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Abstract: Graphitisation of structural characteristics and improvement in electrical conductivity was
reported onto waste carbon powder through femtosecond laser annealing. Raman spectroscopy on
the carbon powder pre- and post-annealing showed a shift from amorphous-like carbon to graphitic-
like carbon, which can be explained by the three-stage model. Electrical I-V probing of the samples
revealed an increase in conductivity by up to 90%. An increase in incident laser power was found
to be correlated to an increase in conductivity. An average incident laser power of 0.104 W or less
showed little to no change in electrical characteristics, while an average incident laser power of
greater than 1.626 W had a destructive effect on the carbon powder, shown through the reduction
in powder. The most significant improvement in electrical conductivity has been observed at laser
powers ranging from 0.526 to 1.286 W. To conclude, the graphitisation of waste carbon powder
is possible using post-process femtosecond laser annealing to alter its electrical conductivity for
future applications.
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1. Introduction

Human-generated waste is a key source of pollution and a significant source of
environmental damage. Therefore, significant effort has been made by modern human
society to reduce the impact of human-generated waste through reducing and recycling. A
potentially recyclable component of human-generated waste is carbon-based, such as ash
or sludge from oil combustion or refining processes [1–3]. Waste carbon sources have the
potential to be modified and functionalised in order to achieve desired characteristics in
their future applications. This is due to the ability of carbon to exist in different allotropes,
which are differentiated by their different bonds or structures, allowing them to possess
different physical and electronic characteristics [4]. Therefore, carbon has the potential
to be utilised for many electronic applications due to these promising characteristics.
Typically, a main drawback of carbonaceous waste sources is the high concentration of
toxic metallic impurities that must be removed prior to recycling [2]. However, even
after the removal of such impurities, the purpose of this recycled carbon is restricted to
conventional carbon black uses such as colouring agents or a rubber-related reinforcement
material [5,6] and it sees limited use in electrical or electronic purposes. In this study, pre-
treated, purified waste carbon black powder was subjected to laser annealing to alter the
microstructure of carbon [7–9]. A pulsed femtosecond laser was used to selectively change
the microstructure of waste carbon over other heat treatment methods, as it has been shown
to induce a localised nanocrystallisation of carbonaceous bonds [10]. The heat-induced
ablation caused by the femtosecond laser pulses have a minimal effect outside of the target
area, to allow for a cleaner and higher resolution annealing of the surface of the target
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carbon powder [11]. Altering the electrical characteristics of the waste carbon would allow
for a future investigation into waste carbon’s use in electronic applications.

2. Materials and Methods

Treated carbon black waste from the gasification of crude oil in refineries was prepared
using methods described by P.W. Dong et al. [2] to remove its metallic impurities. Powder
sample holders were made prior to laser annealing for the ease of handling. The design
of the sample holder involved the placement of carbon powder within a cavity created
using electrically insulating double-sided tape. Two copper tape electrodes spaced 500 µm
apart were placed within the cavity to allow for the electrical I-V measurements. The waste
carbon powder was then placed within the cavity, with the volume of powder controlled
through filling the cavities with the powder followed by levelling off with a doctor blading
technique. The samples were then enclosed by glass slides and sealed with silicone to
provide an airtight seal, preventing oxidation whilst providing an additional adhesion
mechanism for the structural integrity of the sample. The glass slides provide a transparent
window for the laser power exposure to the powder in the experimental setting. The
schematic and example of the samples is shown in Figure 1.

Figure 1. (a) Complete schematic of sample holder. (b) Schematic of sample holder with components
placed together. (c) Magnified schematic drawing highlighting formation of cavity. (d) Optical image
of sample with deposited carbon powder. Markings assist in the focusing of the laser.

Femtosecond laser annealing was used as the heat treatment method to induce graphi-
tisation in the waste carbon powder. A pulsed 800 nm laser with a pulse width of 140 fs
and a pulse rate of 80 MHz from the Coherent Chameleon Ultra II (Santa Clara, CA, USA)
system was used, with an average output power of 4 W and a peak pulse output power of
>300 KW. The carbon powder samples were subjected to varying degrees of laser power
using a polariser, attenuating the incident laser beam to the desired power level. The laser
power used ranged from 0.104 W to 1.626 W with a gap of 5◦ polariser angle separation
between each annealing power. The laser power was focused on the surface of the samples
through a lens and traversed over the 500 µm gap between the copper electrodes to ensure
that any changes in I-V characteristics were measured. The stage where the samples were
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placed moved at a fixed speed of 75 µm/s for all the samples to ensure that the output
power was the only variable controlling the energy transfer of the laser energy onto the
samples. The top of the carbon powder in the samples was marked to act as a focusing
guide for the laser pre-annealing, to remove the focal point of the beam as a variable in
the experiment.

3. Results and Discussion

Figure 2 shows the TEM images of the waste carbon powder taken pre- (Figure 2a)
and post- (Figure 2b) laser annealing. The image of pre-annealed carbon particle shows
a slight mix between amorphous and graphitic carbon, highlighted by the disordered
region visible at the edge of the particle, while the image of post-annealed carbon shows a
completely graphitic particle with no signs of disordered carbon present. The interlayer
spacing of the carbon pre-annealing is found to be 3.42 Å, while the interlayer spacing of
post-annealed carbon is 3.36 Å. This difference in interlayer spacing falls in line with the
well-established interlayer spacings of disordered graphite (3.44 Å) and ordered graphite
(3.354 Å), respectively [12]. This indicates the visible, structural impact of femtosecond
laser annealing on treated carbon black waste.

Figure 2. TEM images of carbon powder (a) pre-annealing and (b) post-annealing at 400,000×magnification.

The I-V characteristics of the carbon powder samples were taken pre- and post-
annealing to be compared. The I-V characteristics were tested using a four-point probe
station, and the average of the results with error margins for the samples pre-annealing are
shown in Figure 3.
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Figure 3. A representation of the I-V curve obtained from carbon powder samples.

All I-V measurements were taken with forward and reverse voltage sweeps to 1.2 V
at intervals of 0.015 V. The electrical conductivity of the copper electrodes was measured
to be significantly larger than the carbon powder, and hence has been omitted in the
measurement results. The results show the non-linear electrical conductivity of the carbon
powder prior to laser annealing, which is a typical behaviour due to the amorphous
nature of the carbon powder samples. Amorphous carbon conducts electricity through
the free electrons offered by the sp2 hybridised atoms within the lattice. However, due
to defects present in the molecular structure, the conduction between molecular groups
within the lattice is limited to the low electric field regimes. Under higher electric fields, the
localised charge carriers that would have otherwise recombined with the original lattice
can migrate through the defects and conduct electricity [13–15]. This phenomenon can also
be characterised as the Poole-Frenkel effect [13,16].

The I-V characteristics of the samples post-annealing are shown in Figure 4. The sam-
ples showed an increase in electrical conductivity, as shown with the increase in gradient
of the I-V curves, at higher laser power levels. The increase in electrical conductivity is
thus related to an increase in laser power. This result shows the proportional impact that
increasing laser power has on the carbon powder, where an increased graphitisation in
the carbon powder is observed with an increase in laser power. An observation was made
for the laser power of 1.626 W; however, the high laser power may have caused a severe
reduction in the carbon powder. Upon further inspection, all the samples above 0.526 W
of laser power experienced some form of reduction, although the only observationally
significant reduction was from the 1.626 W sample. Despite this point, the reduced amounts
of annealed carbon powder became more conductive and can still conduct electrical current
better than compared to pre-annealing. Conversely, there is a minimal observed change
in electrical conductivity of less than 10% between pre-and post-annealing at lower laser
powers (≤0.104 W).
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Figure 4. I-V curves of carbon powder samples post-annealing at different laser powers.

There was also an increase in linearity of the I-V characteristics with an increase in
laser power levels. Figure 5 shows that the I-V curve of the carbon samples pre-annealing
has a non-linear characteristic, and the I-V curve of the carbon samples post-annealing has
changed to a linear I-V curve.

Figure 5. Pre- and post-annealing I-V characteristics of a sample exposed to 1.626 W of average laser power.

This suggests that it is possible to produce a more crystalline carbon structure from
amorphous carbon through the process of laser annealing. Possible explanations of the
results are that laser annealing altered the morphology of the carbon powder at higher
laser powers. Graphitisation might have occurred at higher laser power samples, changing
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the amorphous carbon to a more crystalline-structured carbon, and thereby increasing
their electrical conductivity, or correspondingly reducing their electrical resistances. The
increased linearity in the I-V characteristics of post-annealed carbon suggests a reduction
of disordered carbon within the structure by the heat induced from the laser annealing.
With the correspondence between laser power and change in electrical characteristics, it
can be concluded that the magnitude of laser annealing power has a direct impact on the
changes induced to waste carbon powder.

Raman spectroscopy with a 532 nm laser was performed on the samples pre-and post-
annealing to investigate, in detail, the graphitisation effect of laser annealing. The process
where the ordered carbon within the structure of amorphous carbon increases is known
as graphitisation, and conversely the increase in disordered carbon is characterised as
amorphisation. The change in characteristics between crystalline graphite and amorphous
carbon follows a gradual path known as the three-stage amorphisation trajectory [17],
where the degree of graphitisation is characterised by the G peak position and the ratio
of the D peak to G peak, or I(D)/I(G) ratio. Previous literature has found that an effective
way to derive the peak positions and I(D)/I(G) ratios are by curve fitting the peaks using
mathematical line shapes and evaluating the shapes for characterisation. The line shape
used to map the D peak is the Lorentzian line function and the Breit-Wigner-Fano (BWF)
line function for the G peak [18,19]. These line functions have been known to fit the Raman
spectra of graphitic carbon without requiring additional functions. The three-stage model
forms a benchmark to characterise the graphitisation state of tested carbon samples by
relating the parameters to the actual structural makeup of the sample. The G peak position
and I(D)/I(G) ratio of the Raman spectra can be used to provide an understanding on
the graphitisation level of the carbon powder by comparing the parameters against the
three-stage model. Changes identified from the differences of the Raman spectra pre- and
post-annealing indicate graphitisation from laser annealing.

The I(D)/I(G) ratio can be obtained through the curve-fitting data, and the ratio gives
a good insight of the changes in the microstructure of the carbon powder pre- and post-
annealing. Figure 6 shows the curve-fitted Raman spectra for the samples pre-annealing
(Figure 6a) and post-annealing at 1.626 W (Figure 6b). The first observation made from
the Raman data was from the carbon sample annealed at a laser power of 1.626 W; This
result corresponds to the reduction in the I(D)/I(G) ratio of the sample pre-annealing and
post-annealing from 1.02 to 0.534, indicating that the carbon powder has transitioned from
an amorphous-like microstructure to a graphite-like structure.

The Raman spectra of the samples post-annealing at the tested laser powers were
compared to pre-annealing in Figure 7. It was observed that at the laser power of 0.104 W,
the carbon powder pre- and post-annealing have a similar I(D)/I(G) ratio with a minimal
change of approximately 1%. These results indicate that for laser power below 0.104 W,
the laser energy is too weak to induce any form of microstructural change onto the carbon
powder. This is shown in the minimal change in the electrical resistance and Raman
I(D)/I(G) ratio pre- and post-annealing.

At increasing laser powers, several observations with reference to the three-stage
model indicate a microstructural change from amorphous-like carbon to graphite-like
carbon. Firstly, I(D)/I(G) ratios migrated from 1.02 to 1.31 at 0.526 W before reducing to
0.534 at 1.626 W. The initial increase in I(D)/I(G) ratio can be attributed to the reduction in
disordered sp2 bonds and corresponding increase in six-fold ordered sp2 bonds, increasing
the intensity of the D peak in relation to the G peak as amorphous carbon is graphitised
to nanocrystalline graphite. The further graphitisation of nanocrystalline graphite to bulk
graphite results in the subsequent decrease in I(D)/I(G) ratio, as the D breathing mode
is increasingly suppressed in increasingly ordered bulk graphite [17,18]. Secondly, the
slight shift in G peak position from 1600 cm−1 to 1580 cm−1 at laser powers above 0.526 W
further evidences the suppression of the D breathing mode, as the second D’ peak at
~1620 cm−1 is suppressed alongside the D peak [18]. Thirdly, the narrowing Full-Width-
Half-Maximum (FWHM) of the G peak from 91.9 cm−1 to 47.4 cm−1 with increasing laser
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power is explained by the suppressing D′ peak, along with decreasing G peak dispersion in
increasingly ordered graphite [18,20]. Finally, the appearance of the 2D peak at ~2700 cm−1

from 0.526 W evidences the presence of bulk graphite formed at the higher laser powers [20].
Thus, it can be deduced that as the waste carbon powder is subject to increasing levels of
laser power, the microstructure of the carbon undergoes a greater magnitude of ordering
to resemble bulk crystalline graphite. This result corresponds to the measured electrical
I-V characteristics, as the ordered graphitic structure of the carbon post-annealing can
provide an unobstructed electron flow, compared to the percolative electron flow in more
disordered carbon.

Figure 6. Raman curve fit for carbon samples (a) pre-annealing and (b) post-annealing at 1.626 W.
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Figure 7. Raman spectroscopy comparison of carbon powder pre- and post-annealing at laser powers
ranging from 0.104 W to 1.626 W.

4. Conclusions

The work presented in this article involves the use of femtosecond laser annealing to
treat the carbon powder obtained from oil-refining waste. The laser annealing induces a
localised graphitisation process, improving the electrical conductivity of the carbon powder
to make it more suitable for future electrical applications.

From the experimental studies, the laser power required for a microstructural change
was found to be between 0.526 W to 1.626 W. If the laser power is lower than 0.104 W,
there is insufficient laser energy to induce discernible changes in the microstructure of
the carbon powder. If the laser power is higher than 1.626 W, the carbon powder will
be vaporised, resulting in very little carbon powder remaining. An intriguing point to
note is that at the higher laser powers, there is still an increase in electrical conductivity
of the carbon powder despite the vaporisation of the carbon powder. This indicates that
only a very little amount of conductive carbon powder is required to produce an electrical
conduction path. The ideal laser power for annealing has been determined to be in the
range of 0.887 to 1.246 W, whereby the electrical conductivity has the greatest improvement,
and the results correspond to a microstructural change from amorphous-like carbon to
graphite-like carbon, as explained by the Raman data deduced with the three-stage model.

Therefore, there is potential for femtosecond laser annealing as a method to—selectively
and locally—alter the structural and electrical characteristics of waste carbon powder. This
will open the possibility for the functionalisation of waste carbon for use in future elec-
tronic applications.

Author Contributions: Conceptualisation, methodology, validation, L.L., C.-W.T. and C.F.S.; formal
analysis, investigation, L.L., C.-W.T. and K.L.; resources, C.-W.T. and K.L.; writing, review and editing,
L.L. and C.-W.T.; supervision, B.K.T.; project administration and funding acquisition, C.-W.T. All
authors have read and agreed to the published version of the manuscript.



Micromachines 2022, 13, 120 9 of 9

Funding: This research was funded by Singapore MOE Tier 2, MOE2018-T2-2-105 and Excelitas
Technologies Singapore (EDB-IPP).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Wang Chi-Hwa and the people from the NUS
Environmental Research Institute for the provision of the treated carbon black waste samples. We
would also like to thank Li Hong (Nanyang Technological University) for his comments on the
manuscript. The authors would also like to pay tribute to the late Hasman bin Hassan (who passed
away on 14 January 2021) for his assistance as a laboratory technician for Nanoelectronics 1 at
Nanyang Technological University, Singapore.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

FWHM Full Width Half Maximum

References
1. Chen, Y.; Shah, N.; Huggins, F.E.; Huffman, G.P. Investigation of the Microcharacteristics of PM2.5 in Residual Oil Fly Ash by

Analytical Transmission Electron Microscopy. Environ. Sci. Technol. 2004, 38, 6553–6560. [CrossRef] [PubMed]
2. Dong, P.; Maneerung, T.; Ng, W.C.; Zhen, X.; Dai, Y.; Tong, Y.W.; Ting, Y.-P.; Koh, S.N.; Wang, C.-H.; Neoh, K.G. Chemically

treated carbon black waste and its potential applications. J. Hazard. Mater. 2017, 321, 62–72. [CrossRef] [PubMed]
3. Hsieh, Y.-M.; Tsai, M.-S. Physical and chemical analyses of unburned carbon from oil-fired fly ash. Carbon 2003, 41, 2317–2324.

[CrossRef]
4. Brian, M. Structure and Bonding in Carbon Materials; Elsevier Ltd.: Oxford, UK, 1999.
5. International Carbon Black Association. What Is Carbon Black? 27 April 2007. Available online: http://www.carbon-black.org/

what_is.html# (accessed on 13 February 2020).
6. Mitsubishi Chemical. Application Examples of Carbon Black. Mitsubishi Chemical Corporation. 2006. Available online:

http://www.carbonblack.jp/en/cb/youto.html (accessed on 13 February 2020).
7. Loisel, L.; Châtelet, M.; Giudicelli, G.; Lebihain, M.; Yang, Y.; Cojocaru, C.-S.; Constantinescu, A.; Tay, B.K.; Lebental, B.

Graphitization and amorphization of textured carbon using high-energy nanosecond laser pulses. Carbon 2016, 105, 227–232.
[CrossRef]

8. Nistor, L.; Landuyt, J.V.; Ralchenko, V.G.; Kononenko, T.; Obraztsova, E.; Streinitsky, V. Direct Observation of Laser-Induced
Crystallization of a-C:H Films. Appl. Phys. A 1994, 58, 137–144. [CrossRef]

9. Miyajima, Y.; Adikaari, A.A.D.T.; Henley, S.J.; Shannon, J.M.; Silva, S.R.P. Electrical properties of pulsed UV laser irradiated
amorphous carbon. Appl. Phys. Lett. 2008, 92, 152104. [CrossRef]

10. Dallas, T.; Holtz, M.; Ahn, H.; Downer, M.C. Structural phase of femtosecond-laser-melted graphite. Phys. Rev. B 1994, 49,
796–801. [CrossRef] [PubMed]

11. Sugioka, K.; Cheng, Y. Ultrafast lasers—Reliable tools for advanced materials. Light Sci. Appl. 2014, 3, e149. [CrossRef]
12. Bacon, G.E. The interlayer spacing of graphite. Acta Crystallogr. 1951, 4, 558–561. [CrossRef]
13. Adkins, C.J.; Freake, S.M.; Hamilton, E.M. Electrical conduction in amorphous carbon. Philos. Mag. A J. Theor. Exp. Appl. Phys.

1970, 22, 183–188. [CrossRef]
14. Morgan, M. Electrical conduction in amorphous carbon films. Thin Solid Film. 1971, 7, 313–323. [CrossRef]
15. Silva, S.R.P.; Carey, J.D. Enhancing the electrical conduction in amorphous carbon and prospects for device applications. Diam.

Relat. Mater. 2003, 12, 151–158. [CrossRef]
16. Miyajima, Y.; Shannon, J.; Henley, S.; Stolojan, V.; Cox, D.; Silva, S. Electrical conduction mechanism in laser deposited amorphous

carbon. Thin Solid Films 2007, 516, 257–261. [CrossRef]
17. Ferrari, A.C.; Robertson, J. Raman Spectroscopy of Amorphous, Nanostructured, Diamond-like Carbon, and Nanodiamond.

Philos. Trans. Math. Phys. Eng. Sci. 2004, 362, 2477–2512. [CrossRef] [PubMed]
18. Ferrari, A.C.; Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B 2000, 61,

14095–14107. [CrossRef]
19. Herdman, J.D.; Connelly, B.C.; Smooke, M.D.; Long, M.B.; Miller, J.H. A comparison of Raman signatures and laser-induced

incandescence with direct numerical simulation of soot growth in non-premixed ethylene/air flames. Carbon 2011, 49, 5298–5311.
[CrossRef]

20. Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron–phonon coupling, doping and nonadiabatic
effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]

http://doi.org/10.1021/es049872h
http://www.ncbi.nlm.nih.gov/pubmed/15669312
http://doi.org/10.1016/j.jhazmat.2016.08.065
http://www.ncbi.nlm.nih.gov/pubmed/27607934
http://doi.org/10.1016/S0008-6223(03)00283-5
http://www.carbon-black.org/what_is.html#
http://www.carbon-black.org/what_is.html#
http://www.carbonblack.jp/en/cb/youto.html
http://doi.org/10.1016/j.carbon.2016.04.026
http://doi.org/10.1007/BF00332170
http://doi.org/10.1063/1.2908208
http://doi.org/10.1103/PhysRevB.49.796
http://www.ncbi.nlm.nih.gov/pubmed/10010380
http://doi.org/10.1038/lsa.2014.30
http://doi.org/10.1107/S0365110X51001781
http://doi.org/10.1080/14786437008228163
http://doi.org/10.1016/0040-6090(71)90049-6
http://doi.org/10.1016/S0925-9635(03)00016-5
http://doi.org/10.1016/j.tsf.2007.06.064
http://doi.org/10.1098/rsta.2004.1452
http://www.ncbi.nlm.nih.gov/pubmed/15482988
http://doi.org/10.1103/PhysRevB.61.14095
http://doi.org/10.1016/j.carbon.2011.07.050
http://doi.org/10.1016/j.ssc.2007.03.052

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

