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Abstract 21 

Chemical doping is an effective way to increase the conductivity of graphene. Despite the 22 

efforts made by many to achieve p-doping, mainly on CVD graphene, by using a variety of oxidant 23 

agents, there is still space to evaluate and optimize methodologies to further reduce the sheet 24 

resistance while maintaining high optical transparency. In this study, we developed “new” routes to 25 

dope graphene heavily using thionyl chloride that is known to act as chlorinating agent. It was found 26 

that, in addition to the nucleophilic reactions replacing oxygen with chlorine, the thermal (at 27 

T≥120°C) and pyridine-catalytic activations of the SOCl2 chemistry result in more p-doping 28 

functionalities in the graphene basal plane. A sheet resistance value of 18 Ω/□ was obtained for a 6-29 

layer stacked graphene films with an optical transmittance of 85% at 550 nm. Furthermore, the 30 

possibility offered by the plasma oxidation of graphene in a controlled way, allows to introduce in 31 

the graphene basal plane the right amount of epoxy and hydroxyl defects so as to maximize the dopant 32 

functionalization and, hence, the carrier density, without affecting significantly the carrier mobility. 33 
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This route allowed to reach a minimum sheet resistance value of 120 Ω/□ for a single layer graphene 1 

with 97.5% optical transparency.  2 

 3 

 4 

1. Introduction 5 

Graphene, a single layer of sp2 carbon atoms in hexagonal lattice, presents physical properties 6 

that make this material interesting for applications in several technological fields. In particular, 7 

graphene can find immediate applications as transparent conductive layer (TCL) in optoelectronic 8 

devices and flexible electronics [1-3] due to its unique combination of transparency, conductivity and 9 

flexibility. These three properties represent the “graphene core-values” that identify univocally 10 

graphene (defined as a single sp2-carbon layer) in the landscape of graphene-based materials 11 

(graphene oxide, reduced graphene oxide, graphene nanoplatelets, etc.).  12 

The use of graphene for a large area application as TCLs is possible thanks to the discovery of 13 

the metal catalyzed chemical vapor deposition (CVD) methodology [4] that opened the way for the 14 

large scale production of single layer graphene films. Several experimental works demonstrated the 15 

application of graphene as transparent conductive layer in organic photovoltaic (OPV) modules [5-16 

7], displays [8] or touch screens [9].  However, the development of a graphene based TCL technology 17 

at industrial scale is still absent. Today, TCL are mainly based on indium tin oxide, ITO, owing to its 18 

consolidated deposition technology and excellent performances. Commercial ITO films typically 19 

present transmittance around 85% with sheet resistance values in the 10-100 Ω/□ range. The 20 

transparency of a single layer graphene is 97.7%, which is significantly higher than that of the 21 

commercial ITO films. However, the sheet resistance, Rs, of pristine graphene layer is reported to be 22 

0.5-1.5 KΩ/□ that is 2-3 orders of magnitude higher than Rs of ITO [10-12]. This drawback has led 23 

the scientific community to investigate methods of doping of graphene in order to reduce the sheet 24 

resistance, while maintaining high transparency. Chemistry has been demonstrated to play a pivotal 25 

role in graphene doping, especially on large area as demanded by industrial applications. Chemical 26 

doping of graphene can be classified into three main types: substitutional doping, surface transfer 27 

doping and covalent doping [13].   28 

Substitutional doping consists on replacing sp2-carbon atoms by heteroatoms with a different 29 

number of valence electrons. However, experimental works on the substitutional doping of graphene 30 

reveal two important limitations of this approach. The first consists on the difficult introduction of 31 

heteroatoms with specific configurations in graphene lattice. An example is provided by the 32 
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substitutional doping of graphene by nitrogen atoms, N [14]. Theoretical studies demonstrated that 1 

the n-doping effect expected by the extra valence electron of N is effective for N atoms in graphitic 2 

configuration (charge addition of 0.54 e-) [15, 16]. However, XPS analysis of N-doped graphene 3 

revealed that the majority of substitutional N atoms in graphene lattice presents pyrrolic and pyridinic 4 

configurations, which provide, respectively, weak or p-doping effect (a charge withdrawal of 0.45 e- 5 

for each pyridinic N atom) [15]. The second limitation is strictly connected to the issue of Rs. In 6 

graphene substitutional doping any improvement in charge carrier concentration induced by 7 

heteroatoms unavoidably involves a disruptive effect on graphene mobility due to the breaking of C-8 

sp2 pi-bond conjugation. Consequently, an improvement in carrier concentration is not necessarily 9 

followed by Rs lowering effect. 10 

Chemical doping by surface transfer does not involve any structural change in graphene lattice 11 

since it is typically based on non-covalent interactions. This doping approach consists of the 12 

adsorption of electron-donating or electron-withdrawing chemical species that causes the shift of 13 

graphene Fermi level in conduction and valence band, respectively. Experimental works 14 

demonstrated that chemical doping by surface transfer is effective in terms of significant increase of 15 

the work function and, hence of Rs reduction [17]. At the same time, it results a simple and flexible 16 

approach, thus, suitable for large area graphene as need for TCL applications. Among the several 17 

chemical protocols explored for the doping of graphene, nitric acid, HNO3, treatments revealed to be 18 

effective for realizing graphene films with high transparency and low Rs values. HNO3 molecules act 19 

as a p-type dopant by forming charge-transfer complexes with graphene. In 2010, Bae et al. [18] 20 

reported the record value of 30 Ω/□ for a four-layer graphene sample with optical transmittance value 21 

around 90 %. Another widely studied chemical treatment for the p doping of graphene is based on 22 

the partial reduction of AuCl3 molecules on graphene leading to metallic Au nanoparticles [19]. 23 

Positive charges resulting for this redox reaction accumulate on graphene and can be stabilized by 24 

adsorbed AuCl4
- and Cl- species [20]. Another chemical doping methodology using halogenated 25 

compounds consists of the intercalation of FeCl3 molecules between graphene layers. In this case, no 26 

redox reactions are involved. Doping effect arises from charge transfer from graphene toward FeCl3 27 

acceptor molecules [21]  28 

Although all these doping strategies were demonstrated to be an efficient way to produce 29 

graphene with Rs and transparency performances comparable or also superior to ITO [18], their 30 

application is still limited to the laboratory scale. Indeed, several factors are evaluated to define 31 
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whether a graphene doping methodology is effective for concrete technological applications. The 1 

non-covalent nature of chemical doping by surface transfer affects its long-term stability. Rs 2 

monitoring of graphene samples doped by the methodologies described above revealed a strong 3 

degradation of the electrical conductivity upon air exposure [22]. Desorption of dopant species from 4 

graphene surface as well as their interaction with water molecules from air causes the reduction and 5 

even complete loss of any charge transfer doping effect [22]. This problem motivated the interest of 6 

researchers toward a particular methodology for graphene doping that is based on the chemistry of 7 

thionyl chloride, SOCl2. A strong p-doping effect has been reported for graphene, carbon nanotube, 8 

reduced graphene oxides and other graphitic materials when treated with SOCl2 [23-28]. Eda et al. 9 

[23] report that for thin films of reduced GO the sheet resistance can be reduced of nearly 5 times by 10 

dipping the film in SOCl2. In addition, the SOCl2 vapour exposure is effective for doping the hybrid 11 

layer of carbon nanotube and graphene film [25]. This mainly derives from the important charge 12 

transfer between the C-sp2 aromatic system and adsorbed SOCl2 molecules [29]. However, surface 13 

transfer doping is not limited to SOCl2 molecular adsorption. Several XPS studies demonstrated that 14 

the graphene/SOCl2 non-covalent interaction is accompanied by the attachment of electronegative 15 

functional groups to the carbon lattice, i.e., the covalent doping [27, 30]. This mainly consists of 16 

chlorine atoms reacting with hydroxyl and carboxyl functionalities by nucleophilic substitution 17 

mechanisms. Moreover, same studies also reports the presence of sulfur species covalently bonded to 18 

graphene whose specific nature and doping effect are still the subject of discussion in the literature 19 

[29]. In previous works, we demonstrated that SOCl2 doping is effective for realizing highly 20 

conductive graphene foils suitable as transparent conductive layer with conductive and transparency 21 

performances fully comparable with those of ITO film [4, 32]. An important peculiarity of these 22 

results consists of the resulting Rs values stability in air that allowed the concrete application of 23 

chemical doped graphene as TLC in photovoltaic [7] and microwave devices [33].  24 

In this paper, we take a step forward on the path towards the production of highly conductive 25 

and transparent graphene films. In contrast to the doping methodologies based on SOCl2 treatments 26 

typically reported in literature [23-28], we propose an optimized covalent doping strategy based on 27 

an “activated” SOCl2 chemistry. Both thermal and catalytic activated SOCl2 decompositions of 28 

treatment of graphene are explored. Catalytic activation is performed by adding pyridine to SOCl2, 29 

i.e. the so-called “organic aqua regia” which is a well-known powerful chlorinating agent [34, 35]. 30 

Specifically, we present an optimized SOCl2 doping treatment that is aimed at the maximization of 31 
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graphene/SOCl2 covalent interactions rather than the molecular absorption. This allows the 1 

improvement of the SOCl2 doping effect and the realization of transparent graphene layers with Rs 2 

value below the state of the art and stable upon air exposure. A detailed characterization of Rs and 3 

transmittance values of SOCl2 doped graphene are reported as well as their comparison with the best 4 

results from the literature. Moreover, a complete structural and chemical characterization of SOCl2 5 

doped graphene samples by Raman and X-ray photoelectron spectroscopies is reported and discussed 6 

in order to provide a chemical rationale for these extraordinary doping results. 7 

 8 

2. Experimental 9 

2.1 CVD-Graphene growth and transfer. 10 

The catalytic CVD-growth methodology is as follows: the graphene was grown on a 25 µm 11 

copper foil of 10x10 cm2 size. The copper foil was inserted in a quartz tube of the thermal-furnace 12 

CVD reactor. The quartz-tube was evacuated to a vacuum better than 10-3 torr and heated to 990 °C 13 

under an H2 gas flow of 10 sccm (0.05 torr) that was maintained for 20 min after the temperature was 14 

stabilized. In a second phase, i.e. growth-phase, CH4 (5 sccm) was added to the gas feed for a growth 15 

time of 20 min. After the growth phase, the furnace is moved from the growth-zone to realize the 16 

rapid cooling of the graphene/copper foil. 17 

The graphene layer was then transferred to the substrate (Corning-glass, SiO2/Si, PET) using 18 

the thermal release tape (TR-tape) procedure. The sized sheet of TR-tape was applied on a piece of 19 

graphene/copper foil then pressed by the laminator. Copper was removed in an ammonium persulfate 20 

solution (20 gr/liter) and the floating sheet of graphene/TR-tape was rinsed in DI water and air-dried. 21 

The graphene was directly transferred onto the substrate by hot-pressing of the graphene/TR-tape (at 22 

≈ 100°C) thus releasing the tape. 23 

2.2 Plasma Oxidation   24 

Plasma oxidation was performed in a home-made parallel plate r.f. (13.56 MHz) plasma reactor 25 

operating under plasma modulation conditions (10 KHz, duty cycle, DC = 30%). The main 26 

experimental conditions were r.f. power = 2 Watt, O2 flow rate = 4 sccm, He flow rate = 16 sccm, 27 

total pressure = 0.3 Torr, and plasma treatment time in the range 1-10 sec.  28 

2.2 Graphene doping 29 

Batch reactions of graphene with SOCl2 (0.5ml) also in presence of pyridine (0.5ml), were 30 

performed at atmospheric pressure under nitrogen atmosphere in a lab desiccator used as sort 31 
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of glass-autoclave (see Figure S1 in Supplementary Information). For thermal activation reaction, 1 

the glass-autoclave was heated in an oven at temperature of about 140°C for a time of 60min. 2 

For the "aqua regia" activated process 15 min are enough to complete the doping process. When the 3 

autoclave was opened in the chemical hood, after it was cooled, the reaction volatile products were 4 

removed with a nitrogen gun and smoked in contact with air.  5 

2.3 Characterizations 6 

Raman spectra of the pristine graphene and of the chemical modified layers by both 7 

plasma oxidation and SOCl2 doping were recorded with a LabRam HR (Horiba JY) system. All 8 

spectra were measured at room temperature with 532 nm laser light and captured using 100x 9 

objective lens magnification with a focusing laser spot less than 1m in diameter. The laser power 10 

was kept at 1.0 mW to avoid laser-induced heating effect. 11 

 The surface chemical composition of doped samples was investigated by X-ray 12 

Photoelectron Spectroscopy (XPS), using a Theta Probe spectrometer (Thermo VG Scientific) 13 

equipped with a monochromatic Al Kα X-ray source (1486.6 eV) operated at 15 kV and a spot 14 

size of 400 µm, corresponding to a power of 70 W.  Survey (0–1200 eV) and high-resolution 15 

(C1s, O1s, Cl2p, S2p) spectra were recorded in FAT (fixed analyzer transmission) mode at pass 16 

energy of 150 and 50 eV, respectively. All spectra were acquired at a take-off angle of 37° with 17 

respect to the sample surface. A flood gun was used to balance the surface charging. The C1s 18 

signal for the sp2 graphitic component of the C1s spectrum (284.5 eV) was used as internal 19 

standard for charging correction. The high-resolution spectra were fitted with mixed Gaussian-20 

Lorentzian peaks after a Shirley background subtraction. The standard deviation in the peak 21 

position was ± 0.1 eV.  22 

A Keithley 2400 Source Meter was used to monitor the electrical properties of graphene 23 

layers. Sheet resistance was measured in the 4-probe Van der Pauw configuration. 24 

 25 

3. Results and discussion 26 

To study the effectiveness of the covalent-chemical doping, i.e. the lowest value of the sheet 27 

resistance, we start from a chemist’s paradigm “take advantage of the defects”. In fact, the extent of 28 

the doping is strictly related to the amount of chemical and structural defects, which are reactive sites 29 

for chemical modification. Specifically, in the case of graphene doping by SOCl2, it is true that the 30 

higher the density of oxidized carbon as –OH, -COC-,-COOH , i.e. the nucleophilic centers, without 31 

decreasing significantly the carrier mobility, the higher the dopant functionalization.  32 
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Large-area graphene layers produced by chemical vapor deposition (CVD) are polycrystalline 1 

and, obviously, the morphology and structure at atomic level are well far to be free of defects. Today, 2 

we are able to draw a complete picture of the defects present inside the graphene layer as grown on 3 

copper and then transferred onto the various substrates [36, 37]. Furthermore, since CVD-synthesized 4 

graphene films are  polycrystalline, it is important to characterize and define the grain size and grain 5 

boundaries, generally believed to be degrading in the quality of graphene. In fact, it has been written 6 

[38] that “The sheet resistance of large-area graphene decreased as the graphene grain sizes 7 

increased “.  8 

Figure 1 shows the optical micrographs of the graphene as deposited on copper foil (a) and after 9 

transfer on SiO2/Si substrate (b). The mesh structure shown in Fig. 1a indicates a graphene grain-size 10 

in the range 50-200 µm2. This image comes from the long-exposure in wet air (5-days) of the 11 

graphene-copper substrate and oxidation of copper foil through the graphene grain-boundaries [38]. 12 

In fact, the anodic process copper oxidation is favored by the cathodic character of graphene towards 13 

the copper when in presence of an electrolyte [39, 40]. Grain boundaries are visible due to the optical 14 

contrast between copper and copper oxide.  The graphene grain boundaries visible in the optical image 15 

were confirmed using Raman spectroscopy (see Fig. S2 in Supplementary Information). 16 

 17 

 18 

 19 

 20 

 21 

 22 



8 
 

 1 

Fig. 1.  Covalent doping of graphene by SOCl2 through activated reactions at the chemical defects.  (a) 2 

Optical micrograph of CVD graphene grown on Cu foil after oxidation by air exposure for 5 days. The 3 

copper oxidation (dark region) is seen mainly at graphene grain boundaries and partly also at cracks and 4 

point defects. (b) Optical micrograph of a single layer graphene on Si/SiO2 substrate. The wrinkles, the 5 

multilayer islands (so called Inverted Wedding Cake, IWC) and cracks are visible. (c) Schematic of the 6 

SOCl2 doping of graphene by chlorination of nucleophilic reactive sites (-OH, -COOH) and carbon 7 

vacancy with both thermal activation at 140°C and catalytic activation at RT using SOCl2/pyridine 8 

 9 

Figure 1b is an optical micrograph of an as-deposited graphene layer and then transferred onto 10 

300nm SiO2/Si substrate showing typical morphological defects. In this image, we can recognize the 11 

following type of defects: (i) the wrinkles, which are due to the thermal mismatch between 12 

graphene and the copper foil [41] upon rapid cooling from the growth temperature to room 13 

temperature; (ii) the multilayer island, the so-called “inverted wedding cake” (IWC), which nucleates 14 

below the single layer [42]; (iii) the cracks and holes, which forms during the transfer process and 15 

mainly caused by unclean surface. Figure 1c shows a schematic representation of a crystalline grain, 16 

i.e. the graphene flake, with typical structural and chemical defects. Hydroxyl, carbonyl, carboxyl 17 

and epoxy, functional groups are typically formed at CVD graphene edges, grain boundaries and 18 

vacancies  for saturating residual reactive sites (including carbon dangling bonds) upon exposure to 19 
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ambient conditions ( e.g., by interaction with O2 or H2O chemisorption) or during the copper substrate 1 

etching in oxidizing solution. These defects are often perceived as performance limiters, but in the 2 

case of graphene their chemical functionalization can help overcome the main challenges described 3 

above. In particular, once the OH or COOH groups, mainly at the grain boundary, come into contact 4 

with SOCl2, a nucleophilic substitution with chlorine occurs, producing graphene with new 5 

chlorinated substituents (-Cl) and acyl (-COCl). The strong electron-withdrawing effect of chlorine 6 

atoms is sufficient to justify the beneficial effect on the conductivity of graphene [27] as they act as 7 

electron acceptors thus delocalizing positive charges on graphene basal -plane. However, because 8 

of the thermal and catalytic activation of the SOCl2 dissociation, the presence of sulfur mainly as 9 

oxidized sulfur, i.e. sulfoxide (SO) and/or sulfone (SO2), is also observed in the XPS spectrum. 10 

Figure 2 reports the XPS Cl2p and S2p spectra acquired by X-ray photoelectron spectroscopy 11 

(XPS) on single layer CVD graphene after SOCl2 treatment at 140°C. The broad XPS peak of Cl2p 12 

core level spectrum (Fig. 2a) indicates two different chlorine sites. However, the single core level 13 

binding energies appears as a “doublet”, associated with 3/2 and 1/2 levels, with two peaks very close 14 

in energy resulting from the spin-orbit coupling and separated by 1.6 eV. The less intense low-energy 15 

doublet Cl1 at 198.2 eV (2p3/2) and 199.8 eV (2p1/2) is indicative of a strong negative charging of 16 

chlorine like in a Cl
-
 anion, i.e. chlorine is ionically bonded to the graphene surface. Conversely, the 17 

most intense doublet Cl2 at 200.2 eV (2p3/2) and 201.8 eV (2p1/2) is characteristic of chlorine 18 

participating in covalent C-Cl bonds [29, 40]. The XPS spectrum of S2p (Fig. 2b) reflects the presence 19 

of two different chemical forms: the broad peak S2 between 167 and 171 eV (resulting from the 20 

overlapping of two spin-orbit splitting peak 2p1/2 at 169.8eV and 2p3/2 at 168.7 eV) is attributed to 21 

sulfone (C-SO2-C) and/or sulfoxide (C-SO-C); while the very low peak S1 centered at 164 eV is 22 

attributed at C-S-C  chemical bonding (peak deconvolution at 164.1 and 165.3 eV) in  thiophene-like 23 

structures [43, 44]. Slight changes are also observed in C1s spectrum of graphene after doping (see 24 

figure S3 in supporting information). 25 

 26 
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 1 

Fig. 2. Spectra obtained via X-ray photoelectron spectroscopy (XPS) of SOCl2 doped single layer graphene 2 

on Corning-glass. (a) The Cl2p spectrum reveals two different chlorine sites Cl1 and Cl2 assigned to C-Cl 3 

bond and Cl- ionically bonded to graphene, respectively. (b) The deconvolution of the S2p spectrum, 4 

indicates two different carbon-bounded sulphur, S1 and S2, respectively for sulfones (C-SOx-C) and 5 

thiophene (C-S-C) structures. (*) This peak is due to boron oxide from the Corning-glass substrate. 6 

 7 

The confinement of thionyl chloride reactivity mainly at graphene defects explains the direct 8 

correlation that has been found between the entity of the oxidation state of graphene and the amount 9 

of attached chlorine atoms, respectively, before and after SOCl2 treatment [29]. In addition to the 10 

nucleophilic substitution reactions of SOCl2 with functional groups containing oxygen, the reactions 11 

that lead to incorporate sulphur, mainly as SO and SO2, are based on radical-type reactions involving 12 

the decomposition products of SOCl2 and the reactive centers associated with graphene carbon 13 

vacancy and structural defects. Indeed reconstructed defects, such as SW defects and divacancies 14 

have the possibility of increasing local reactivity due to the distortion of π-bonds [45]. 15 

The most important reactions involved in the doping of graphene are summarized in figure 3. 16 

Note that the major path for the doping is the abstraction reaction of oxygen from hydroxyl and 17 

carboxyl group by the nucleophilic reactions [27], which occur through exposure to SOCl2 (route 1) 18 

or SOCl2/Pyridine (route 2) (eq. 1). Although this mechanism is very efficient at low temperature, the 19 

decomposition of SOCl2 at temperatures of higher than 120°C (eq. 2) or activated by the pyridine 20 

which act as both a nucleophilic catalyst [46, 47] and a powerful chlorinating oxidation agent (eq. 3) 21 

[34], produces species that we expect to be particularly reactive. Specifically, the reactions involving 22 

SO2 and SO molecules lead to the introduction of sulfone and sulfoxide (eq. 4) in the graphene 23 

framework especially at the grain boundary but also at carbon vacancy. Moreover, sulfur 24 
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monochloride (S2Cl2) and sulfur dichloride (SCl2), produced from the thermal decomposition of 1 

SOCl2 (eq.2), plays an important role in cyclization of open chain hydrocarbons  into heterocyclic 2 

ring by the addition of one sulfur atom and even more than one [48,49]. This unusual reaction provide 3 

an attractive route to introduce sulphur in the lateral chain at graphene boundaries but also at carbon 4 

vacancies in the graphene structure (eq. 5), thus giving an additional contribute to the p-doping 5 

activity. A detailed molecular picture of the mechanisms involved in the doping reactions is reported 6 

in supplementary information (Fig. S4). 7 

 8 

Fig. 3 Scheme of the reactions involved in the SOCl2 doping of graphene. (1) Chloro-graphene and 9 

chloroacyl-graphene through SOCl2 or SOCl2/pyridine; (2) thermal decomposition of thionyl chloride to 10 

sulphur dioxide, sulphur monochloride and chlorine; (3) oxidative reaction to chlorine ionically-bonded 11 

to graphene; (4) formation of sulfone and sulfoxide; (5) heterocyclic ring to thiophene. 12 

 13 

The effectiveness of the doping procedure has been quantified by the Raman spectra of single 14 

layer graphene before and after SOCl2 treatment as shown in Fig. 4 for graphene on Corning-glass. 15 

Two main peaks can be observed in the Raman spectrum of the pristine graphene: the G-peak around 16 

1583 cm-1, that is related to the ”in-plane” bond stretching of C-sp2 atoms in both rings and chains; 17 

the 2D-peak around 2675 cm-1, that derives from the breathing mode of C-sp2 atoms in hexagonal 18 

rings. The absence of the D-peak at 1350 cm-1 indicates the very low level (almost absent) of C-sp3 19 

defects even after SOCl2 treatment. Thus, the chlorination appears to occur selectively at the 20 

nucleophilic chemical defects without affecting the C-sp2 framework. In fact, the formation of a 21 
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covalent bond between a functional group (atoms, molecular radicals) and the hexagonal carbon 1 

lattice would have necessarily involved the breaking of a π bond between two C-sp2 atoms and the 2 

change of their hybridization state from sp2 to sp3 (see Raman spectra in fig.5 and Fig S7 in 3 

Supplementary Information). In these spectra, following the SOCl2 doping, we can read the four 4 

typical phenomena deeply investigated and described by Ferrari’s group [50, 51] for p-type doping: 5 

(1) the G peak at 1583 cm-1 is blue-shifted by 20 cm-1; (2) the 2D peak at 2675 cm-1 is blue-shifted 6 

by 15 cm-1; (3) the reduction of the full width at half maximum (FWHM) of the G peak (from 14 cm-7 

1 to 11 cm-1) and (4) the reduction of the peak intensity-ratio 2D/G (from 2.3 to 1.0). Hence, we can 8 

evaluate (see Fig. S5 in Supplementary Information) an increase in hole carrier concentration up to 9 

1.7x1013 cm-2 as expected from the charge transfer processes occurring from graphene to 10 

electronegative chlorine atoms and resonant sulfoxides group [50]. Moreover, following the doping, 11 

a wide peak S at about  1558 cm-1  is also derived by the two Lorentzian curve fitting of the G peak 12 

(see inset in Fig. 3), which confirms the presence of disordered sp2-carbon attributed to the chemical 13 

defects by large functional atoms  such as chlorine and sulfur [52, 53]. Furthermore, the area ratio 14 

between the S and G Raman bands (S/G) gives an estimate of the sp2-C disorder; a higher S/G ratio 15 

values indicates a lower -conjugation order. Moreover, we used Raman mapping to give evidence 16 

of the distribution of region on the graphene surface that differ in doping efficiency. Figure 4 show 17 

the Raman maps of 2D/G intensity peak ratio for pristine (Fig. 4b) and SOCl2 doped graphene (Fig. 18 

4c). The limited red areas in pristine image are fingerprint of bilayer graphene region across the 19 

surface. The image of the doped sample shows a more homogeneous distribution of the 2D/G ratio 20 

with values of about 1 and even below 1, thus highlighting efficient doping on the entire surface. The 21 

homogeneity of doping across the surface was also confirmed by the analysis of linear scan on 20µm, 22 

with the evaluation of the three representative parameters, the G-peak position, the G-peak FWHM 23 

and the 2D/G intensity peak ratio (see Fig. S6 in Supplementary Information).  24 
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  1 

Fig. 4. Raman characterization of single layer graphene before and after doping. (a) Raman spectra 2 

of pristine-graphene single layer on Corning-glass before (black line) and after (blue line) SOCl2 3 

chemical doping. Inset is a two Lorentzian curve fitting of the G peak of the doped sample. The 4 

large peak S at 1550cm-1, confirms the presence of amorphous π-bonded forms of carbon due to C-5 

S and C-Cl bonds. (b) Raman maps (1200-3300 cm-1) of I2D/IG peak ratio collected over 400 µm2 6 

on graphene transferred on Si/SiO2.  7 

 8 

We also looked at the possibility of tuning the conductivity via defect engineering of single 9 

layer graphene by oxidation. We note that, the extent of the doping, i.e., the lowest value of the sheet 10 

resistance, is strictly related to the amount of nucleophilic chemical defects: the higher the density of 11 

oxidized carbon atoms, without decreasing significantly the -conjugation, the higher the dopand 12 

functionalization by SOCl2. Thus, the question arises: is there enough space to maximize, according 13 

to the Drude model (σ =n•µ•e), the conductivity σ, i.e., the product of the carrier density (n) and 14 

carrier mobility (µ)? Indeed, can we control and determine the amount of oxygenated chemical 15 

defects?  16 

Using different wet and dry procedures, such as Hammer method [54], oxidizing reagents [55] 17 

also in presence of UV light irradiation [56]  , UHV thermal oxidation  [57], plasma oxidation [58,59], 18 

ozone via UV light-irradiation  [60], it is possible to introduce functional groups such as epoxy 19 
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(COC), carbonyl (C=O), hydroxyl (−OH) and carboxyl (−COOH). Among these, our approaches has 1 

been to use plasmachemical oxidation of graphene (see Fig, S7 in Supplementary Information) which 2 

produce chemical modified graphene rich in hydroxyl group through epoxidation of graphene  [61, 3 

62]. The peculiarity of our oxidation methodology lies in the fact of being able to control the extent 4 

of oxidation on a very fine scale through an in-situ ellipsometer allowing real-time monitoring of graphene 5 

surface [61].  6 

Figure 5 shows the evolution of the Raman spectra of a representative single-layer graphene 7 

after 3 sec of plasma oxidation (red curve) and SOCl2 doping (blue curve).  8 

 9 

 10 

Fig. 5. Raman spectra of plasma oxidized (for 3 sec) graphene single layer on Corning-glass 11 

before (red line) and after (blue line) SOCl2 chemical doping. Inset is a three Lorentzian curve 12 

fitting of the G peak of the doped sample. The large peak S at 1550 cm-1, confirms the presence 13 

of amorphous π-bonded forms of carbon due to C-S and C-Cl bonds. 14 

 15 

Specifically, after plasma oxidation, the Raman spectrum shows the appearance of a significant 16 

D-peak at  1340 cm-1, even higher than G-peak at 1583 cm-1, as well as the appearance of peak D’ at 17 

1620 cm-1 and of the peak D+D’ at 2935 cm-1. The G and 2D peaks evolve as expected for defected 18 

graphene [61, 63] for both peaks G and 2D there is a slight blue shift of the peak-position as well as 19 

an increase in the width (FWHM) of the peaks; when the defects density becomes high, the 2D peak 20 

intensity sharply decreases, i.e., 2D peak intensity is an indicator of the crystallinity degree and high-21 

quality of pristine graphene. Following the doping of slightly defective graphene, in addition to the 22 

phenomena already described for the G and 2D peaks  due to the increase in the hole-carrier density, 23 

it is observed the up-shift of the D-peak position, from 1339 cm-1 to 1349 cm-1, as well as its intensity 24 
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decrease in accordance with what described by Bruna et al. [47].  Interestingly, the doping contribute 1 

to the amorphization of the sp2-C framework, represented by the large peak S at 1558cm-1, is much 2 

higher than in the case of pristine graphene; the area ratio of the peak S/G increase from 0.24 at 1.5 3 

going from pristine to defected graphene.  4 

In order to achieve the best balance between the increase of carrier density (n) and the 5 

degradation of the mobility () and therefore the lowest value of sheet resistance (R/□), the study has 6 

been performed at different level of graphene oxidation up to 10 sec of plasma treatment (see Raman 7 

spectra in Fig. S8). Figure 6 displays the measurements of the sheet resistance as a function of the 8 

Raman peak intensity ratio D/G, which is the measure of the defects in the graphene framework 9 

following oxidation at increasing plasma process time. The best value of sheet resistance, obtained 10 

after 3 sec of plasma oxidation, is around 120 Ohm/square improving the value of 260 Ohm/square 11 

measured for doped non-oxidized graphene. 12 

 13 

 14 

Fig. 6. Sheet resistance of doped single layer graphene as a function Raman peaks intensity rato 15 

D/G (bottom x-axis) as evaluated after doping. The top x-axis indicates the plasma oxidation 16 

time of the corresponding oxidation experiments. 17 

 18 

As for the preparation of the transparent conductive electrode layer, we fabricated turbostratic 19 

graphene multilayers using the layer-by-layer CVD graphene. In this case, the layers are misaligned 20 

with one another either by translation or rotation. Thus the multilayer graphene does not posses 21 

periodicity that can be confirmed by Raman spectroscopy. In fact, in the case of our turbostratic 22 
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stacked graphene the G and 2D peaks remain symmetrical and narrow like monolayer graphene, as 1 

shown in a previous study [64]. We have doped multilayer graphene prepared by staking single layer 2 

graphene (SLG) samples. In Fig. 7, the scheme of the procedure leading to the preparation of 3 

multilayer doped graphene is illustrated. Pristine graphene on thermal tape was transferred onto 4 

Corning glass substrates and was chlorinated by SOCl2 using the thermal activation operating at 5 

140°C or the pyridine catalytic activation at room temperature. For multilayer graphene, two different 6 

strategies were used: (a) the layer-by-layer and (b) the bilayer-by-bilayer doping. However, when 7 

operating with the thermal activation method, we do not detect significant differences between the 8 

two methods, thus probably indicating an easy diffusion/intercalation of thionyl chloride through the 9 

double layer. We also checked the last-layer doping procedure when there are more than two layers 10 

but it does not work as well. When the doping was performed on oxygen plasma pre-treated graphene, 11 

we also observed that the effectiveness of the diffusion/intercalation of thionyl chloride is limited for 12 

a number of graphene layer not higher than two. However, it is important to specify that oxygen 13 

plasma treatment must be necessary performed after stacking of each graphene layer. As reported in 14 

ref [58], the high recombination rate of oxygen atoms (radicals) on graphene surface limits the 15 

plasma-oxidation reaction to the outmost layer of a multilayer graphene sample. 16 
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 1 

Fig.7. Scheme of the procedure for forming doped turbostratic multi-layered graphene film by 2 

stacking single layer graphene (1L-G). Step-1, pristine single layer graphene on thermal-release 3 

tape is transferred via hot-pressing (@110°C) on Corning glass substrate; Step-2, the 1L-G on 4 

Corning-glass is doped by SOCl2 treatment @T>120°C (or with SOCl2/Pyridine @RT); Step-3, a 5 

2° layer of pristine graphene is added again via hot-pressing; Step-4, the bilayer graphene is doped 6 

by SOCl2 treatment. Step-last, the doped bilayer (or eventually multilayers) is covered with a 7 

pristine graphene. 8 

 9 

The sheet resistance data measured on multilayer graphene samples, up to 6-layers on Corning 10 

glass, both pristine and doped graphene are collected in Fig. 8. The decremental sheet resistance 11 

values from various layer-by-layer doped samples are shown in Fig. 8a. Importantly, the significant 12 

decrease in sheet resistance going from the monolayer to the bilayer is explained by the “patching 13 

effect”, i.e. the bridging graphene flakes in one layer by another layer, thus strongly reducing the 14 

resistive effect of cracks, holes and grain boundaries [65] up to even completely masking their 15 

presence starting from the bilayer.  Therefore, we can estimate the sheet resistance value of a patched 16 
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monolayer to be around 550±50 Ω/□ for the pristine graphene and 120±15 Ω/□ for the SOCl2-doped 1 

graphene. In the multilayer graphene, each stacked layer has consistent electrical properties similar 2 

to single-layer graphene, i.e., the graphene film of N-layers behaves as N resistances in parallel (𝑅𝑖
𝑝
) 3 

and, since there are no atomic bonds between the different layers, it is necessary to add, in the 4 

equivalent electric circuit, the contact resistance between layers, i.e. the series resistance ( 𝑅𝑖
𝑠 ). 5 

However, the results indicate a low value of the series resistance, since all the values of the sheet 6 

resistance of the multilayers satisfy the simple equation of parallel resistors, 𝑅𝑡 = 𝑅𝑖/𝑁 with the 7 

above values of 𝑅𝑖 =550 Ω/□ and  𝑅𝑖 =120 Ω/□  for  pristine graphene and doped multilayers, 8 

respectively. The fact that Rs data from both the pristine multilayers and the doped multilayers can 9 

be described by the same simple parallel resistor network model (see refs.10, 66) confirms once more 10 

that the stacking of CVD graphene layers on top of each other results in a turbostratic multilayer. i.e., 11 

“stacking graphene layers essentially adds channels for charge transport” [10]. 12 

 Figure 8b summarized the sheet resistance data (R/□) measured for up to six stacked layers 13 

before and after SOCl2 doping. All R/□ data are reported versus the optical transmittance (@ 550 nm) 14 

of the same sample. As shown in figure 8b, transmittance of graphene does not change upon doping 15 

(transmittance spectra in fig.  S9). Thus, SOCl2 treatment does not involve the formation of molecular 16 

aggregates able to provide light-scattering and, thus, the Haze problem. 17 

  18 
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 1 

 2 

Fig. 8. Sheet resistance data for pristine and doped multilayer graphene. (a) SOCl2 doped-graphene 3 

samples prepared by stacking single layer graphene in a layer-by-layer procedure. The dotted line is to 4 

guide eyes when reading data of the totally doped layers. (b) Sheet resistance vs Optical Transmittance 5 

for pristine and SOCl2 doped single and multilayers graphene on Corning glass. Also reported are 6 

literature data for doped-graphene layers with:  HNO3 (    ) in ref.18, AuCl3 (   ) in ref. 67, AuCl3-7 

CH3NO2 (    ) in ref. 68, FeCl3 (     ) in ref. 21 and Cl2 doped  (    ) in ref. 69. Typical data for ITO are 8 

also shown. 9 

 10 

Literature data for graphene layers doped with other procedures as well as the typical values of 11 

ITO films are also reported. Importantly, our data are comparable and even better than those by non-12 

covalent doping methods discussed in the introduction (HNO3, AuCl3, and FeCl3 doping) [18, 21, 67, 13 

and 68] and by chlorine radical doping [69]. Here we emphasize the very low sheet resistance value 14 

of 18 Ω/□ obtained for the 6-layers graphene film and straightforward the high transparency of 85% 15 

at 550 nm. 16 

We have also evaluated the thermal stability and the possible degradation of the doped 17 

multilayer film when exposed to ambient air. The thermal stability has been evaluated in air at 100°C 18 

leaving the sample for 30 min on the hot-plate we used for the thermal release tape transfer. As for the 19 

air exposure degradation, although the covalent nature of SOCl2 doping prevents desorption of dopant 20 

species, humidity can affect the doping stability of graphene samples. In fact, water molecules can lead 21 

the hydroxylation of acyl chloride groups, i.e., back to carboxyl, thus reducing the surface doping effect 22 

during graphene samples aging [24]. However, we have experimentally observed that the occurrence 23 

of this detrimental process can be easily prevented by staking a supplementary undoped graphene layer 24 

that acts as protective cover layer (see last step in Fig.7). For doped graphene multilayers with layer 25 

number above 4, this supplementary step only causes a reduction in transmittance around 2.3% with 26 
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almost no effect in the sheet resistance that, on the other side, does not change in value also after 6 1 

months of air exposure. 2 

 3 

 4 

4. Conclusion 5 

It has been investigated the possibility to dope, heavily, the CVD graphene by using the SOCl2 6 

chemistry with the intention to maximize the hole carrier density without affecting significantly the 7 

structure of the basal-plane, thus minimizing the sheet resistance. It is concluded that operating at 8 

high temperature of 120-140°C or in presence of pyridine, which acts as a catalyst, the chemical-9 

functionalization  of graphene with dopant substituents, e.g., chlorine, sulfone, sulfoxide and thiol 10 

rings, is enhanced. The SOCl2-doping functionalization is further improved when oxygen functional 11 

group (epoxy, hydroxyl) are properly introduced in the graphene basal plane through an oxygen 12 

plasma operating under modulated wave conditions. In terms of sheet resistance, it has been possible 13 

to reach an extraordinary value of 18 Ω/□ for a 6-layer stacked-graphene film with an optical 14 

transparency of 87%. These findings confirm the idea that covalent chemical doping performed with 15 

SOCl2 could be an important step to realize transparent electrodes to be used as components in 16 

different electronic and photovoltaic applications. 17 

 18 
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