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1. Chemi douche metal chloride chemical doping 

For chemical doping, the metal chlorides; AuCl3, FeCl3, SnCl2, IrCl3, and RhCl3 were dissolved in 

select solvents (acetonitrile for AuCl3 and IrCl3, DI water for FeCl3 and SnCl2, and methanol for 

RhCl3), each at 20 mM concentration. The effects of the solvent where found to be largely 

negligible as compared to the dopant species under study, as reported in our previous work.1 To 

accelerate the dissolution, all solutions were sonicated for 5 minutes. Dopant solutions were spin-

casted onto the CVD graphene at 2000 rpm for 1 min following a 30 sec spreading step at 500 

rpm.   

 

2. Surface perturbation 

 

SEM, SSRM and KPFM maps acquired before and after chemical doping of graphene on 

polyethylene terephthalate (PET).  
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Figure S1. Scanning Electron Microscopic (SEM) images of (a) undoped and (b) ~ (f) doped 

graphene. 
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Figure S2. Atomic Force Microscopic (AFM) maps: (a) undoped, (b) AuCl3, (c) FeCl3, (d) SnCl2, (e) 
IrCl3, and (f) RhCl3 doped graphene and Scanning Spreading Resistance Microscopic (SSRM) maps 
((g) undoped (h) AuCl3, (i) FeCl3, (j) SnCl2, (k) IrCl3, and (l) RhCl3 doped graphene) Blue arrows denote 
the low height area in (b) and (c) and low resistance area in (h) and (i). 
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Figure S3. Comparison of (a) spreading resistance and (b) sheet resistance (RS)1 measured by SSRM 
and 4-point probe, respectively. 

 

The resistance measured by SSRM is around 1 MΩ, some three orders of magnitude higher than 

the sheet resistance measured via macroscale four-point probe (Jandel Four-Point probe).1 The 

average spreading resistance across the measured areas showed similar values for all the 

dopants (1.00 MΩ (IrCl3) - 1.04 MΩ(SnCl2)) as shown in Figure S3. The measured resistance 

contains subsidiary resistance terms from the measurement setup, including probe and contact 

resistances. The lowest SSRM was for IrCl3-doped sample (Figure S3 (a)), whilst the macroscale 

sheet resistance indicated that the IrCl3 was amongst the most resistive of the MexCly-doped 

graphenes (Figure S3 (b)). The difference in resistance between the SSRM and four-point probe 

measurement suggests that IrCl3 doped graphene likely has differing scale-dependent conduction 

mechanisms. This will be explored further to better understand the doping mechanism.  
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Figure S4. Kelvin Probe Force Microscopy (KPFM) maps: (a) undoped, (b) AuCl3, (c) FeCl3, (d) SnCl2, 
(e) IrCl3, and (f) RhCl3 doped graphene 

 

2. Raman spectroscopy 

 

Figure S5. (a) Raman spectra (457 nm) of undoped and MexCly doped graphene (transferred to 
Si/SiO2) and (b) the associated 2D peak shift (∆ω2D).  
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The strong PET Raman cross-section, whose varied peaks overlap with the established graphene 

peaks, made it challenging to obtain meaningful spectra from the doped polymer supported 

samples. Graphene was thusly transferred to Si/SiO2 for all subsequent Raman spectroscopy. As 

shown in Figure S5 (a),the ID/IG ratio of the  graphene was 0.13 ± 0.01 and the I2D/IG ratio was 1.69 

± 0.31, collectively indicating a well-graphitised material.2-3 The measured 2D peak shift (∆ω2D) for 

each dopant is plotted in Figure S5 (b). The 2D peak of the AuCl3, FeCl3, IrCl3, and RhCl3 were 

blue shifted by 24.4 cm-1, 6.9 cm-1, 4.3 cm-1, and 7.9 cm-1, respectively from that of the undoped 

graphene (2726 cm-1), suggesting p-type doping to varied degrees throughout. SnCl2-doping 

showed no notable shifts, contrary to the red shift (n-doping) suggestion outlined in literature.4-7 

The largest blue-shift was observed in AuCl3-doped graphene (24.4 cm-1) whilst FeCl3, IrCl3, and 

RhCl3 showed similar shifts of < 8 cm-1. Our Raman findings support the notion that charge transfer 

occurs from the molecular forms of metal chloride (MeCl4-) to graphene, which is consistent with 

previous reports.8-9  

4. Temperature dependent I-V 
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Figure S6. Differential resistance calculated from the IV measured with various channel length ((a) 
L=300 μm, (b) L = 400 μm, and (c) L = 500 μm), (d) ~(f) the resistance graphs of with different Y scale.  

 

We propose a model that can explain the electrical conduction of doped graphene. 
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, where En is the NNH activation parameter, Tv is the tunnelling parameter, α is the temperature 

coefficient, T0 is the reference temperature at which the resistance linearly increases with 

increasing T (usually room temperature), and, RM is the resistance at T0 in linearly approximated 

Matthiessen’s rule.10 

To determine which transport regime is dominant in each doping case we employ the following 

discriminant;11  
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        (S2)  

where εmax is the maximum energy of VRH, Tv is the VRH hopping parameter, and En is the NNH 

activation energy. In Mott VRH, εmax is the energy between two localised states as defined by 

3
1

)(
2

cvmax TTk which is dependent on T and should have a value less than the impurity band 

width (∆ε). For NNH conduction, activation is not overly affected by T and the average hopping 

distance is the mean separation between impurities, grain boundaries, or defects. The activation 

energy of NNH, En is ~ 5/6∆ε. Thus, if the determinant ∆ε = 6/5En > εmax  is satisfied, only VRH is 

valid 11 and NNH or diffusive transport are prohibited. In the opposing case, NNH is dominant. If 

εmax >> 5/6 En, diffusive transport is dominant. The undoped graphene exhibits VRH to NNH 

transport, whilst NNH to diffusive transport is dominant in doped cases.  

 

 

Table S1. Dominant electronic transport anticipated by the determinant formula 
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Figure S7. Contact resistance (Rc) between graphene and Cr/Au contact electrodes.    

 

With the various channel length CTLM, we calculated the contact resistance RC, As shown in 

Figure S7. RC < 0.08 Ωcm2 for undoped and all doped samples excluding SnCl2 (0.069 Ωcm2 at 

297 K - 0.177 Ωcm2 at 77 K) and IrCl3 (20.7 Ωcm2 at 297 K - 210.5 Ωcm2at 77 K). The SiO2 

agglomerates (radius: ~ 2 µm) might have an effect on the high RC between the Cr/Au electrodes 

and the doped graphene as SnO2 is natively insulating. RC can be increased if these insulating 

agglomerates lie at the contact interface. Conversely, the sheet resistance of SnCl2-doped 

graphene directly measured by four-point probe without Cr/Au electrodes (Error! Reference 

source not found. (f)) was lower than that of undoped graphene.  
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