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Abstract 
 

Ultrathin conductive carbon layers (UCCLs) were created by spin coating resists and subsequently 

converting them to conductive films by pyrolysis. Homogeneous layers as thin as 3nm with nearly 

atomically smooth surfaces could be obtained. Layer characterization was carried out with the help 

of atomic force microscopy, profilometry, four-point probe measurements, Raman spectroscopy and 

ultraviolet-visible spectroscopy. The Raman spectra and high-resolution transmission electron 

microscopy image indicated that a glassy carbon like material was obtained after pyrolysis. The 

electrical properties of the UCCL could be controlled over a wide range by varying the pyrolysis 

temperature. Variation in transmittance with conductivity was investigated for applications as 

transparent conducting films. It was observed that the layers are continuous down to a thickness 

below 10 nm, with conductivities of 1.6 x 10
4 

S/m, matching the best values observed for pyrolysed 

carbon films. Further, the chemical stability of the films and their utilization as transparent 

electrochemical electrodes has been investigated using cyclic voltammetry and electrochemical 

impedance spectroscopy. 
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Introduction 
 

Conductive, transparent thin films have important applications in displays, organic light-emitting 

diodes, organic solar cells, bio-compatible electrodes and optoelectronic devices. The most common 

of transparent and conductive layers is Indium Tin Oxide (ITO), used because of its high 

transmittance, high conductivity and suitable work function. However, ITO and related compounds 

are expensive, and they experience variations in properties such as work function, surface 

morphology, sheet resistance, etc. between samples from different manufacturers and from different 

batches [1,2]. ITO layers are also brittle, and that makes them unsuitable for flexible electronics. 

Further, natural Indium resources are limited. Numerous materials have been investigated to replace 

ITO [3]. Of these, the use of carbon based materials is particularly attractive because carbon is 

easily available, cheap and inert. Conductive polymer films (like poly-(3,4 ethylenedioxythiophene 

- PEDOT), carbon nanotube (CNT) films, graphene films and pyrolytic carbon as possible 

substitutes to ITO have been discussed in the scientific community [4-12]. 

 

In this work we present a cheap and scalable approach to generate ultrathin conductive carbon 

layers (UCCLs) by spin coating photoresists onto substrates and then annealing them in a vacuum 

tube furnace under forming gas atmosphere. Upon pyrolysis the resist forms a thin conductive 

carbon layer also known as pyrolysed photoresist films (PPF) [12-18]. The pristine film thickness is 
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controlled by the spin speed, viscosity of photoresist solution, evaporation rate and diffusivity of 

solute [19]. It is also known that polymeric materials, like photoresist films, shrink during pyrolysis 

which involves crosslinking and side-chain elimination from the original polymer [12,17,18]. 

Pyrolysis in a reducing atmosphere, typically in forming gas, at temperatures of 700 – 1000 °C 

removes nearly all the solvent, and most heteroatoms resulting in a significant loss of photoresist 

weight, yielding a conductive carbonaceous system.[20]. 

 

We were able to tune the layer thickness below 100 nm by optimizing the spin coating procedure. 

Homogenous films down to 3 nm were produced with this simple process, almost reaching the limit 

obtainable from self-assembled monolayers [21]. The different thick films were investigated in 

terms of their transparency-conductivity relationship. The morphology was analysed by Raman 

spectroscopy, high-resolution transmission electron microscopy (HRTEM), and atomic force 

microscopy (AFM). Further, the utilization of the films as transparent electrochemical electrodes 

was investigated using cyclic voltammetry and electrochemical impedance spectroscopy.  

 

Experimental 
 

Various photoresists, e.g. PMMA, SU8, AZ nLOF 2070, AZ nLOF 4533, ma-N 20401 with polymer 

backbones were pyrolysed. These materials are designed to be spin-coated onto substrates, then 

patterned if desired with standard lithographic techniques. The negative photoresist, AZ nLOF 2070 

(MicroChemicals GmbH, Ulm, Germany), gave the most the reproducible and reliable results to 

produce UCCL and is understood below, unless otherwise specified. It consists predominantly of 

Novolac resin, a further analysis to determine the chemical composition was not performed. Quartz 

substrates (typically 1.5 cm× 1.5 cm) were cleaned with acetone and isopropanol and afterwards 

dried with compressed air to remove any traces of dirt or grease from the surface. Under cleanroom 

conditions the photoresist was spin-coated onto the substrates at angular speeds between 1000 -

 6000 rpm for 45 s. AZ EBR (MicroChemicals GmbH, Ulm, Germany) was used to dilute the initial 

amount of photoresist (9 – 30 wt%) in order to get thinner films. After spin coating process the back 

of the quartz samples was cleaned with acetone and isopropanol. These substrates were soft-baked 

for 60 s at 100 °C. The samples were then annealed in a vacuum tube furnace (Gero GmbH) in 

forming gas atmosphere (90 % N2, 10 % H2). Under continuous gas flow, the temperature was 

increased at the rate of 3 – 4 °C/min to 650 °C-1000 °C and held there for 60 min, and then cooled 

to room temperature. Quartz glass can tolerate the high temperatures of the pyrolysis process.  

 

Raman spectra were taken with a Jobin-Yvon Labram Raman spectrometer using an excitation 

wavelength of 633 nm, with a probe size of 2 μm. Typically, five Raman spectra were taken on each 

sample to confirm homogeneity over the sample area. A FEI Titan high resolution TEM at 80 kV 

was used to study the structure of the pyrolysed films, after transfer onto a TEM grid. The layer 

thickness was measured by profilometry (Dektak 6M, Veeco Instruments). A surgical blade was 

used with sufficient care to create a small groove on the samples in order to expose the quartz 

substrate. The UCCL thickness was determined from the difference in height of the photoresist and 

blank quartz. At least three such profiles at different locations, which were separated at least 1 mm, 

were taken on each film and the average value was calculated to obtain the thickness of the film. 

The specified accuracy of the instrument was 1 nm, but our experimental errors were limited to 2-

3 nm due to noise. Atomic force microscopy (Asylum Research MFP-3D) was used to study the 

film surface morphology, and as a check on thickness measurements of films. 

 

To investigate the transmittance of the UCCLs all spin coated quartz substrates were analyzed with 

a ultraviolet-visible spectrometer (Varian Cary 6000i) for wavelengths between 400 nm and 

800 nm. The resulting values were averaged to determine the transmittance. As a reference a blank 

quartz substrate was measured in air to calibrate the background spectrum. Four-point probe 

measurements at room temperature were taken at different locations on each film using a four-point 
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probe head (Jandel) connected to a Keithley 2400 SourceMeter. Ten measurements were taken to 

ensure the data integrity and the average value was calculated. The samples were also rotated to 

ensure that there was no anisotropy in the measurement of the films. The sheet resistance of the 

carbon films was calculated as Rs = (V/I) x CF where CF is a sheet resistance correction factor that 

depends on the sample dimensions and the probe tip spacing [22]. When the layer thickness is 

several orders of magnitude smaller than the measurement probe distance, π/ln2 can be used as 

CF [23]. 

 

A Gamry 600 potentiostat was used to perform cyclic voltammetry and electrochemical impedance 

spectroscopy, along with a three-electrode configuration. Platinum wire counter electrodes 

(CHI115) and Ag / AgCl reference electrodes (CHI111) were supplied by IJ Cambria. The carbon 

films were incorporated into the electrochemical cell by placing the substrates in a custom-made 

electrode design. A platinum wire was used to make the electrical contact to the films, and a nitrile 

‘O’ ring defined the electrode surface area as a disc (radius 1.5 mm). 

 

Results and discussion 
 

Pyrolysis induces reorganization of polymer films, resulting in reduction in volume due to loss of 

solvents and heteroatoms. The amount of reduction depends on chemical identity of the polymer 

and may occur in lateral and/or transverse directions. The latter can be measured by noting the pre- 

and post-pyrolysis film thicknesses. Table 1 lists the height values for different photoresists before 

and after annealing. AZ nLOF films shows 5 fold reduction in thickness while thickness of PMMA 

layers decreases 10 times. The spread in thickness values at macroscopically separated points on the 

pre- and post-pyrolysis samples was similar. For example for a 525 nm AZ nLOF film the thickness 

variation was 1% over the whole substrate prior anneal. After pyrolysis it yielded a 105 nm film 

with 5% thickness variation. For thinner films the inhomogeneity was slightly higher with 20% for 

35 nm thick film over a substrate size of 1 cm
2
. This shows that the spin-on procedure and  

pyrolysis process is uniform on macroscopic scale. Interestingly, changes in lateral dimensions of 

these films were minor. 

 

AFM was used to study the surface morphology and roughness of produced UCCL. The layers were 

very homogeneous, featureless and showed no evidence of porosity (Fig. 1(a)). The root mean 

square (rms) roughness of the pyrolyzed surface over a 1 x 1 μm
2
 area was as small as 0.2 nm with 

peaks < 1 nm (Fig. 1(b)). Thus, UCCL produced by pyrolysis have extremely smooth surfaces, are 

free of any large aggregates, pinholes and cracks as well as high chemical stability (see below), 

which are key requirements for various applications, e.g. electrodes used in optoelectronic devices. 

Compared to these properties, ITO has a relatively rough surface and suffer frequent pinholes, 

which cause contact problems in some device setups [2,24]. CNT films also have a relatively high 

surface roughness which is a disadvantage of these films [25].  

 

The HRTEM image (Fig. 1(b)) shows a UCCL film after transfer onto a TEM grid. It shows 

randomly oriented graphitic regions with local ordering besides curved and disordered structures 

throughout the layers. The regions of crystalline order have dimensions below 5 nm. The crystallites 

are larger than those seen in amorphous carbons, and are typically seen in glassy carbon [26,27]. 

 

Raman spectroscopy is a powerful tool for characterization of carbon material [28,29]. The 

principal peaks observed in disordered carbon are the D and G peaks at ~1330 cm
-1

 and ~1580 cm
-1

 

respectively. The D peak is related to defects and disorder and stems from breathing modes of A1g 

symmetry in sp
2
 bonded carbon systems. This mode only becomes active in the presence of 

disorder; it's forbidden in perfect graphite. The G peak stems from in-plane bond stretching motion 

of pairs of carbon atoms, in both rings and chains, and has E2g symmetry; this is observed in all sp
2
 

bonded carbon systems. Strongly disordered materials such as amorphous carbon have stronger and 
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broader D peaks indicating their random and disordered nature. G and D peak's position, shape and 

the intensity ratio I(D)/I(G) provide information about the degree of structural order and crystallite 

size of carbon network in our films (Fig. 2(a)). Our observation show that at pyrolysis temperature 

of 650 °C, the D peak has its maximum intensity at 1343 cm
-1

, while the G peak has its maximum 

intensity at 1594 cm 
-1

. With increasing temperature the G peak narrows and its position shifts to 

higher wave numbers, reaching 1601 cm
-1 

at a pyrolysis temperature of 1000 °C. Simultaneously 

the ratio I(D)/I(G) increases from 0.91 to 1.15 shown in Fig. 2(b), with the position of D peak 

remaining almost constant. The increase in the ratio I(D)/I(G) indicates a decrease in average 

crystallite size [28], even so at higher temperature anneals should lead to higher degree of 

grapitisation [16, 30]. This increase in the I(D)/I(G) ratio for anneal for temperatures below 1000 °C 

has been reported before [31] and it has been suggested that the relation of the I(D)/I(G) ratio to 

crystallite size is not valid here [32]. However, it should be noted that the  D band only stems from 

graphitic structures and there for very small graphitic flakes (~2 nm) in their embryonic state the 

I(D)/I(G) ratio increases [29]. The HRTEM image shows crystallites of this dimensions supporting 

the assumption that until 1000 °C only very small graphitic regions are formed. Thus, Raman 

spectra and TEM analysis indicate that our layers are similar to glassy carbon with nano-crystalline 

structure. 

 

The extent of graphitization with temperature can be gauged by changes in resistivity, with larger 

graphitization leading to lower resistivities. The conductivity values for 100 nm thick 

AZ nLOF 2070 films pyrolyzed at different temperature are shown in Fig. 3. The conductivity 

increases dramatically at 800 °C and above. For example, in this work measured films pyrolyzed at 

750 °C show a conductivity of 3.9 × 10
2 
S/m and at 850 °C a conductivity of 4.8 x 10

3 
S/m. The 

average value observed for conductivity was 2.2 x 10
4 
S/m for 1000 °C heat-treatment. This value is 

comparable to glass-like carbon. For comparison, commercial available Tokai glassy carbon with a 

film thickness of 1 μm has a conductivity of (2.0–2.2) × 10
4 
S/m for 1000 °C heat-treatment. These 

results are also in agreement with previous reported results for thick, nontransparent 

films [14,16,32,33]. The conductivity values of UCCL are comparable to what has been reported for 

CNT or graphene films with the advantage of facile and reproducible production [7]. 

  

The transmittance-conductivity relationship of the UCCLs was investigated. In Fig. 4 the optical 

transmittance for wavelength from 400 to 800 nm with different thicknesses of AZ nLOF 2070 

pyrolyzed at 1000 °C are depicted. Additionally a commercially available 100 nm thick ITO film 

was also measured as a reference. The films had thicknesses of 3, 13 and 20 nm on quartz 

substrates. The transmittance of these films was nearly constant over the whole spectral region, with 

a slight increase at longer wavelength. The transmittance increases as the thickness of the coated 

film decreases. Typically the transmittance varies from ~91 % to ~25 % as the thickness increases 

from 3 nm to 88 nm which is in the same range of other transparent pyrolyzed photoresists 

previously reported [34,35].  

 

The electrical characteristics as a function of transmittance/thickness of our AZ nLOF 2070 UCCL 

pyrolized at 1000 °C were investigated with four-point probe measurements (Fig. 5). The sheet 

resistance RS undergoes a slow increase as the film thickness decreases from ~ 85 nm 

(transmittance = 20 %; RS = 600 Ω/□) to ~15 nm (transmittance = 73 %; RS=3440 Ω/□). Below 

~ 15 nm, the sheet resistance shows a more dramatic increase as thickness decreases (7 nm; 

transmittance = 80 %; RS = 11000 Ω/□). These results show that the transmittance of this material 

improves as film thickness decreases, while the sheet resistance increases. The conductivity of the 

films was calculated using the sheet resistance and thickness of the samples. The averaged 

conductivity for AZ nLOF 2070 UCCLs (7 - 88 nm) was 1.6 × 10
4 
S/m with a standard deviation of 

4 × 10
3 
S/m. Our results are close to results recently published for thin pyrolyzed film by Donner et 

al. (35 - 80 nm, 4.2 × 10
4 
S/m; 13 nm ~ 53 % transmittance) [34], Wang et al. (30 nm, 

2.1 × 10
4 
S/m; 4 nm ~ 55 % transmittance) [25] and Lee et al. (4.5 nm, 4 × 10

3 
S/m; 3 - 4 nm 
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~ 97 % transmittance) [35]. As already mentioned this value also compares well with reported for 

much thicker, nontransparent films of pyrolysed photoresist [14,16,18].  

 

The electrochemical characterisation of the carbon films was carried out using the 

ferro / ferricyanide redox probe. The latter is a recognized benchmark in the investigation of carbon 

electrodes. It is a near-ideal quasi-reversible system, particularly for carbon surfaces. Cyclic 

voltammetry was performed using a UCCL electrode in 1 mM ferro / ferricyanide solution. 

Fig. 6 (a) shows a facile redox process at a sweep rate of 100 mV s
-1

, with well-defined peaks and a 

small peak separation. The Nicholson method [36] was employed to calculate a standard 

electrochemical rate constant of 2.5 × 10
-3 

cm s
-1

 for the test reaction. This value is very similar to 

the 2.7 × 10
-3 

cm s
-1

 previously reported using commercially available glassy carbon 

electrodes [37].  Electrochemical impedance spectroscopy was also used to show the model 

behavior of UCCL surfaces. An AC signal was applied with 10 mV amplitude. Data were collected 

at the standard redox potential in the frequency range 10
-1

 to 10
5 
Hz, and the resulting Nyquist plot  

in Figure 6(b) shows an ideal fit to the Randles equivalent circuit [38]. The combination of the 

depressed semicircular feature in the high-frequency region with the linear part in the low-

frequency region is characteristic of a system exhibiting mixed control between kinetics and 

diffusion. Similar behavior is observed at commercially available glassy carbon electrodes [37]. 

This not only shows the potential of UCCL for usage as electrochemical electrodes, but also proves 

the chemical stability of our films. 

 
 

Conclusion 
 

The fabrication of ultrathin conductive carbon layers was demonstrated and the conductivity and 

transmittance of the layers were investigated. Ultra smooth films were produced with a surface 

roughness less than 0.2 nm. The Raman spectra and High-resolution transmission electron 

microscopy image indicate a glassy carbon like material obtained after pyrolysis. The averaged 

conductivity for produced AZ nLOF 2070 UCCL was 1.6 × 10
4 
S/m with standard deviation of 

4 × 10
3 
S/m. AZ nLOF 2070 UCCL with transmittances up to > 90 % were produced. These results 

are within the range highest reported values of other thin pyrolyzed photoresists or precursor 

polymers discussed in recent literature. One advantage of using the described procedure for device 

fabrication is the reproducibility of the material due to the high quality of the precursor polymers. 

Other properties like biocompatibility, chemical inertness, mechanical stability and high density of 

UCCL are interesting for a number of applications. Using the standard ferro / ferricyanide redox 

probe, the UCCL surfaces were shown to exhibit electrochemical behaviour typical of commercially 

available glassy carbon. This novel fabrication technique is a major step to fabricate all carbon 

electrodes and nanodevices for applications in electrochemistry, bio-sensors and energy conversion. 
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Figure captions  
 

Fig. 1. (a) AFM topographical image showing roughness over 1 μm
2 

area of a thin pyrolyzed 

 AZ nLOF 2070 film. The highest (white) and lowest (black) points are respectively 1 nm 

 above and 1 nm below the mean height. A height section along the red line is shown below.

 (b) HRTEM image of a UCCL, showing regions of graphitic ordering (scalebar corresponds 

to 5 nm). 

 

Fig. 2. Raman spectra (a) of 100 nm AZ nLOF 2070 carbon films as a function of pyrolysis 

 temperatures and (b) intensity ratio of I(D)/I(G) as a function of the annealing temperature . 

 

Fig. 3. Dependence of conductivity on the pyrolysis temperature of 100 nm thick AZ nLOF 2070 

 UCCLs. The deviation in each conductivity datapoint is below 3% of the actual value. 

 

Fig. 4. Optical transmittance of 100 nm ITO and AZ nLOF 2070 UCCL pyrolyzed at 1000 °C of 

 various thicknesses as a function of wavelength.  

 

Fig. 5. Sheet resistance / transmittance data for various AZ nLOF 2070 UCCL pyrolyzed at 

 1000 °C. Error bars are also included for sheet resistance. 

 

Fig. 6. Cyclic voltammogram (a) obtained using a UCCL electrode in 1 mM ferro / ferricyanide in 

 1 M potassium chloride. A sweep rate of 100 mV s
-1

 was employed. (b) Nyquist impedance 

 plot obtained at 0.26 V (vs. Ag / AgCl). 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Table captions 
 

 

Table 1 

Summary of resist thickness before and after annealing.  

 

 

 

 

 

Table 1  

 

 

 

 

Resist 

Thickness before 

anneal [nm] 

Thickness after anneal 

[nm] 

nLOF AZ 2070 negative tone resist 518 148 

nLOF AZ 2070 (diluted)  35 7 

nLOF AZ 4533 positive tone resist 4026 690 

ma N 20401 negative tone resist 344 30 
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