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One of the most pressing technological challenges in the 

development of next generation nanoscale devices is the 

rapid, parallel, precise and robust fabrication of 

nanostructures. Here, we demonstrate the possibility to 

parallelize thermochemical nanolithography (TCNL) by 

employing five nano-tips for the fabrication of conjugated 

polymer nanostructures and graphene-based nanoribbons. 

 

Nanofabrication is the process of making functional structures with 

arbitrary patterns having nanoscale dimensions1-4. Nanofabrication 

has been widely implemented commercially for improving 

microelectronic devices and information technology, to increase the 

density of components, to lower their cost, and to increase their 

performance per device and per integrated circuit5. Other areas of 

applications beyond information processing and storage include 

optics6, cell biology7, and biomedicine8.  

Two widely used methods in industry nowadays are 

photolithography and particle beam lithography. The limitations of 

these conventional approaches, such as limitations in resolution, high 

capital and operational costs, limited flexibility in terms of materials 

which can be patterned and fabricated, have motivated the 

development of unconventional fabrication techniques such as soft 

lithography, self assembly, and scanning probe lithography3, 7 (SPL). 

One of the main limitations in the different SPL methods is that the 

throughput is limited by the usually slow and serial writing process.  

A practical approach to SPL for high-volume, parallel production 

may emerge by simultaneously writing nanostructures with multiple 

probes. Various designs of atomic force microscopy (AFM) probe 

arrays have been developed for applications in different AFM-based 

lithography techniques. While the parallelization in AFM-based 

lithography is at its infancy, some important advances have been 

made, such as the thermal probes array, also called Millipede9, for 

thermomechanical writing of topographical structures in polymers, 

the dip-pen nanolithography (DPN) probes array10 for delivering 

inks through AFM probes, and the electro-oxidizing tip array to 

pattern silicon11.  

The most prominent challenges for parallelization of any SPM/AFM 

based lithography are the cost, the ability to image and 

simultaneously to write on a substrate, the resolution and reliability, 

as well as the possibility to use the same instrument for a variety of 

material applications.  

Recently, it has been shown that thermochemical nanolithography12, 

13 (TCNL) is a versatile AFM-based technique that can be used to 

fabricate nanostructures and nanopatterns of graphene-based 

materials14, 15, piezoelectric/ferroelectric ceramics16, polymers17-21, 

proteins22, and DNA22. Furthermore, TCNL was demonstrated to be 

capable to write sub-micron gradients of amine groups on 

polymers23. Other variants of thermally activated reactions include 

work on retro diels alder reactions24, 25 for 3-D patterning, and work 

on co-polymers26, where thermal cantilevers were employed to study 

and modify copolymers. 

 

TCNL uses a thermal probe to locally heat the surface of a 

material11. This heat produces a nano-scale chemical or physical 

transformation which can be controlled in terms of spatial resolution 

and extent of chemical conversion. Very importantly, TCNL speed 

of writing is only limited by the speed of the heat transfer and the 

chemical reaction. So far, writing speeds up to mm/s for a single tip 

have been demonstrated. The afore-mentioned Millipede operates on 

the principles of thermo-mechanical lithography where the heat is 

used to locally melt or modify the topography of a material such as a 

polymer.  Differently, TCNL induces chemical reactions in order to 

chemically pattern substrates.  In this sense, DPN and TCNL have 
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more similar goals. Both methods aim at fabricating nanostructures 

made of a material that is different from the rest of the substrate. 

TCNL activates a chemical reaction and it is based on heat transfer. 

DPN directly deposit new material and it is based on mass transfer. 

Advantages and disadvantages ultimately depend on the type of 

application and material to be nanofabricated.  

 

Here, we demonstrate the parallelization of TCNL by using a five-tip 

array. The same array is used in situ to write and image 

microstructures, nanowires, and complex patterns of a conjugate 

luminescent semiconducting polymer, as well as conductive 

nanoribbons of reduced graphene oxide. Resolution down to sub-50 

nm over areas of 500 µm and parallel complex 3D-patterning are 

demonstrated. 

 

Results and Discussion 

Figure 1a depicts a cartoon of a thermal tip array containing five 

cantilevers with the corresponding nano-tips, spaced about 110 µm 

each other. For convenience, we label the tips 1 through 5. Each 

cantilever in the array27 is joule-heated as previously reported in 

literature for single cantilevers28, and it is individually addressable 

with a voltage bias, which is used to control the current flowing in 

the cantilever to achieve the joule-heating at the resistive tip.  Recent 

experiments27 show that these probes arrays can image surfaces with 

0.6 nm vertical resolution, and can be used for thermomechanical 

lithography to pattern topographic variations into a fluorocarbon 

film. More information on the geometry and properties of these 

arrays can be found in the Supplementary Information  (SI). 

To insure that the sample surface is parallel with the array we have 

used an optical leveling device onto which the sample is mounted 

(see SI). The conventional AFM optical feedback is present only for 

one cantilever, therefore we used the thermal interaction between the 

cantilevers and the sample to align the other cantilevers/tips in the 

array.  While the method is described in the literature27, we briefly 

review the process in the SI. 

Figures 1b and 1c show the results of a TCNL tip array to locally 

convert a precursor film of poly-p-xylene tetrahydrothiophenium 

chlorideintopoly(p-phenylenevinylene) (PPV).  When heated with a 

hot tip, this precursor film has been shown15, 16 to dissociate a side 

group and form PPV, a photoluminescent semi-conducting organic 

polymer.  We dropped-cast a PPV-precursor film on a Si substrate, 

we then levelled the array with the film surface and performed 

TCNL patterning of the film. To confirm the chemical conversion of 

the precursor film into PPV, we used Raman spectroscopy to detect 

the chemical change.  Figure 1b shows the Raman spectroscopy 

signal while mapping the precursor area  (blue) and the PPV patterns 

(green). The Raman spectra are consistent with the chemical 

transformation of the precursor material in PPV. The measured 

changes in the Raman spectra after the precursor-PPV conversion 

have been described elsewhere29. Briefly, the most distinctive 

characteristics of the Raman spectra after the complete conversion of 

the precursor film into PPV is the large intensity enhancement of the 

peaks at the 1178 and 1594 cm-1, which can be attributed to a density 

increase in the polymer film due to a volume contraction. 

The parallel writing capability of the TCNL array is then 

demonstrated in Figure 1c, where we show five almost identical 

fluorescent images of two PPV pentagons produced with the five 

tips array. Each tip was used to write two PPV pentagons with two 

different temperatures (T1 and T2), at a linear speed per tip of 10 

µm/s. The images were taken with an epi-fluorescent microscope at 

an excitation of 488 and emission filter centered around 535 nm; this 

excitation/emission filters are consistent with the photoluminescent 

FIG. 1. (a) Optical Image and cartoon of the five thermal cantilevers and tips array for parallel TCNL. (b) Raman spectrum of PPV precursor (blue) and a 

TCNL produced pattern of PPV (green). In the inset we show the corresponding Raman image (I) and fluorescence image (II) of the precursor film and 

PPV pattern. (c) Fluorescence image of five PPV pentagonal double-patterns produced by the TCNL array and consisting each of two pentagons 

produced with two different temperatures.  
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spectrum of PPV.  As the heater temperature increases moving from 

the first to the second pentagon in all the five tips patterns, it is 

possible to observe an increase in the fluorescence intensity signal 

consistent with an increased amount of precursor that becomes PPV. 

We note that the five double-patterns are not completely identical. 

This is due to the fact that the tips are not perfectly aligned and 

therefore they are contacting the precursor film at different loads. A 

way to overcome and control this problem is to calibrate and control 

the heat provided to each tip individually, in order to guarantee the 

same amount of heat transferred at the tip-sample contact.  

Having demonstrated the ability to convert the precursor film to 

PPV, we performed a series of experiments (see Figure 2) to 

demonstrate the ability of the array to perform TCNL with nanoscale 

resolution. We wrote a set of PPV lines with eight increasing 

temperatures from left to right for each tip.  For this experiment, the 

surfaces were spun cast instead of drop cast.  Figure 2a shows 

fluorescent images, each representing eight PPV wires written by 

each tip with increasing temperature; again we observe that as the 

temperature is increased (left to right) more of the precursor 

undergoes the transformation in PPV.  Figure 2b shows the 

corresponding AFM topography images for the wires produced by 

each tip. We show in Figure 2c five fluorescence images of five 

Mona Lisa PPV structures produced by a TCNL array on a PPV 

precursor films. The green color contrast has been adjusted 

individually for each Mona Lisa picture. As before, we remark that 

the parallelization is not perfect, however it can be substantially 

improved by programming the temperature (voltage) of each 

cantilever independently. To demonstrate the level of TCNL control 

on chemistry and topography, we show in Figure 2d a cross-section 

of the topography image of the PPV wires produced by tip 1 (Fig. 

2d), clearly confirming the fact that by increasing the tip temperature 

(left to right) more precursor material is converted in PPV and 

therefore the resulting indented PPV pattern/wire is deeper. The inset 

FIG. 2. (a) Five fluorescence images of a series of PPV nanowires written with increasing (left to right) tip temperature, and reproduced five times by 

using the five tips array. (b) Corresponding AFM topography image of the same PPV wires. (c) Five fluorescence images of a PPV Mona Lisa obtained 

by using the five tips array. The fluorescence contrast in each Mona Lisa was produced by controlling and varying the temperature of the tips during 

writing. (d) Topographic cross section of the PPV nanowires produced by tip 1, as shown in (b). (e) AFM topography image of one PPV Mona Lisa 

image. 
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of Fig. 2d shows a zoom-in of one of the lines, presenting a full 

width at half maximum of about 68 nm. This result shows that 

TCNL arrays can produce sub-100 nm lines over distances of 500 

µm. The cross section in Fig. 2d shows that by increasing the tip 

temperature not only more precursor undergoes a chemical change, 

but also the topography (depth of the indent) can be accurately 

controlled. This high level of topographical control is demonstrated 

in Fig. 2e where we report the AFM image of a PPV Mona Lisa 

pattern.  

Finally, the versatility of TCNL arrays is demonstrated by using the 

very same array used for writing PPV luminescent nanowires and 

complex topography patterns (Fig. 1 and 2) also to write conductive 

nanowires of reduced graphene oxide.  TCNL can locally reduce 

highly insulating graphene oxide (GO) to a conductive graphene-like 

material (here called reduced GO, rGO), as shown in Figure 3. The 

TCNL array was therefore used to write graphene-like conductive 

zig-zag nanostructures in a highly insulating graphene oxide thin 

film deposited on silicon oxide. Schematic of the experiment is 

shown in Figure 3a, where we use each of the five tips to pattern 

four zig-zag lines at four different temperatures, increasing from top 

left corner clockwise (see SI).  Figure 3b shows a current sensing-

AFM (CSAFM) image of the current flowing between the AFM tip 

and the GO sample, where the image is focused on the patterns made 

by tip 1.  The reduced GO zig-zag lines conduct more current; this is 

indicative of the higher conductivity associated with reduced 

graphene oxide.  Figures3c and 3d show Kelvin Probe Force 

Microscopy30 (KPFM) images of the patterns made by tip 1 and tip 

3.  These images show a change (between GO and reduced GO 

lines) in the surface contact potential of ~20 mV. The surface contact 

potential is a measure of the work-function difference between the 

sample and the tip. The change in conductivity coupled with the 

change in the surface contact potential is a strong indication that we 

have successfully reduced graphene oxide with parallel TCNL. In 

the SI we report more data regarding the reduction of GO and we 

also show a high-resolution image of the zig-zag lines indicating a 

line half maximum width of 50 nm. 

Methods and Material Section 

We fabricated and used an array of five thermal cantilevers as shown 

in Fig. 1 and in the Supplementary Information. Each tip is 

individually addressable and therefore each tip can be heated 

independently from one another by controlling the electronic current 

that flows into each cantilever and heats the resistive tip. The design 

of the array and cantilevers is reported elsewhere27 and in the SI. 

This probe array was mounted on a commercial Agilent 5600 LS 

AFM. One of the key steps for TCNL with an array is to ensure that 

all the tips are brought into contact with the substrate 

simultaneously, i.e., all the tips are applying the same load. Under 

the hypothesis that all the cantilevers have the same spring constant, 

the load at each tip can be uniformed by aligning the array with the 

substrate and insuring that all the tips touch the sample 

simultaneously. This step is achieved (as described in the SI) by 

measuring each cantilever resistance (which depends on its 

temperature) as a function of the tip-sample distance, because the 

heat flux (and temperature) in each cantilever dramatically changes 

as the tip approaches, and then touches the sample31, 32. Accordingly, 

an optical leveling support was integrated with the AFM to tilt the 

substrate in order to level the tips.   

The fluorescence images were obtained using a TE2000 Nikon 

microscope equipped with a 40X, ~ 1.3 NA oil immersed objective 

and a Roper Scientific CoolSnap CCD camera (Figure 1). 

TCNL on PPV was performed at a linear speed per tip of 10 µm/s. 

To produce the 5 Mona Lisa images in Fig. 2 it took 40 minutes in 

total. TCNL on GO was performed at 0.2 µm/s. 

The AFM topography of the PPV nanostructures were obtained with 

an Agilent 5600 LS AFM (Fig. 2). The scans were performed at scan 

rates of 16µm/s. The scans for Fig. 2b were made with tip C 

MikroMasch HQ:NSC35/No Al and 2e was performed with the 

same thermal tip that made the patterns. 

The AFM current and KPFM images of graphene oxide were 

obtained with a Veeco Nanoscope IV AFM (Fig. 3). The scans were 

performed at scan rates of 6.4µm/s using “NanoAndMore” Pt/Ir 

coated tips. The current image was obtained by imaging the tip-

24 mV

0 mV

(b) (c)

~110 µm

Tip 1 Tip 2 Tip 3 Tip 4 Tip 5

(a)

150 pA

450 pA

1 µm 1 µm

Current (Tip 1) Contact Potential (Tip 1) Contact Potential (Tip 3)

FIG. 3. Parallel TCNL of reduced GO nanostructures. (a) Schematic of Parallel TCNL used to produce conductive rGO nanostructures in an insulating GO 

film. (b) Current and (c) Kelvin probe AFM contact potential difference for rGO nanostructures made by tip 1 and tip 3. 
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sample current while a 1.2 V DC bias was applied between the tip 

and the sample. The Kelvin probe AFM images30 of the contact 

potential differences were acquired in lift mode with an AC tip-

sample bias. The amplitude of the AC bias was 5.5 V, and the 

frequency was near the mechanical resonance frequency of the 

cantilever.  

 

PPV precursor films were deposited on silicon substrates.  Silicon 

was cut into 1 x 1 in2 samples; they were scrubbed and rinsed with 

Ethanol.  The samples were then Piranha cleaned (3:1 Sulfuric acid 

to hydrogen peroxide) for about 30 minutes.  The samples were 

placed in a water bath for 30 minutes, and subsequently rinsed with 

Ethanol and nitrogen dried.  For most samples, the PPV precursor 

was spun cast at rates between 300 and 600 rpm and an acceleration 

of 330 (0.5 mL at a concentration of 0.25%).  The samples were air 

dried to remove any remaining precursor solvent.  For the Raman 

measurements, the samples were drop cast instead of spin casting. 

 

The graphene oxide (GO) film (thickness ~ 50 nm) was prepared by 

drop casting a colloidal GO dispersion on a Si chip and leaving it to 

dry at 70°C. Stable colloidal GO dispersions were produced by the 

modified Hummers method33. More details are reported in the SI. 

 

Reproducibility and Challenges  

The ultimate resolutions obtained by parallel TCNL for the different 

materials are close to the previously reported resolutions achieved 

for a single tip. The speed of writing for each individual tip depends 

on the type of chemical reaction and it does not change when using a 

single tip or an array.  

The major challenge for parallel TCNL with an array of tips is the 

control of the load across individual cantilevers, because different 

loads, i.e. contact resistance, correspond to different heat fluxes at 

the tip-sample contact34, 35. Leveling of the array in respect to the 

substrate improves dramatically the quality of TCNL writing. This 

step is achieved (as described in the SI and in the Methods and 

Materials section) by measuring the cantilever resistance while 

tilting the sample holder. However, the alignment cannot solve 

completely this issue because the tips can have slightly different 

height. In the SI we indeed show that the alignment can bring the 

tips to touch the sample simultaneously within a range of about 200 

nm (Fig. S.2 in the SI). This is particularly evident in Fig. 2, where 

tip 2 is delivering the least heat because it is applying a lower load 

than the other tips. To further correct this issue and insure the same 

heat flux at the tip-sample contact, it will be possible in the future to 

calibrate the temperature of each tip such that if one tip is applying a 

lower load than the other tips, then a higher temperature can be 

delivered to that particular tip. This is possible because each tip can 

be individually heated.  

Another important challenge for parallel TCNL is the alignment of 

the tips with respect to a desired set of features on the sample, e.g. 

electrodes.  To overcome this issue, it will be possible to couple 

thermal sensing imaging with the individual addressability of the 

cantilevers.  Thermal sensing imaging can provide a topography map 

at each tip location, afterwards, by controlling the heat delivered at 

each tip it will be possible to create TCNL patterns in the desired 

locations.   

Conclusions 

In conclusion we have demonstrated the parallelization of TCNL for 

nanomanufacturing and imaging arbitrary shaped nano- and micro-

structures of semiconducting PPV, and conductive reduced graphene 

oxide. The same array and set-up can be used interchangeably for the 

nanofabrication of both materials, requiring only a change in the 

initial sample, i.e. PPV precursor gel or insulating graphene oxide. 

Resolution down to sub-50 nm over areas of 500 µm and 3D-

patterning were achieved. The array can now be extended to other 

TCNL applications such as biomolecules patterning, chemical nano-

gradients and growth of complex oxide nanostructures.  
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This work demonstrates parallelization of ThermoChemical NanoLithography (TCNL) with sub-50 nm 
resolutions over areas of 500 µm for applications in conjugated polymers and graphene.  
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