techniques. How-
ever, conventional doping methods, 
such as substitutional doping or ion 
implantation, do not work well for 2D 
materials that are being explored as 
alternative platforms for the next-gen-
eration of logic and memory devices.[1,2] 
Instead, owing to the high surface area, 
surface functionalization with organic 
electron donors (OEDs) is an effective 
approach to tune carrier density in 2D 
materials. This strategy has been suc-
cessfully demonstrated in carbon nano-
tubes, graphene, and transition metal 
dichalcogenides for both electron and 
hole doping to generate materials with 
a wide range of doping levels.[3–21] For 
MoS2 in particular,[22] the two-electron 
reduced form of benzyl viologen (BV0) 

can dope MoS2 degenerately with an electron sheet density 
of ≈1.2 × 1013 cm−2.

Despite the remarkable success of surface functionalization, 
a significant mismatch persists between the precision syntheses 
of OEDs with tailored structures and properties and our under-
standing of their doping efficiencies and effects on 2D mate-
rials. Accurate measurements of their doping powers are largely 
lacking, without which the full potential of OEDs as dopants 
cannot be realized through rational design. Here, we use mono
layer MoS2 flakes as a model system and measure the doping 
power of an organic dopant based on 4,4′-bis(dimethylamino)
bipyridine (DMAP-OED),[23] which functionalizes the surface of 
MoS2. The change in the carrier density after doping was meas-
ured by comparing the field-effect transistor (FET) characteristics 
of MoS2 before and after functionalization, while the number of 
DMAP-OED molecules present on MoS2 was quantified by X-ray 
photoelectron spectroscopy (XPS) and atomic force microscopy 
(AFM). We report a doping efficiency ranging between 0.63 
and 1.26 electrons per molecule for DMAP-OED to MoS2 and 
achieve a degenerate doping level with a carrier density of 5.8 ± 
1.9 × 1013 cm−2 at the maximum functionalization conditions. 
This is four times greater than the best current system based 
on BV0.[22] The doping levels achieved with DMAP-OED are well 
beyond those possible by field-effect gating and offer opportuni-
ties to access a wide range of electronic phases that are tuned by 
the electron density.[24]

Surface functionalization with organic electron donors (OEDs) is an effective 
doping strategy for 2D materials, which can achieve doping levels beyond 
those possible with conventional electric field gating. While the effectiveness 
of surface functionalization has been demonstrated in many 2D systems, the 
doping efficiencies of OEDs have largely been unmeasured, which is in stark 
contrast to their precision syntheses and tailored redox potentials. Here, 
using monolayer MoS2 as a model system and an organic reductant based on 
4,4′-bipyridine (DMAP-OED) as a strong organic dopant, it is established that 
the doping efficiency of DMAP-OED to MoS2 is in the range of 0.63 to 1.26 
electrons per molecule. The highest doping levels to date are also achieved in 
monolayer MoS2 by surface functionalization and demonstrate that DMAP-
OED is a stronger dopant than benzyl viologen, which is the previous best 
OED dopant. The measured range of the doping efficiency is in good agree-
ment with the values predicted from first-principles calculations. This work 
provides a basis for the rational design of OEDs for high-level doping of 2D 
materials.
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DMAP-OED is a neutral reductant which is stable and 
soluble in organic solvents under a nitrogen or argon atmos-
phere.[23] Figure  1a shows the molecular structures and cyclic 
voltammograms (CVs) of DMAP-OED and BV0. The CV of 
DMAP-OED shows a single, reversible two-electron wave at 
−1.22  V versus the saturated calomel electrode (SCE). This 
reduction potential is significantly more negative than that of 
BV0, which undergoes two discrete one-electron events at −0.33 
and −0.72  V versus SCE. Based on their redox potentials, we 
hypothesized that DMAP-OED would be a stronger dopant for 
MoS2 than BV0. In agreement with the CV data, density func-
tional theory (DFT) calculations indicate that a single DMAP-
OED molecule adsorbed on a freestanding, monolayer MoS2 
(Figure 1b) should transfer 0.99 electrons to MoS2, while a BV0 
molecule should transfer 0.69 electrons to MoS2 in the same 
adsorption configuration (Figure S1, Supporting Information; 
Experimental Section).

Triangular flakes of monolayer MoS2 were synthesized on Si/
SiO2 substrates by chemical vapor deposition (Figure S2, Sup-
porting Information, and Experimental Section).[25] As-grown 
MoS2 flakes were transferred to a fresh SiO2 (285 nm) / Si (p+) 
substrate and back-gated MoS2 FETs were fabricated using 

standard e-beam lithography and e-beam evaporation of Ti/Au 
contacts (fabrication details in Experimental Section). For mole-
cular doping, a 10  mm solution of DMAP-OED in acetonitrile 
was drop-cast on the MoS2 FETs for 10 min inside an Ar-filled 
glove box. The devices were then rinsed with acetonitrile and 
dried under Ar. Figure  1c shows the representative transport 
characteristics of a MoS2 FET before and after surface function-
alization. In the pristine state, the width-normalized drain cur-
rent (ID) is ≈5.5 × 10−3 µA/µm at zero gate voltage (VGS), and the 
ID versus VGS shows typical n-type transport.[26,27] After surface 
functionalization with DMAP-OED, the ID increases by 3 orders 
of magnitude to 3.6 µA/µm at VGS  = 0  V, and the threshold 
voltage (Vth) shifts to a more negative VGS, indicating strong 
n-type doping. The average 2D sheet carrier densities (n2D) of 
the pristine and functionalized MoS2 were extracted from the 
transfer curves (Figure  1d) (See Figure S3, Supporting Infor-
mation, and Experimental Section for details). The electron 
density increased from 3.5 ± 0.3 × 1011 to 1.9 ± 0.2 × 1013 cm−2 
( 1.88 10 cm )2

13 2n D∆ = × −  1.88 × 1013 cm−2) on average as a result 
of doping from DMAP-OED. The high carrier density achieved 
in the functionalized MoS2 corresponds to its degenerate limit 
where the Fermi level lies inside the conduction band.[28]

Figure 1.  a) Chemical structures and CV scans of DMAP-OED and BV0, indicating that DMAP-OED is a stronger reductant than BV0. b) Atomic struc-
ture of a single DMAP-OED molecule on the surface of monolayer MoS2. The aromatic rings of the DMAP-OED molecule are aligned parallel to the 
basal plane of MoS2.c) Representative ID−VGS transfer curves of a pristine MoS2 FET and after functionalization with a 10 mm DMAP-OED solution for 
10 min. The ID at VGS = 0 V increases by 3 orders of magnitude upon DMAP-OED doping and overall shows a weak gate dependency. The bias voltage 
is 1 V and the channel length is 2 µm. Inset: An optical image of the monolayer MoS2 FET with various channel lengths. d) Average carrier densities at 
VGS = 0 V for pristine (gray), DMAP-OED (red), and BV0 (dark blue) functionalized MoS2 FETs prepared using a 10 mm molecular solution and 10 min 
treatment time. The error bars in the carrier densities represent the standard error obtained from measuring 6 to 8 MoS2 devices.
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As a control, we prepared a saturated solution of BV0 in 
toluene and treated MoS2 FETs for 10 min. The doping level 
achieved by the BV° functionalization is comparable to the 
reported values demonstrating that our method is consistent 
with other reported procedures.[22] As shown in Figure  1d, the 
average electron density of BV0-functionalized MoS2 is three 
times lower than that of DMAP-OED-functionalized MoS2. 
The lower doping power of BV° compared to DMAP-OED 
agrees with the relative redox potentials of the two molecules 
(Figure 1a) as well as with their calculated doping powers. Addi-
tionally, control experiments show that the high n-type doping 
observed in the DMAP-OED-functionalized MoS2 is not due to 
the acetonitrile solvent (Figure S4, Supporting Information), 
nor to the formation of a continuous film of DMAP-OED that 
might contribute to electrical current (Figure S5, Supporting 
Information).

Figure 2 shows the systematic increase in the carrier density 
of MoS2 as the functionalization conditions were varied. Rep-
resentative FET measurements for two different functionali-
zation conditions are shown in Figure 2a, which demonstrate 
that when MoS2 is exposed to a DMAP-OED solution of higher 
concentration for a longer time there is a greater increase in 
ID, which indicates stronger electron doping. Figure  2b pro-
vides a summary of FET measurements using various func-
tionalization conditions, plotted in order of increasing average 
carrier density. As expected, increasing the treatment time 
or the concentration of DMAP-OED in solution increases 
the electron density of MoS2; this can be attributed to more 
DMAP-OED molecules being present on the surface of MoS2, 
which leads to higher n-type doping. In the case of a 10  mm 
DMAP-OED solution and an exposure time of 72 h, the carrier 
density saturates at ≈5.8  ± 1.9 × 1013 cm−2, representing the 
highest doping level achieved among all of the reported values 
of molecular doping in MoS2 using organic or organometallic 
molecules.[14–18,20,22]

The electron transfer from DMAP-OED to MoS2 was further 
examined using XPS. Figure  3a,b show the Mo 3d and S 2p 
peaks of the pristine and functionalized MoS2 using a 10 mm 
DMAP-OED solution and an exposure time of 10 min. After 
surface functionalization, the binding energies of the Mo and 

S core levels decrease by ≈0.6 and 0.5  eV, respectively, which 
indicates electron transfer from DMAP-OED to MoS2, resulting 
in lower oxidation states of Mo and S.[29] The line shape of the 
XPS peaks did not change after functionalization, suggesting 
physisorption of DMAP-OED molecules on the surface of the 
MoS2. Similar downshifts of the core level peaks were observed 
for functionalization of MoS2 with BV0 (Figure S6, Supporting 
Information). Systematic XPS characterizations as a function 
of functionalization conditions are tabulated in Table S1, Sup-
porting Information. We also performed Raman spectroscopy 
and photoluminescence (PL) measurements on MoS2 before 
and after DMAP-OED functionalization (Figure S7, Supporting 
Information). Structurally MoS2 remains in the semicon-
ducting 2H phase while the PL intensity decreases significantly 
with increase in the trion peak relative to the exciton peak after 
functionalization in accordance with electron doping effects on 
MoS2.[30,31]

To measure the doping power of each DMAP-OED molecule 
to MoS2, the measured increase in the carrier density must be 
divided by the number of dopant molecules on the MoS2 sur-
face. We quantitatively measured the number of DMAP-OED 
molecules on MoS2 by examining the XPS N 1s peak as the 
dopant molecule contains 4 nitrogen atoms (Figure  3c). The 
N 1s peak is absent in the pristine MoS2, confirming its origin 
from DMAP-OED. By comparing the relative areas of the N 
and Mo peaks, a ratio of 1 DMAP-OED per 3.85 Mo atoms is 
obtained for MoS2 functionalized with a 10  mm DMAP-OED 
solution for 10 min. Assuming a lattice constant of 3.16 Å for 
2H-MoS2,[32] a surface density of 3 × 1014 molecule cm−2 was 
determined for DMAP-OED on MoS2. For functionalization 
with BV0, approximately three times as many BV0 molecules 
were estimated to be on the surface of MoS2 with a density of 
9.6 × 1014 molecule cm−2 under similar functionalization con-
ditions (Table S1, Supporting Information). This is consistent 
with the smaller size of BV0.

Given that the increase in the carrier density was 1.88 ± 0.2 × 
1013 cm−2 for the 10 mm DMAP-OED solution with 10 min treat-
ment time, the XPS analysis suggests that the doping power of 
DMAP-OED is ≈0.06 electron per molecule, which is far lower 
than the prediction from DFT calculations as well as what is 

Figure 2.  a) Representative ID−VGS transfer curves of MoS2 FETs for two different DMAP-OED treatment conditions: (top) 10 mm, 24 h and (bottom) 
0.1 mm, 1 min. The bias voltage is 1 V and the channel length of the devices is 3 µm. b) Systematic increase of the carrier density in MoS2 at VGS = 0 V 
with increasing DMAP-OED concentration and functionalization time.
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expected based on the redox potential of DMAP-OED. The lat-
eral dimensions of a DMAP-OED molecule are about 0.97 nm 
× 1.08 nm, which is approximately twelve times larger than the 
unit cell of MoS2. Therefore, a DMAP-OED molecule with its 
aromatic rings aligned parallel to the surface of MoS2 would 
cover 12 Mo atoms, which suggests that the estimated ratio of 
1 DMAP-OED per 3.85 Mo atoms from XPS indicates forma-
tion of multi-layer islands or films where molecules are stacked 
on top of each other. Since the doping power of the molecule 
is expected to decrease as it moves away from the surface of 
MoS2, we estimate that not all the molecules measured by XPS 
are donating electrons equally to MoS2.

The results described above suggest that when MoS2 is func-
tionalized with a 10 mm DMAP-OED solution for 10 min, a “sat-
urated” system in which many of the molecules are not donating 
electrons to MoS2 is obtained. Thus, we examined the function-
alization condition of a 0.1 mm DMAP-OED solution for 10 min. 
In this case, we could not use XPS to quantitatively measure the 
surface density of DMAP-OED on MoS2 as the N 1s peak was 
not clearly resolved after surface functionalization (Figure S6, 
Supporting Information). We thus used AFM to estimate the 
molecule surface coverage and determine the doping power of 

DMAP-OED. Figure 3d,e show the AFM images of pristine and 
functionalized MoS2 treated with a 0.1  mm DMAP-OED solu-
tion for 10 min, which show that the molecules aggregate and 
form islands. Analysis of AFM images shows an average areal 
coverage of 11% for functionalized MoS2. The surface rough-
ness of the uncovered areas is comparable to that of the pris-
tine MoS2, indicating that only the islands contain the mole-
cules. Over 200 islands were analyzed to obtain the diameter 
and height distributions of the islands (Figure  3f). A striking 
number of the islands are either ≈0.8 or 1.3 nm in height, while 
they are broadly distributed in diameter with an average value 
of 21.4 ± 0.7 nm. Accounting for the height of the DMAP-OED 
molecule (0.375 nm, Figure 1b), the space between the molecule 
and MoS2 (0.209  nm), and the interlayer spacing between the 
molecules, the observed heights of 0.8 and 1.3  nm strongly 
suggest that the islands are either mono- or bi-layer islands. 
The surface coverage of DMAP-OED decreases to ≈1.6 % with 
mainly monolayer islands when the functionalization time was 
shortened to 1 min (Figure S8, Supporting Information). We 
note that MoS2 treated only with acetonitrile showed less than 
≈0.2 % areal coverage of small islands, eliminating the possi-
bility that the islands are from the solvent molecules.

Figure 3.  XPS spectra of a) Mo 3d, b) S 2p, and c) N 1s core levels before and after treating MoS2 with a 10 mm DMAP-OED solution for 10 min. The 
downshift of the binding energies of the pristine peaks, indicated by the green dashed lines in (a) and (b), confirms lower oxidation states of Mo and S 
due to electron injection into MoS2. AFM images of d) pristine and e) DMAP-OED-functionalized MoS2 after treating MoS2 with a 0.1 mm DMAP-OED 
solution for 10 min. Insets: Zoom-in AFM images. As revealed by the bright spots in (e) DMAP-OED tends to aggregate and form islands. f) Diameter 
and height distributions of the molecule islands formed on MoS2 after functionalization with a 0.1 mm DMAP-OED solution for 10 min.
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To calculate the doping power of a DMAP-OED molecule 
from the AFM data that shows mono- and bi-layer islands, 
we consider two scenarios: the first is electron doping by only 
the first layer of molecules closest to MoS2 and the second is 
electron doping by both layers of molecules with equal doping 
power. We focus on the case of a 0.1 mm DMAP-OED solution 
functionalizing MoS2 for 10 min. Based on the AFM results 
(Figure 3d–f), the total number of DMAP-OED molecules in the 
first and second layer is estimated to be 1.25 × 1013 molecules 
cm−2 (Supporting Information). Given the change in the carrier 
density of 7.9 ± 1.0 × 1012 cm−2 (Figure 2b), the estimated doping 
power of a single DMAP-OED molecule to MoS2 is 1.26 ± 0.15 
electrons per molecule in the first scenario and 0.63 ± 0.08 elec-
tron per molecule in the second scenario. The doping power of 
DMAP-OED is on a similar order when the functionalization 
time is shortened to 1 min, given the ten times reduction in 
both the surface coverage and induced carrier density. Thus we 
observe a near unity doping efficiency for DMAP-OED to MoS2.

DFT calculations were performed to provide further 
understanding of our results. Figure 4 shows the calculated 

electronic structure of DMAP-OED-functionalized MoS2 for 
two cases: a single DMAP-OED molecule in an 8 × 8 MoS2 
supercell (1-layer (1L); Figure  4a,c,e) and two molecules ver-
tically stacked on MoS2 in the same supercell (2-layer (2L); 
Figure  4b,d,f ). Electrons from the molecules are trans-
ferred predominantly to the interfacial region and Mo sites 
(Figure 4a,b, and Figure S9, Supporting Information). These 
electrons are donated from the highest occupied molecular 
orbital (HOMO) of DMAP-OED. In the 1L case, the HOMO 
becomes approximately half-unoccupied and splits into two 
non-degenerate spin-polarized orbitals (Figure 4e). The calcu-
lated doping power is 0.99 electrons per molecule to MoS2 
(Experimental Section). In the 2L case, the HOMOs of the 
two molecules hybridize and split into two peaks in the pro-
jected density of states (PDOS) (Figure 4f ). One of the peaks 
is primarily localized on the top molecule and remains fully 
occupied after functionalization, while the other peak is pri-
marily localized on the bottom molecule and becomes par-
tially unoccupied (Figure  4f ). The two molecules donate a 
total of 1.27 electrons to MoS2, with the molecule in direct 

Figure 4.  The planar-averaged differential charge density ∆n (e Å−3) of a) 1-layer (1L) and b) 2-layer (2L) configurations. Blue dashed lines correspond 
to Mo and S atomic layers while red dashed lines denote the upper and lower boundaries of the molecules. Differential charge density Δρ of c) 1L and 
d) 2L configurations. The differential charge density is defined as / 2 2mol MoS MoS molρ ρ ρ ρ∆ = − − . Electron depletion and accumulation are indicated by red 
and green colors, respectively. The iso-value is 5% of the maximum value. PDOS for e) 1L and f) 2L configurations. The PDOS shown here is the sum 
of spin up and spin down PDOS (see Figure S10, Supporting Information, for spin-polarized PDOS). The PDOS on MoS2 is divided by 64 for clarity. 
The partial charge densities of selected peaks in the molecular PDOS are shown as insets (the iso-value is 1% of the maximum value in (e) and 5% 
of the maximum value in (f)).
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contact with MoS2 donating 0.86 electrons. These calculated 
doping powers are in good agreement with the experimental 
results. Further, the calculations show that increasing the 
surface coverage of DMAP-OED molecules by arranging 
two molecules side by side on MoS2 (Figure S1, Supporting 
Information) reduces the doping power per molecule, while 
the total charge donated by the molecules to MoS2 increases. 
Table 1 summarizes the doping powers of DMAP-OED mole-
cules with four different configurations in relation to MoS2, 
and shows diminishing doping power per molecule for 
higher coverage. We note that the Fermi levels of the DMAP-
OED-functionalized MoS2 are within the conduction band of 
MoS2 (Figure  4e,f ), consistent with the degenerate electron-
doping observed experimentally. In the presence of a sulfur 
vacancy in MoS2 (Figure S1, Supporting Information), we 
calculate that the doping power of DMAP-OED increases to 
1.27 electrons per molecule in the 1L case, suggesting that the 
nature of MoS2 can significantly influence doping efficiencies 
of DMAP-OED.

In conclusion, the ability to dope MoS2 beyond its degen-
erate limit via an organic super electron donor provides 
opportunities to access correlated electronic phases, such 
as superconductivity at the degenerate level, and provides 
an alternative to ionic gating. Using DMAP-OED, we have 
demonstrated a record molecular doping level in monolayer 
MoS2. Further, we established that a single DMAP-OED mole
cule donates 0.63–1.26 electrons per molecule to MoS2, one 
of the first evaluations of the doping power of an OED. We 
observe that DMAP-OED aggregates and forms islands on 
MoS2, which eventually limits the doping efficiency. Alto-
gether, we establish that multiple factors, such as reduction 
potential, size, and binding mode of the dopant molecule, as 
well as interactions between the molecules and 2D materials 
and among the molecules themselves play an important role 
when considering the design of strong molecular dopants. In 
fact, forming a uniform dopant layer whereby all molecules 
contribute equally to doping should result in the doping effi-
ciencies exceeding the values reported here. Overall, our find-
ings provide insight to guide the development of strongly 
doped 2D materials.

Experimental Section
Synthesis and Characterization of DMAP-OED and BV0: DMAP-OED 

was synthesized according to a literature procedure.[33] The 1H NMR 
spectrum was consistent with that previously reported and the solid was 
stored under an N2 or Ar atmosphere. BV0 was synthesized according to 
the following procedure:

To a 500 mL Schlenk flask in a glovebox under an N2 atmosphere was 
added benzyl viologen dibromide (3.3 g, 6.75 mmol), magnesium powder 
(0.51 g, 20.25 mmol), and acetonitrile (30 mL). The Schlenk flask was sealed 
and removed from the glovebox and it was allowed to stir at 60  °C for 
five days. Initially, the reaction was a yellow suspension. After 30 min, the 
solution began to turn deep blue. The blue color deepened and the yellow 
precipitate disappeared over days. After five days, a red solution and red 
precipitate were present. The reaction flask was allowed to cool to room 
temperature and volatiles were removed under vacuum. The crude solid 
was taken up in 250  mL of THF and filtered under N2, then the volatiles 
were removed under vacuum. The remaining solid was washed with room 
temperature ethanol (3 × 20 mL) under N2 and then dried overnight under 
vacuum to afford BV0 as a dark red solid, which was stored under an N2 
atmosphere (400 mg, 18%). 1H NMR (500 MHz, THF-d8) δ 7.29–7.28 (m, 
8H), 7.22–7.19 (m, 2H), 5.71 (b, 4H), 5.25 (b, 4H), 4.19 (b, 4H). For the 
1H NMR spectrum of BV0, see Figure S11, Supporting Information.

Benzyl viologen dibromide was synthesized according to a literature 
procedure.[34] Magnesium powder was activated by stirring it in 
tetrahydrofuran at 40 °C with 0.025 equivalents of 1,2-dibromoethane for 
1 h under a stream of N2 with a gas outlet because the reaction evolves 
ethylene. The solid was then collected via filtration and washed further 
with tetrahydrofuran under an N2 atmosphere. The solid was dried 
under vacuum and stored under an N2 atmosphere.

Acetonitrile used for synthesis of BV0 and MoS2 functionalization was 
purchased from Honeywell (Cat. No. CS017-56) and used without further 
purification.

CVD Synthesis of MoS2: Monolayer MoS2 flakes were synthesized on 
SiO2/Si substrates in a 1-inch quartz tube furnace. ≈0.4  mg of MoO3 
powder was placed in a quartz crucible at the center of the furnace, and 
≈200 mg of sulfur powder was placed upstream in an alumina crucible 
liner, with 17 cm separating the precursors. A 285 nm SiO2/Si substrate 
was treated with piranha solution (3:1 H2SO4 : H2O2) for at least 1 h, and 
subsequently rinsed with deionized water and dried using a stream of N2 
gas. The substrate was then treated with a single drop (≈4 µL) of 100 µm 
perylene-3,4,9,10 tetracarboxylic acid tetrapotassium salt (PTAS). After 
drying the PTAS-treated substrate on a hot plate in air, the substrate was 
placed face down on the MoO3 crucible. The quartz tube was purged 
several times with ultra-high purity Ar gas to ensure no residual oxygen 
was present. The furnace temperature was ramped to 850 °C, and then 
kept at 850 °C for 15 min, while flowing Ar at ≈10 sccm. After the reaction, 
the furnace was naturally cooled to 580 °C, and then the lid was opened 
to accelerate the cooling to room temperature. Raman spectroscopy, PL, 
AFM, and time-of-flight secondary ion mass spectrometry were utilized 
to confirm that the MoS2 is a monolayer with uniform distributions of S 
and Mo (see Figure S2, Supporting Information).

Device Fabrication and Characterization: To avoid gate leakage, the 
as-grown MoS2 monolayers were transferred to a fresh SiO2 (285 nm) / 
Si (p+) substrate, which served as back-gate for field-effect devices. For 
the transfer of MoS2, 950 PMMA A4 (MicroChem) was spin-coated on 
the growth SiO2 substrates containing MoS2 flakes and baked at 120 °C 
for 5 min on a hot plate. The PMMA / MoS2 film was released from the 
SiO2 substrate by floating the sample in 2 m KOH at 65 °C for 1 h. The 
film was then rinsed with deionized water several times and transferred 
to a fresh SiO2 / Si substrate. After drying the sample on a hot plate at 
40 °C for 40 min, the sample was kept in acetone overnight to remove 
the PMMA. Electron beam lithography was used to pattern the metal 
contacts followed by e-beam evaporation of Ti (10 nm) / Au (60 nm) and 
lift-off in acetone overnight. Electrical measurements were performed 
on these devices before and after molecular functionalization. The 
electrical characteristics of the devices were measured in air using a 
semiconductor device analyzer (Agilent Technologies B1500A).

Table 1.  Calculated number of electrons donated from each DMAP-OED 
molecule to monolayer MoS2, in different atomic configurations. The 1L 
configuration has one molecule in an 8 × 8 MoS2 supercell (Figure 4c), 
while the 2L configuration has two molecules stacked on top of one 
another in an 8 × 8 MoS2 supercell (Figure  4d). The “1L denser cov-
erage” configuration has two molecules arranged side by side in an 8 × 
8 MoS2 supercell (Figure S9e, Supporting Information), while the “2L 
denser coverage” configuration has four molecules in total in two layers 
where each layer has two molecules arranged side by side in an 8 × 8 
MoS2 supercell (Figure S9f, Supporting Information). All atomic configu-
rations are shown in Figure S1, Supporting Information.

Configurations 1L  
[1 molecule]

2L  
[2 molecules]

1L denser 
coverage  

[2 molecules]

2L denser 
coverage  

[4 molecules]

Molecule in 1st layer 
(in direct contact 
with MoS2)

0.99 0.86 0.89/0.89 0.74/0.74

Molecule in 2nd layer / 0.41 / 0.24/0.24
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Carrier Density Calculation: From the FET transfer curves, the 2D sheet 
carrier density in MoS2 was calculated by n2D  =  (IDL)/(qWVDSμ),[22] 
where ID is the drain current at the zero gate voltage; L and W are the 
length and width of the channel, respectively; q is the electron charge, 
and μ is the field-effect mobility at VDS = 1 V. The mobility was calculated 
as μ  =  ((∂ID/∂VGS) L/(VDSCoxW)), where (∂ID/∂VGS) is the maximum 
transconductance (see Figure S3, Supporting Information), and Cox 
is the gate capacitance of 1.2 × 10−8 F cm−2 for 285  nm thick SiO2 
estimated based on the parallel-plate model. Numerous MoS2 devices 
were measured to ensure reproducibility of the observed transfer curves 
and to obtain the average n2D and the standard error, which represent 
the error bars (Figures 1d and 2b).

XPS, PL, and Raman Characterization: XPS was performed on a PHI 
VersaProbe II Scanning XPS Microprobe with an Al Kα monochromatic 
X-ray source. In order to prevent exposure of samples to the ambient 
environment, a vacuum vessel was used to transfer the samples from 
a glovebox to the XPS instrument. A beam spot with the diameter of 20 
µm was used to obtain XPS data only from the MoS2 flakes, assisted 
by scanning X-ray induced secondary electron imaging. All of the XPS 
spectra were calibrated using a carbon 1s peak located at 284.50 eV. PL 
and Raman measurements were conducted on a Horiba LabRAM HR 
Evolution Raman system with a 532 nm laser.

AFM Characterization: AFM images were acquired with a Cypher ES 
Environmental AFM System (Asylum Research Oxford Instruments) 
in tapping mode using the FS-1500AuD (Asylum Research Oxford 
Instruments) cantilever at a scan rate between 4.88 and 7.81  Hz. All 
imaging was performed in ambient conditions. To determine the surface 
coverage of DMAP-OED on functionalized flakes, AFM images were 
acquired from several scanning areas and with at least five different 
scan sizes between 500 nm and 5 µm. Images were also acquired from 
pristine MoS2 flakes to determine their root-mean-square (RMS) surface 
roughness at a scan size of 500 nm. The RMS surface roughness of the 
uncovered areas of functionalized flakes was equivalent to that of the 
pristine MoS2 surface, which confirms the absence of any molecules in 
these areas. The images were processed using ImageJ to set a background 
threshold, perform particle analysis, and calculate the percent surface 
coverage. For each set of functionalization conditions, the same analysis 
was performed for 15 samples and the results were averaged.

DFT Calculations: Spin-polarized DFT calculations for all functionalized 
MoS2 monolayers were performed using the SIESTA code,[35] with the 
generalized gradient approximation[36] for the exchange-correlation 
functional. The semi-empirical DFT-D2 method of Grimme[37] was used 
to describe the van der Waals interactions. Norm-conserving Troullier–
Martins pseudopotentials with partial core corrections were used. Double-
zeta plus polarization basis sets (details in Supporting Information) were 
chosen to reproduce the experimental work function of MoS2 and the 
trends in gas phase energy levels were predicted using Gaussian 16 (see 
Supporting Information). The Brillouin zone was sampled by a 3 × 3 × 
1 k-point grid. A mesh cutoff energy of 300 Ry was used to obtain the 
electronic wavefunctions and charge densities. Atomic positions were 
relaxed until the forces were smaller than 0.02 eV Å−1. For calculating the 
doping power of the organic reductants, Bader charge analysis[38] was 
performed using a fine FFT mesh of 240 × 240 × 960, which was sufficient 
to achieve convergence. A finer k-point grid of 12 × 12 × 1 and a Gaussian 
broadening of 0.08 eV were used to obtain the PDOS.

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