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Graphene is now recognized as the most likely carbon-based successor material for 

CMOS electronics. Recently, interest in graphene oxide (GO) has risen for 

producing large-scale flexible conductors and for its potential to open an electronic 

gap in graphene structures. We report on a means to tune the topographical and 

electrical properties of graphene-based materials with nanoscopic resolution by 

local thermal reduction of GO with a nano-size tip. The reduced GO nanostructures 

show an increase in conductivity up to four orders of magnitude as compared to 

pristine GO. No sign of tip wear or sample tearing was observed. Variably 

conductive nanoribbons with dimensions down to 12 nm have been produced in 

oxidized epitaxial graphene films in a single step that is clean, rapid and reliable.  
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Graphene’s high electronic mobility (1-3), gating capability (4-6), and bandgap tuning 

potential (1, 7, 8), have motivated large scale device patterning in epitaxial graphene (9), 

leading to transistors operating at GHz frequency (10). Techniques to produce nanometer 

scale graphene structures include e-beam lithography (1, 6, 11), chemical exfoliation (7), 

local anodic oxidation lithography (12), and carbon nanotube unzipping (13). Routine 

fabrication of graphene-based nanostructures over large areas is challenging in terms of 

reproducibility, resolution, robustness, edges control, substrate compatibility, and 

scalability. Recently, reduction of graphene oxide (GO), an insulating material with a 

transport gap larger than 0.5-0.7 eV at room temperature, has been indicated as a 

promising route for translating the interesting fundamental properties of graphene into 

technologically viable devices (14, 15), such as transparent electrodes (14), chemical 

sensors (16), and MEMS resonators (17). In particular, transport measurements have 

shown that GO undergoes an insulator-semiconductor-semimetal transition as it is 

reduced back to graphene (15, 18). 

Here, we present a tip-based thermochemical nanolithography (TCNL) method, to 

directly control the reduction of GO, and thereby its conductivity, on the nanoscale. The 

reduced GO nanostructures show an increase in conductivity up to four orders of 

magnitude as compared to pristine GO. The method is fast (several µm/s), applies both to 

conducting and insulating substrates, and is reproducible. GO has been converted to a 

conductor with a 100 % yield in dozens of structures patterned on random locations in the 

GO film. Reduced GO (rGO) patterns range from ribbons 12 nm in width (FWHM) up to 
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20 µm. No sign of tip wear or sample tearing was observed, indicating that the "carbon 

skeleton" is continuous across the GO/rGO junction. 

Thermochemical nanolithography with heated probe tips has successfully induced 

chemical reactions on a surface (19-21) or deposited material (22-24). Similar heated tips 

have also been used to mechanically modify a polymer film (25). The key advantage of 

these heated probe tips is the ability to localize a nanometer-scale hot spot with a 

resolution that cannot be achieved by other means. Herein, we demonstrate that TCNL 

can locally reduce graphene oxide sheets and thereby control their electronic properties 

(Fig. 1-3) without use of additional reagents. This thermochemical nanolithography is 

first validated on single layers of isolated graphene oxide and then shown to work equally 

well on large area GO films formed by on-chip oxidation of epitaxial graphene (GOepi) 

grown on SiC. The TCNL written nanoribbons have dimensions as small as 12 nm. 

To date, all the GO reduction strategies (15, 26) have led to materials with some residual 

oxygen and structural defects and so the material is referred to as reduced graphene oxide 

rather than graphene. Chemical reduction has been particularly well studied, and it is 

known that exposure of GO to strong reducing agents such as hydrazine results in an 

increased electrical conductivity by three to four orders of magnitude (27). Recent studies 

have demonstrated that annealing at 450 °C or above is equivalent to chemical reduction 

via hydrazine monohydrate at 80 °C followed by heating at 200°C (26). Thermal 

reduction of GO occurs already at moderate temperature (100–250 °C), and enables the 

tuning of the gap in graphene oxide (15), as demonstrated in the I(V) characteristics. 

Extensive reduction requires temperatures exceeding 450 °C (26). In the experiments 
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presented in this report, the nanoscale thermal reduction of GO flakes and GOepi films 

(see (28) and Supporting Online Material) is achieved by means of a heated atomic force 

microscopy (AFM) probe (29). The TCNL reduction of GO is verified here by friction 

force microscopy (FFM), conductive AFM (CAFM), Raman spectroscopy, Kelvin probe 

force microscopy (KPFM), and UHV electronic transport measurements using a 2- and 4-

probe STM, (see Supporting Online Material for details on all these techniques). 

To demonstrate TCNL reduction of GO, we begin with isolated GO flakes on a SiOx/Si 

substrate (Figures 1 and 2). Arbitrary graphene features such as a cross (Fig. 1) or squares 

(Fig. 2) are reliably obtained by scanning the heated AFM tip over a GO sheet. The 

thermal reduction decreases the 9.5±1.9 Å height of the sheet by 2-5 Å, as obtained from 

the topography image shown in Figure 1 and Figure S6 in the Supporting Online Material. 

The reasons for this height reduction are two-fold. First it is the loss of oxygen rich 

functional groups from the flake surface. Given that scanning an unheated tip does not 

result in height changes, this loss is primarily caused by intrinsic chemical conversion 

rather than mechanical removal. It is not possible, however, to rule out tribochemical 

effects at elevated temperatures. Secondly, the conversion of GO’s sp3 carbon bonds into 

sp2 carbon bonds will flatten the material since the sp3 carbon bonds in GO ripples the 

carbon skeleton thereby increasing the sheet thickness (14, 30, 31). The conversion per se 

of these sp3 bonds to planar sp2 bonds will also flatten the structure; however, height 

measurements alone are insufficient to determine the relative contributions of these two 

effects.  
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An important goal of this work was to demonstrate variable reduction of GO. Friction 

measurements show that this could be achieved by controlling the temperature of the 

AFM tip.  Graphene has a low friction coefficient (32) while oxides typically have higher 

friction coefficients. Consequently, thermal reduction should also reduce friction as the 

high friction GO is replaced with lower friction graphene. Figure 2 shows the strong 

correlation between the cantilever temperature during TCNL processing and the lateral 

force on a room temperature tip scanned over previously reduced squares. While the 

cantilever temperature can be precisely determined, the contact temperature must be 

modeled (see Supporting Online Material). The reported temperatures are the cantilever 

temperatures. Reduction begins at or above 130 °C which is comparable to the results of 

Wu et al. and Mattevi et al. that showed that reduction starts at 100 °C (15, 26) 

presumably after the desorption of adventitious water. Higher temperatures increased the 

rate of reduction as shown by the roughly linear decrease in relative friction with 

temperature. 

Although isolated GO flakes are suited for basic studies of the process, further 

technological development requires extended films of GO. Large area GOepi films (> 15 

mm2) are obtained by oxidizing multilayer epitaxial graphene (EG) grown on the carbon 

face of SiC (28). The oxidized films consist of multiple high-quality GOepi layers that 

completely cover the SiC surface. AFM images show no tearing in the GOepi films 

indicating that they maintain their structural integrity when exposed to the harsh 

oxidation conditions. Figures 3 and 4 show the results obtained by performing TCNL on 

a GOepi film with a thickness of about 25 ± 5 nm, as determined by AFM by scratching 
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away GOepi from the SiC substrate. Figure 3 presents a zigzag rGOepi nanoribbon written 

with a single line scan at Theater~ 1060 °C on GOepi. Figure 3a is an image of the current 

measured between a conductive platinum AFM tip and each point of the surface, showing 

no current on the GO surface and a current enhancement of about 100 pA in the rGOepi 

nanoribbons. These current values are consistent with the presence of 12 nm wide and 

several nanometers thick rGOepi nanoribbons presenting a vanishingly small Schottky 

barrier; and a resistive SiC substrate (resistivity of about 105 Ω cm ). For a 25 nm thick 

GO film locally heated by a tip at 1000 °C, heat flow through the layers might reduce 

most of the GO underneath the tip leaving only a few layers of unreduced GO at the SiC 

interface (see Supporting Online Material). The topographical image (Fig. 3b and black 

graph in Fig. 3c) indicates that the reduction produces a shallow indentation of 1 nm 

whose origin has been previously discussed for the isolated GO sheets. 

We further investigated the electrical properties of the locally reduced GOepi structures 

using KPFM and 4-point transport measurements in a UHV Omicron Nanoprobe system 

(see Supporting Online Material). In the 4-point transport measurements (Fig. 4a and 4b), 

we measured  the sheet resistance, Rsheet, of  20 × 20 μm2 squares of TCNL rGOepi and  

found that Rsheet decreased with increasing temperature used for the TCNL local reduction, 

up to four orders of magnitude lower than the resistance of the original GOepi (15). The 

same significant increase of the in-plane conductivity is observed for extended films of 

rGOepi produced by overnight heating of GOepi in a furnace at 600 oC.  Furthermore, we 

found that Rsheet and the shape of the I(V) characteristics can be varied by changing the 

temperature of the AFM probe (see Fig. 4a and 4b), consistent with a change in the 
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transport gap from 0.5 eV to vanishingly small. These results are consistent with KPFM 

measurements showing that the TCNL reduced GOepi displays a contact potential change 

of 168 ± 54 mV in respect to GOepi. Due to the residual oxygen and structural disorder, 

we observe a large difference in conductivity between epitaxial graphene and rGOepi or 

TCNL-rGOepi.   

Having established that heated tips achieved reductions comparable to global heating 

treatments, we extended the analysis to an isolated TCNL-rGOepi nanoribbon (Fig. 4c). 

The TCNL-rGOepi nanoribbon had a length, L, of 25 μm and a width, w, of 100 nm as 

measured by AFM. Current versus voltage data were acquired in the Omicron Nanoprobe 

system by placing the conductive tips on top of two micron-size squares of rGOepi 

fabricated in situ by an electron beam at each end of the nanoribbon (Fig. 4c). These pads 

ensured good electrical contact with the narrow ribbon. Two point transport 

measurements indicated a resistance larger than 2 GΩ when the tips were positioned on 

an arbitrary position on the GO surface (very large barrier at the contact) and a drop in 

resistance from 120 MΩ (between the 2 squares with no nanoribbon) to 20 MΩ (between 

the 2 squares connected by the nanoribbon). More importantly the transport behavior 

changes from insulating to ohmic (linear I(V) curves) in presence of the TCNL-rGOepi 

nanoribbon between the squares (Fig. 4c).  By using the relationship Rsheet = 

(Rribbon·w·tribbon) / (L·tsheet) (33), and assuming a 13 nm thick nanoribbon, we obtain a 

sheet resistance of 65 kΩ, in very good agreement with the measurements reported in Fig. 

4 a, and b for microscopic squares of TCNL-rGOepi.  
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A tip-based thermochemical nanolithography has been developed to directly control the 

electrical properties of GO on the nanoscale at speeds of several micrometers per seconds. 

Arbitrary shapes of reduced GO features can be produced by this technique. Compared to 

the starting GO, the rGO nanostructures, with widths down to 12 nm, show an increase in 

conductivity up to four orders of magnitude and a change in the shape of the I(V) 

characteristics.  Dozens of arbitrarily shaped rGO features have been produced in 

arbitrarily chosen positions in the GO films, with a 100 percent yield, demonstrating the 

good reproducibility of the technique. The size of the rGO structures shown here was 

continuously varied between 12 nm (FWHM width of a nanoribbon) up to 20 μm. No 

sign of tip wear or sample tearing was observed, indicating that the "carbon skeleton" is 

continuous across the GO/rGO junction. As a result, extrinsic effects such as impurities, 

and interface layers, are likely obviated. Critically, TCNL does not require any solvents 

or lithographic resists that could contaminate the sample. This is especially important 

since the electronic properties of graphene are known to vary strongly with surface 

doping. Furthermore, the heatable probe enables in situ metrology of the fabricated 

nanostructures, such as friction, and Raman measurements. TCNL applied to large scale 

GO grown on SiC is a reliable, high resolution, no tearing technique which can be 

applied to conductive and non conductive substrates and which preserves the continuity 

of the carbon skeleton. The strategy of variably reducing extended GO films is a general 

one that could be implemented in multiple ways depending on the application. The 

manufacture of graphene nanoelectronics could be achieved by using arrays of heated 

probe tips (25).  Independently addressed heated probe tips could alternately read or write 
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nanostructures on a surface and in large arrays could address wafer-scale areas at high 

speed. A nano-embossing approach might also achieve local GO reduction, provided that 

the imprint template would offer nanometer-scale control of the reducing temperature 

field (34). 
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Figure legends 

Fig. 1. Local thermal reduction of a single-layered graphene oxide flake. (A) 

Topography of a cross shape of reduced GO formed after an AFM tip heats the contact to 

330 °C scanned across the GO sheet at 2 μm/s. (B) Zoom out topographical top view of 

the same sheet as that in (A). (C) The averaged profile of the trench outlined in (B) shows 

that the width (FWHM) of the line can be as narrow as 25 nm.  

Fig. 2. The rate of thermal reduction depends on the tip temperature. The plot shows 

the decrease in lateral force on an AFM tip at room temperature as it scans over several 

squares previously reduced by TCNL at different temperatures. The inset is a room 

temperature friction image of the GO sheet on which a heated tip was previously rastered 

twice over six square areas, at a speed of 4 μm/s. In square 1, the tip was heated during 

TCNL to Theater ~ 100 °C yielding no apparent reduction while at temperatures Theater 

>150 °C the rastered areas (2-6) were thermally reduced. Reduced GO, which like bulk 

graphite behaves as a lubricant, shows lower friction than the original GO. Higher 

temperatures accelerate the thermal reduction of GO and thereby more rapidly lower 

friction. 

Fig. 3.  Local thermal reduction of a GOepi film: current and topographical images. 

(A) 3D room temperature AFM current image (taken with a bias voltage of 2.5V between 

tip and substrate) of a zigzag shaped nanoribbon fabricated by TCNL on GOepi at Theater~ 

1060 °C, with a linear speed of 0.2 μm s-1 and a load of 120 nN. (B) Corresponding 
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topography image taken simultaneously with (A). (C) Averaged profiles of current and 

height of the cross sections that are indicated as dashed lines in (B).  

Fig. 4.  4 and 2-point transport measurements and Kelvin probe force microscopy.  

(A) Current-voltage curves obtained by 4-point transport measurements of TCNL low-

temperature reduced graphene oxide (Low T,  Theater~ 600 °C),  TCNL high-temperature 

reduced graphene oxide (High T, Theater~ 1200 °C), and vacuum reduced graphene oxide 

at 600oC. (B) This table presents the sheet resistance, Rsheet, measured by 4-point 

transport measurements, and the contact potential change (ΔΦ) between GOepi and each 

listed sample (EG, rGOepi, and TCNL-rGOepi, respectively). (C) Left. SEM images of the 

configuration used for 2-point transport measurements when the tips are positioned 

between 2 rGOepi squares without (top), and with (bottom) TCNL-rGOepi nanoribbon in 

between. The AFM cross section of the nanoribbon is shown as inset of the bottom SEM 

image. Right. I(V) curves obtained measuring current between 2 rGOepi squares with no 

nanoribbon in between (top curve), and between 2 rGOepi squares with a nanoribbon in 

between (bottom curve).
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