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1. X-ray photoelectron spectroscopy and calculation of dopant surface coverage

Figure S1: (a) The binding energy of the fitted sp2 component in the C 1s XPS peak for p-doped
FLG. (b) High resolution Cl 2p XPS peak for Magic Blue doped FLG for 10, 60 and 180 min
dipping durations. (c) High resolution F 1s peak from Mo(tfd-COCF3)3 doped FLG for 60 and
180 min dipping durations. (d) High resolution F 1s peak from Mo(tfd-CO2Me)3 doped FLG for
60 and 180 min dipping durations.

The XPS area intensities were converted into relative atomic intensities after correcting for the
relative sensitivity factors (RSF). First the C 1s intensity was adjusted to remove contributions
from dopants using:
(
where

)

is the relative atomic intensity of a core level orbital belonging exclusively to the

dopant molecule such as F 1s, Mo 3d, Ru 3p, or Rh 3d, CDopant is the number of carbon atoms in
the dopant and MDopant is the number of atoms of the exclusive element found in the dopant. Note
that in the case of the ionic dopant Magic Blue, the carbon-containing moiety tris(4bromophenyl)ammoniumyl is assumed to have been neutralized and removed from the surface
during the rinsing step (as evidenced by the absence of measureable Br or N core ionizations), so
this adjustment is not required.
Next the effective thickness (x) of the FLG was estimated assuming a uniform FLG layer on the
SiO2 substrate by integrating the expected signal decay functions [1]
(

)

based on the inelastic mean free path (λ) [2]

and equating to the observed Si 2p and C 1s intensities:
∫
∫

⁄
⁄

Depth inside the sample in nm is given by t, θ is the detection angle relative to the normal of the
surface, B is a term that approximates for the atomic density in the scattering material (using the
values for organic materials from ref [2]), and ρ is the estimated density of an element in the

given material. Solving for x which, as expected, was close to 3 nm for each sample, the average
number of layers is obtained by dividing x by 0.335 nm.
Finally, to determine surface coverage we need to correct the C 1s relative atomic intensity for
attenuation within the FLG layer, based on the effective thickness x:
(

(

⁄

)

)

From here we can determine Dopant/CGraphene based on the number of elements in the dopant,
Dopant/nm2 from the number of carbons in 1 nm2 of SLG (38.17) multiplied by x/0.335, and %
Monolayer based on the numbers of dopants per nm2 and the estimated area per dopant for a
close-packed monolayer. For the n-dopants and Mo-based p-dopants, the footprint of the dopant
molecules were taken from previous literature. [3] For the ionic dopant Magic Blue, the SbCl6– ion
is assumed to sit on a triangular face of chlorine atoms, allowing the approximation of a cylinder
with a diameter of 0.736 nm, determined by typical Sb-Cl bond lengths for SbCl6– ions and the
Van der Waals radius of chlorine. Assuming optimal hexagonal close packing of cylinders, this
gives a 0.469 nm2 footprint.
The effective thickness and dopant coverage for the doped FLG films are summarized in Table
S#. The Dopants/nm2 can give an estimate, assuming effective doping (which is supported by the
core Ru 3p binding energies for the case of (RuCp*mes) 2 and by the absence of N and Br
ionizations for the case Magic Blue), of the expected contribution of charge carriers, and display
values comparable with the values given in Figure 4. The excessive coverage of (RhCp*Cp)2 can
also account for the drop in mobility observed in that sample, possibly by increasing carrier
scattering. Finally the values of Monolayer coverage seem to agree with the STM images of the

Magic Blue-doped FLG. Note that these values are averages across the sample, and the
distribution of surface dopants will not necessarily be homogeneous.
Table S1: Calculation of the dopants coverage for various dipping durations from XPS.
Dopant Treatment

Dopants Dopants/nm2
/CGraphene

Effective
Thickness (nm)

# of Layers

Monolayer
(%)

3.54
3.43
3.50

10.6
10.2
10.4

0.00134
0.00256
0.00431

0.542
1.00
1.72

25.4
46.9
80.8

2.63
2.97

7.9
8.9

0.000244
0.000501

0.0731
0.170

12.1
28.1

2.51
2.69

7.5
7.6

0.0000976
0.000118

0.0279
0.0363

4.6
6.0

2.66

7.9

0.000698

0.212

35.2

2.99

8.9

0.00523

1.78

130.1

2.95

8.8

0.0152

5.17

373.5

Magic Blue
-10 minutes
-60 minutes
-180 minutes

Mo(tfd-COCF3)3
-60 minutes
-180 minutes

Mo(tfd-CO2Me)3
-60 minutes
-180 minutes

Mo(PhBz-dt)3
-60 minutes
-180 minutes

(RuCp*mes)2
-60 minutes

(RhCp*Cp)2
-60 minutes

2. Hall effect measurements
Hall effect measurements were employed to characterize the transport properties of pristine and
doped FLG to determine the carrier density and type. The van der Pauw technique that is
typically considered as an inseparable part from any Hall measurements is used to calculate the
sheet resistance samples. The measured Van der Pauw sheet resistance generally agrees with the
values measured from the linear four-point probe measurements conducted in glove box as
shown in Table S1.
Table S2: Comparison of sheet resistance values obtained for p-doped FLG obtained from linear
four-point probe in glove box and Van der Pauw technique in air.
10 minutes
60 minute
180 minutes
Dopant treatment 4-pt probe Van der Pauw 4-pt probe Van der Pauw 4-pt probe
Van der Pauw
Ω/sq

Magic Blue
Mo(tfd-COCF3)3

520 ± 44
979 ± 15

583
940

403 ± 35
626 ± 10

413
649

465 ± 26
833 ± 5.5

497
814

Mo(tfd-CO2Me)3
Mo(PhBz-td)3

1069 ± 55
1078 ± 33

891
1010

908 ± 17
865 ± 23

847
772

1108 ± 19
951 ± 54

1000
923

The Hall mobility is typically obtained by combining the information obtained from measuring
the Hall Effect, namely, sheet carriers’ concentration and type, and the sheet resistance obtained
from the van der Pauw technique, according to the following equation;
|

|

Hall Effect measurement:

Where μ is the Hall mobility, VH is the Hall voltage, Rs is the sheet resistance, I is the excitation
current, B is the magnetic field, q is the elementary charge (1.602×10-19 C), and ns is the sheet
carrier concentration.

Table S3: The sheet Hall coefficient of pristine FLG and doped FLG for n- and p-dopant for
various dipping times.
Pristine
2.1× 105

Sheet Hall coefficient [cm²/C]
n-dopants

Time
10 min
60 min
180 min

(RuCp*mes)2

(RhCp*Cp)2

-1.1 × 105
-

-1.2 × 105
-

Mo(PhBz-td)3
2.4 × 105
1.6 × 105
1.9 × 105

p-dopants

Mo(tfdCO2Me)3
2.3 × 105
1.5 × 105
2.3 × 105

Mo(tfdCOCF3)3
3.0 × 105
1.3 × 105
2.2 × 105

Magic Blue
1.3 × 105
7.8 × 104
1.1 × 105

3. Raman Spectroscopy
3.1 Fitting of the 2D peak
The shape of the 2D-peak is typically used to identify the number of layers in graphene, for
which a single Lorentzian peak is characteristic of a monolayer, whereas it can be deconvoluted
into a number of peaks depending on the number of layers and their stacking until it resembles

the 2D peak of graphite (two Lorentzian peaks) when n > 5, with the higher energy peak is more
intense, reflecting the evolution of the electronic structure. [4] However, such identification is only
valid for graphene layers stacked in an AB-Bernal order. For randomly stacked graphene layers
(turbostratic) the 2D-peak has the same shape as that of monolayer graphene due to the
resemblance of its electronic structure. The shape of the 2D-peak of FLG in this work can vary in
shape over different regions on the sample due the patchy nature of FLG, and can be fitted well
using two Lorentzian peaks, as shown in Figure S2. However, the higher energy component
shows a lower intensity in contrast to AB-Bernal stacked graphite. A similar trend has been
observed in epitaxial graphene grown on the carbon facet of SiC, and was interpreted as partially
ordered stacked sheets.[5,6] The variation in the intensity and position of the lower energy peak
with changing thickness is an indication of its higher sensitivity to the electronic structure
evolution.

Figure S2: Raman 2D peak of pristine FLG and p-doped FLG for 60 min and the corresponding
fitting peaks.
3.2 Analysis of Raman spectra parameters for p-doped FLG with varying exposure times

Figure S3: The variation of I(2D)/I(G) (top row), G-peak position (middle row) and G-peak
FWHM (bottom row) for Pristine and p-doped FLG at 10 min (left column), 60 min (middle
column) and 180 min (right column) dipping time.
4. Transmittance data

Figure S4: Transmittance spectra of pristine and doped FLG with n- and p-dopants for 60 min
dipping time.
5. Atomic force microscopy

Figure S5: AFM images of p-doped FLG for 60 and 180 min dipping time for (a) Magic Blue,
(b) Mo(tfd-COCF3)3, (c) Mo(tfd-CO2Me)3 and (d) Mo(PhBz-td)3.
6. The effect of dipping FLG in toluene – control experiment
To gain insights on the initial regime of doping (10 min) where a weak doping effect was
observed, we run a control experiment of dipping as-prepared FLG in toluene without dopants
inside the glove box.
The sheet resistance was observed to increase after dipping in toluene as measured by both linear
4-point probe and Van der Pauw method in air. Hall Effect measurement shows that the sheet
Hall coefficient increases and the carrier density decreases in an indication of a reduction of the
majority free carriers in FLG (holes) after dipping as a result of further removal of PMMA
residues and other contaminants. However, since the Hall effect measurements requires taking
the samples out of the glove box and be exposed to air during the sample preparation (ca. 30 min
of ambient exposure prior to measurement), the samples were still showing a p-type
characteristic. The results are shown in Table S4.

Table S4: Transport properties of as-prepared FLG and FLG dipped in toluene inside the glove
box for 10 minutes. Transport measurements were done in air.
Sheet Resistance (Ω/sq)
Sheet carrier density Sheet Hall coefficient
Sample treatment
(1/cm2)
(cm2/C)
4-point probe Van der Pauw
13
As-prepared
897 ± 27
831
4.9 × 10
1.3 × 105
Dipping in Toluene
1018 ± 29
863
3.65 × 1013
1.7 × 105

7. Comparison to the reduction in mobility in non-covalently doped SLG (literature)
Table S5: Reduction in mobility in non-covalently doped SLG presented as the ratio of the
change of mobility upon doping Δμ to the mobility in pristine SLG μo in each reference.
Dopant
type Δμ/μo Reference
Mo(tfd-COCF3)3
p
-61%
[3]
Pentaethylenehexamine (PEHA)
n
-48%
[7]
Poly(ethyleneimine) (PEI)
n
-62%
[7]
Triethylene tetramine (TETA)
n
-26%
[8]
Nitric Acid (HNO3)
p
-78%
[9]
Hydrazine
n
-37%
[9]
Poly(ethyleneimine) (PEI)
n
-67%
[9]
Tetraacyanoethylene (TCNE)
p
-80%
[10]
Gold Chloride (AuCl3)
p
-37%
[11]
NH2-SAMs
n
-53%
[12]
Impurities on SiO2 substrate
p
-64%
[12]
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