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Laser-Induced Carbonization of Natural Organic Precursors

for Flexible Electronics

Simon Delacroix, Huize Wang, Tobias Heil, and Volker Strauss*

A precursor ink for carbon laser-patterning is developed using inexpensive,
naturally abundant molecular compounds, namely citric acid and urea, and
used to fine-print conductive carbon circuits on a flexible substrate. The pre-
cursor in the ink consists of organic nanoparticles obtained from the thermal
treatment of citric acid and urea. This precursor is thoroughly characterized
chemically and structurally. A simple recipe for the ink is then described for the
creation of highly reproducible laser-patterned carbon structures on different
substrates. Homogeneous ~20 um thick films are cast on different substrates
and characterized before and after laser-carbonization. The carbon content of
the final films is 97% and is of turbostratic graphitic nature. As reproducible
laser-induced reactions depend on precise laser conditions, the influence of
material properties, film thickness, and laser fluence are thoroughly analyzed.
Films on three different substrates, namely aluminum sheets, silicon wafers,
and polyethylene terephthalate (PET) are characterized by electrical impedance
measurements. Electrical conductivities of up to 5.21 S cm™ and maximum
current densities of 44 A cm~2 are achieved, which proved applicable as fine
carbon circuits on PET as a flexible substrate. This study opens a simple syn-

replace toxic, expensive, or conflict mate-
rials with environmentally and socially
more benign CNMs. Therefore, they are
still considered promising candidates for a
range of future applications in electronics,
optoelectronics, or catalytic systems.

Laser-fabrication methods have been
investigated as fast, energy-saving, low-cost,
and precise material processing techniques
in both science and industry and even a new
“age of photon-driven materials manufac-
turing” has been prognosed.’! In industry,
laser-processing techniques are mainly used
for cutting, welding, cladding, or surface
processing.®l 1t allows for high-precision
materials modifications with unprece-
dented accuracy, not only spatially but also
temporally, which is of particular interest
for the manufacturing of future small-scale
electronic and photonic products.

Also direct laser-induced materials

thetic avenue to producing conductive circuit elements based on carbon.

1. Introduction

New fabrication methods for functional materials have driven
the development of innovations and new products ever since.
In fact, the industrial and commercial application and innova-
tion of new products strongly depends on the identification of
new processing methods. In particular, with respect to the pro-
cessing and applicability of carbon nanomaterials (CNM), such
as carbon nanotubes, graphene, and their relatives, new fabrica-
tion concepts are required.? Although CNMs find commercial
applications in, for example, electrochemical sensors or energy
storage, they still fall short in expectations in commercial elec-
tronics in general. > On top of that, it is a desirable goal to
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synthesis has become an active field of
research. For example, laser-induced abla-
tion of graphite, discovered in the 1990s, is
commonly used for the targeted synthesis of CNMs.#l High-
power laser pulses hit a graphite target and create a carbon
plasma above the surface, which reacts to crystalline nano-
carbons. These laser-assisted synthesis methods differ from
conventional thermal methods in the reaction time-scales. Heat
transfer within micro- or milliseconds allows for reactions dif-
ferent to conventional heating methods.

Moreover, the precise spatial control with nano- to micro-
meter resolutions allows also for the fine patterning of mate-
rials. Generally, laser-patterning describes the micro-structuring
of organic materials like polymers or plastics by evaporating
material from their surface.’! Directed 2D-film patterning by
laser-induced material conversion evolved in the past years as a
new synthetic fabrication method.'”! In particular, the uncom-
plicated access to laser-assisted patterning of graphene oxide
and their relatives has given the field a significant push./!-18l
In most cases, graphene is produced by laser-induced reduc-
tion of graphene oxide (GO). Another famous laser-patternable
material is polyimide (PI), which carbonizes at high tempera-
tures.2l) Vast research efforts have been conducted on the
characterization and application of laser-patterned GO or PI
films.2224 However, the starting materials used are rather
expensive and the modification of the resulting materials prop-
erties is limited since the starting materials are polymeric.
Other materials could be used as precursor like paper or wood
but without the possibility of choosing the initial substrate.[?’!

© 2020 The Authors. Published by Wiley-VCH GmbH
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A promising alternative starting material recently identified is
phenolic resin,?*?7l but molecular starting materials are in fact
rarely used. Most organic substances evaporate upon heat treat-
ment with lasers due to the rapid heating to temperatures to
well above 1000 °C in just a few milliseconds.

It has to be noted that laser-assisted material modification
depends on several parameters, such as laser wavelength,
power and energy density, absorptivity, and thermal conduc-
tivity of the active material and the substrate. The wavelength
is critical for the interaction with the active material and the
substrate. For example, a clear advantage of CO, lasers is the
large penetration depth compared to short-wavelength lasers. A
disadvantage, on the other hand, is the rather poor printing res-
olution due to the long wavelength. Power and energy density
are governed by the spot size, the resolution, the laser power,
and the scanning speed. The latter two are a result of the chem-
ical and compositional properties of the materials. Therefore,
a careful consideration of all these parameters has to be taken
when applying laser treatment for materials modifications.

Recently, we identified an inexpensive molecular precursor
system that was processed to an ink for laser-assisted car-
bonization to yield highly conductive carbon networks.l?8l In
brief, citric acid and urea are pre-carbonized in an annealing
process at 300 °C. Inks produced from their reaction product
in viscous solvents were applied onto different substrates and
subsequently treated with a CO, laser to obtain fully carbon-
ized films. Notably, this carbon laser-processing method does
not require the use of catalysts. It became a question of scien-
tific value what makes a precursor system laser-carbonizable
as most organic substances evaporate in the high temperature
reaction zone of a CO, laser.

We take this as a motivation to investigate the components
of the inks and systematically investigate the laser-assisted car-
bonization process. First, we characterized the carbon precursor
spectroscopically and microscopically in terms of composition
and properties. We present a recipe for the production of a suit-
able ink and discuss the role of the laser-parameters to produce
carbonized films on different substrates. The films were then
characterized in terms of structure, composition, and electrical
properties in order to make it applicable in thin film electronics.

2. Results and Discussion

2.1. Preparation of the Carbon Precursor

As demonstrated in earlier studies and in the literature, cer-
tain materials are suitable as precursors for laser-carbonization
reactions. In contrast to conventional heating where carboniza-
tion is achieved within minutes or hours, laser-carbonization
occurs on a time scale of milliseconds. On this fast time scale,
even oxidation reactions by atmospheric oxygen are largely
suppressed;?*3% however, most organic materials, especially
low-molecular-weight compounds evaporate without forming
conductive carbon networks. It is still an open question what
materials qualify for laser-carbonizations. In our studies,
we found that a carbon precursor ink consists of three main
components: the carbon-network forming agent (CNFA), the
film-forming agent (FFA), and a solvent. In case of polymeric
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precursors, the CNFA and FFA are combined in one structure.
The FFA is an optional component for improving the wetting
and processing properties of the ink.

In the first step, a precursor acting as a CNFA for the laser-
assisted carbonization was prepared. A 1:1 mass mixture of
citric acid and urea was annealed at 300 °C in a chamber oven
producing a solid black foam referred to as CAU300. We refer
to this process as pre-carbonization, due to the fact that the
carbon content is increased from originally 33% in a 1:3 citric
acid/urea mixture to 49% in the precursor for the laser pro-
cess. The product was ground to a powder and further purified
by a multistep washing process in H,0 at 95 °C. The super-
natant contains molecular intermediates, which are soluble in
H,0. After two washing steps in H,0 at 95 °C, the superna-
tant appears still brown but the apparent fluorescence turns
from green to blue (Figure 1a). In the first washing step, unre-
acted low-molecular-weight intermediates were removed from
the reaction product as shown in the 'H-NMR patterns of the
supernatants (Figure 1b). The dominant peaks at 5.39 and 9.84
originate from a green fluorophore: 4-hydroxy-1H-pyrrolo[3,4-
c]pyridine-1,3,6(2H,5H)-trione (HPPT).?Y Only traces of these
intermediates are found after the second washing step. The
same supernatants were probed by UV-vis absorption spec-
troscopy. In the supernatant of the first washing step, a strong
molecular absorption with maxima at 330 and 407 nm appear,
which are assigned to the absorption of HPPT (Figure 1c).
These absorption features appear as weak peaks in the super-
natants of the subsequent washing steps. A closer look reveals a
significant red-shift of these peaks after washing. For example,
in the supernatants of washing steps 4 and 5, the second max-
imum appears red-shifted by 18 nm at 425 nm. The absorp-
tion features correlate to fluorescence in the visible. After the
first washing step, the fluorescence intensity is significantly
reduced and notably shifted to the blue (Figure S1, Supporting
Information). A trailing absorption into the long wavelength
region, between 500 and 900 nm, becomes more pronounced
indicating the presence of dispersed particles. The low-intensity
feature at 369 nm stems from the particles and may be assigned
to an intra-particle charge-transfer band.

After five washing steps, the remaining mass amounts
to =85% of the original mass. This product, referred to as
CAU300p (precipitate), was further characterized. Elemental
analysis of CAU300p yields 49% C, 20% N, 3% H, and 28% O.
The weight loss of CAU300 and CAU300p during heating of
the sample in inert atmosphere (Figure 1g) was analyzed. For
CAU300, a weight loss of =3% in the low temperature regime
<150 °C is ascribed to adsorbed H,O. At 343 °C, a large weight
loss peak is assigned to HPPT, which amounts 15% of the
sample. A further mass loss of 30% is noted in the temperature
range between 300 and 800 °C, which is assigned to CAU300p.
The residual mass at 1000 °C is 46% of the original weight.
Notably, the thermogravimetric analysis of purified CAU300p
shows an even more pronounced mass loss due to adsorbed
H,0 accounting for =10% of the original weight. The residual
mass is 40% of the original mass. This large decomposition
temperature range and the rather large residual mass indicate
polymerization at high temperatures.

After drying, the material appears as a light-weighted
black powder that is finely dispersible in a range of solvents

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Characterization of CAU300p. a) Photographs depicting the aqueous supernatants after each washing step; b) "H-NMR patterns of the
supernatants after each washing step in DMSO-d6; c) UV/vis absorption spectra of the supernatants after each washing step; d) photograph of
purified CAU300p (bottom) and freshly dispersed in H,0; e) TEM image of CAU300p; f) powder X-ray diffraction patterns of CAU300 and CAU300p;

g) thermogravimetric analysis of CAU300 and CAU300p.

(Figure S2, Supporting Information). Notably, after 24 h in H,0
or methanol, the solid particles start to settle and the liquid
phase turns weakly brown. This color change comes together
with a blue fluorescence like the one observed during the last
washing step of the process. In dimethyl sulfoxide (DMSO)
and dimethylformamide (DMF), CAU300p appears well stabi-
lized, as no solid phase was formed during centrifugation. This
difference of dispersibility of CAU300p in water or DMSO is
confirmed by dynamic light scattering (DLS) and transmission
electron microscopy (TEM) measurements. At 20 °C, the dis-
persion of CaU300p in water or DMSO showed particles with
mean sizes of 240 + 12 or 5.5 * 3.5 nm, respectively. The sample
in the TEM image in Figure le was prepared from an aqueous
dispersion of CAU300p and shows amorphous carbonaceous
networks. Preparing the same sample from a DMSO solu-
tion, finely dispersed individual particles with sizes of 3-8 nm
throughout the entire scanned area are seen (Figure S3, Sup-
porting Information). We attribute this effect to the basicity
of solvents like DMSO and DMF and their ability to stabilize
acidic particles.

In the powder X-ray diffraction (XRD) pattern, a single
sharp peak at 26.9 °20 (Figure 1f) is observed. The peak posi-
tion indicates a typical graphitic (002) reflection corresponding
to a lattice spacing of 3.33 A. With regard to the peak width
and according to the Scherrer-equation the crystallite size is
=5-6 nm.

Taking the aforementioned results into concert, we assume
an organic particulate structure of CAU300p. The sizes of
these nanoparticles are on the order of a few nanometers as
determined by TEM and DLS analysis. In most solvents, these
nanoparticles aggregate to larger structures. In basic solvents
such as DMSO or DMF, the particles are individually stabi-
lized. Structurally, the sample is predominantly amorphous
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with small crystalline domains. The green fluorophore HPPT
formed during the thermal reaction is present in the product
after annealing at 300 °C. Harsh washing conditions remove
free HPPT from the product. However, as indicated by the pres-
ence of their absorption features in UV-vis spectroscopy, some
HPPT may remain in CAU300p and may even be a main com-
ponent. However, the strong red-shifts indicate a significant
electronic interaction with other components. It seems likely
that the insoluble CAU300p results as a thermal product from
the decomposition or condensation of HPPT.

2.2. Preparation of the Carbon Ink and Printing

Our standard precursor ink is composed of CAU300p (48 wt%),
polyvinylpyrrolidone 1000 (PVP) (8 wt%), and ethylene glycol
(EtGly) (44 wt%). The first acts as a CNFA, the second as a FFA,
and the last is a viscous, non-reactive solvent.

The films were prepared by doctor-blading the ink onto
different substrates with a preset wet film thickness (i.e.,
50-150 um). The solvent was carefully evaporated at 80 °C
on a precision hotplate. The mass loss during solvent evapo-
ration was monitored for all substrates and found to be con-
sistently 44 + 2% of the original mass, which accounts for the
content of ethylene glycol. The final film thickness depends on
the substrate and ranges between 15-40 um resulting in areal
mass loadings of 1-4 mg cm (Table 1). In Figure 2, a scan-
ning electron micrograph (SEM) of the dried film cast from our
standard CAU300p/PVP/EtGly precursor ink onto aluminum is
presented. Upon evaporation of the solvent, cracks of <2 um in
the film evolve; however, these cracks are homogeneous across
the entire film (Figure 2b, left). The Raman spectrum of these
films shows two broad coalescing peaks at 1350 and 1590 cm™

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Quantitative analysis of the precursor and carbonized films in terms of film thickness and mass density and results of the impedance meas-

urements of laser-carbonized films on different substrates.

Film thickness  Areal mass density ~ Volumetric mass density ~ Fluence  Mass loss  Resistivity ~ Conductivity ~ Current limit ~ Max. current density
[uml [mg cm) [mg cm?] Jem? (%] [Qecm]  [Sem] [mA] [Acm
Al-1 19 1.29 677 7. 43 0.23 438 36 38
Al-2 24 1.42 592 7.1 56 0.23 4.33 2.6 22
Al-3 19 1.31 704 3.8 18 — —_ —_ —_
Al-4 22 173 799 9.5 69 0.27 3.72 4.1 38
Si-1 22 313 1422 7.1 44 0.19 5.21 4.85 44
Si-2 38 3.87 1027 7.1 32 0.56 1.80 4.1 14
Si-3 25 3.16 1263 3.8 23 — — — —
Si—4 22 3.10 1388 9.5 81 — — — —
PET-1 20 0.95 467 7.1 76 0.74 1.35 1.10 10.9
PET-2 22 1.36 627 7.1 81 0.33 3.06 2.35 22
PET-3 24 1.69 706 3.8 10 — — —_ —
PET—4 24 1.40 581 9.5 2554 — — — —

indicating the presence of small graphitic domains (compare
XRD in Figure 1).

After laser-treatment, the film appears with a metallic gleam,
as shown in Figure 2b right. The SEM image in Figure 2c reveals
a foam-like appearance with a hierarchical pore structure. The
elemental analysis, tested by energy dispersive X-ray analysis
(EDX) at seven different areas, yields a composition of 97 +
0.2% carbon and 3 + 0.2% oxygen (Figure S4, Supporting Infor-
mation). The Raman spectrum of the laser-treated film (below)
shows a pattern typically observed in turbostratic graphite sam-
ples.[’2 Most prominent are two sets of peaks at 1336, 1564, and
1602 cm™ and 2430, 2666, and 2906 cm™. The first set is com-
posed of the D, G, and D’ bands and the latter set is composed
of the D+D”, G’, and D+G bands. The pronounced D and D’
bands indicate the presence of defects in the graphitic lattice.
The G’ band was fit with a single Lorentzian with an FWHM of
49 cm™ underlining the turbostratic nature of the graphitic net-
work. To obtain a closer visual insight into the structure of the

precursor film
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laser-carbonized films, a TEM image of a fragment of the film
is shown in Figure 2d. A crystalline, porous structure with pore
sizes between a few tens and a few hundreds of nanometers is
clearly visible. High-resolution TEM images and selected area
electron diffraction (SAED) reveal lattices fringes characteristic
for graphitic layers and a disordered, turbostratic crystal orienta-
tion (Figure S5, Supporting Information). The interplanar dis-
tance measured from the lattice fringes is around 3.4 A, which
corresponds to the interlayer spacing of the graphitic samples.

A reaction mechanism of the laser-induced carbonization
has been discussed earlier.?82% In brief, pre-carbonized organic
nanoparticles containing significant amounts of functional
groups are reduced in the hot reaction zone induced by the
laser. Upon rapid cooling, these reduced nanoparticles form
carbon-carbon bonds which results in a porous 3D-carbon
network. Here, we would like to elucidate on the influence of
some process parameters, like film thickness, absorptivity, laser
fluence, and substrates.
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Figure 2. Characterization of films: doctor-bladed precursor films (CAU300p/PVP) and laser-carbonized films on aluminium sheets. a) SEM image of a
CAU300p/PVP film and a corresponding Raman spectrum recorded upon excitation at 532 nm; b) low-magnification micrograph showing the precursor
film on the left and the laser-carbonized film on the right; c) SEM image of a laser-carbonized CAU300p/PVP film and a corresponding Raman spectrum
recorded upon excitation at 532 nm; d) TEM image of a fragment of the laser-carbonized CAU300p/PVP film.
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Figure 3. FT-IR spectra of PVP (black) and CAU300p (red). The orange
line indicates the laser energy of the CO, laser corresponding to 10.6 pm.

A critical parameter for an effective heat transfer from the
laser beam to the precursor film is the absorptivity of the laser
energy (Figure 3). CAU300p shows a significant laser absorp-
tivity at the characteristic laser energy while the absorptivity of
PVP, the film forming agent, is negligible. High absorptivity
leads to higher amount of heat transferred from the laser to
the precursor material. Thus, for high extinction materials, a
successful carbonization is achieved at lower energy input.
The extinction coefficient of CAU300p at the laser wavelength
943 cm™ (10.6 um) was experimentally determined by trans-
mission Fourier-transform infra-red (FI-IR) absorption spec-
troscopy to be 0.56 L (g cm)™\. Given a mass loading of, for
example, 1.3 mg cm™2 and a thickness of 20 um, the laser light
is absorbed to 81.3% by the film according to the Lambert-Beer
law. For a smaller film thickness of, for example, 5 um and the
same volumetric mass loading, the laser light would only be
absorbed by 34.2%. That implies that the initial energy density
of 5.6 ] cm™ is reduced to =50% after a penetration depth of
8 um. It has to be taken into account that despite the successful
laser-induced carbonization reaction, a significant fraction of
precursor material evaporates due to heat absorption.

We tested the penetration depth on a thick precursor film
with a mass loading of 4.04 mg cm™2 prepared on a 11 X 25 cm
quartz slide. The quartz slide acts as a flat and solid support
for the precursor film during the micro-computer tomography
(1-CT) measurement. The images in Figure S6, Supporting
Information, show slices of a u-CT scan of the precursor film
before (left) and after (right) laser treatment. From these scans,
a film thickness of 75 pm for the precursor film was obtained.
Using a manual digital micrometer (MDM), the thickness was
measured to be 73 um. For the laser-carbonized film, a thick-
ness of 36 Um was obtained from the u-CT scans, whereas the
measurement with the MDM yielded 73 um.

Considering the high mass loading of 4.04 mg cm™ on the
quartz slide and the extinction coefficient of the precursor film
(0.56 L (g-cm)™), 92.4% of the laser energy is absorbed after a
penetration depth of 35 um (simplified by Lambert-Beer law).
The laser-converted films are highly porous, as seen in the SEM
images, and are expected to have a low contrast in the p-CT
scans. Therefore, we conclude that the 36 um film observed
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in the u-CT scan in Figure S6, Supporting Information, on the
right is the remaining unconverted precursor film. The laser-
converted film is on top but cannot be seen in the tomograms.

Besides absorptivity, also the heat conductivity of the pre-
cursor film and the substrate has to be taken into account. The
carbonization reaction from CAU300p to a conductive carbon
network, as observed in Figure 2c, occurs in the hot plasma
produced in the laser spot, but heat is dissipated across the
film. High heat conductivity of the precursor or the substrate is
expected to result in higher carbonization yield in the laser spot.
To test the influence of the substrate, films with different thick-
nesses on aluminum sheets, silicon wafers, and polyethylene
terephthalate (PET) were prepared by doctor blading. Alu-
minum sheets are flexible metal substrates with a high thermal
conductivity (237 W (m-K)™) and high transparency for the
laser beam.1**] Silicon wafers are insulating substrates with high
thermal conductivities (149 W (m-K)™) and high reflectivity at
the wavelength of the laser beam. In contrast, PET is a flexible
substrate with a low thermal conductivity (0.24 W (m-K)™) and
a high absorptivity at the wavelength of the laser beam.

The energy density (fluence) of the laser beam onto the film
is dependent on the laser parameters, such as effective output
power, scanning speed, and resolution. Notably, these param-
eters are strongly instrument dependent. Based on the effective
scanning speed and output power, we determined the effec-
tive fluences in our process to be in the range of 3-10 ] cm™
(see Experimental Section). These values are slightly higher
than typically used in laser-assisted micro and nanofabrication
methods used for organic materials.P!

The thicknesses of the applied films measured by MDM
were in the range between 19 and 60 um resulting in areal or
volumetric mass densities between 1 and 4 mg cm™2 or 500
and 1500 mg cm™ (Table 1). The different surface tension of
the three chosen substrates causes different spreading across
the area. For example, a higher volumetric mass density on Si-
wafers is observed. Similar spreading properties were observed
for aluminum or PET substrates. Notably, lower volumetric and
higher areal mass densities were observed for thicker films.
For all substrates, the areal mass density increases with higher
film thickness. Application of the ink on PET results in thinner
films, as spreading is facilitated by its low surface tension.

The films were irradiated with a CO, laser using different
laser fluences. The mass loss scales with the film thickness
and the effective energy density as shown in Table 1. Using
the standard laser settings with an effective fluence of 71 |
cm™ results in a mass loss of 43% on aluminum and 44% on
Si-wafers. On PET, 76% mass loss is observed due to partial
evaporation of the substrate. Higher fluence of, for example,
9.5 ] cm™ causes larger amounts of material to evaporate
during laser treatment. A special case is PET as a substrate,
as high fluence leads to its evaporation. In fact, at an effective
laser energy density of 9.5 ] cm™2, a significant amount of PET
evaporates as evidenced by a mass loss of >2000%.

We tested the electric properties of the laser-carbonized films
on the different substrates. Impedance measurements of films
with an area of 15 X 20 mm were performed and the serial
resistance R (€2) was determined from the impedance values.
In the tested frequency range between 0.1 Hz and 100 kHz,
probed at a constant current of 0.1 mA, the films performed like

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Resistance of the laser-carbonized CAU300p/PVP films in dependence of a) the frequency and b) the current amplitude obtained by imped-
ance measurements on different substrates. c) Nyquist plots of laser-carbonized CAU300p/PVP films of different thicknesses on aluminium substrates.

ideal resistors (Figure 4a). From these measurements, sheet
conductivities of 1.3-5.2 S cm™ were determined. Up to fre-
quencies of 100 kHz, no notable skin effect, that is, increase of
resistance at higher frequencies upon current density redistri-
bution, was observed. Last, the maximum current densities for
the films were tested, as an important characteristic of conduc-
tors in electric or electronic systems for the films on the three
chosen substrates. The resistance of the films with respect to
the applied electric current densities is plotted against the AC
current amplitudes in Figure 4b. Up to a certain threshold, the
resistance of the films scales constant with the applied current.
In general, the maximum current densities scale with the sheet
conductivities. Typical values for maximum current densities
of, for example, copper wires are 1x 10° A cm™.

In Table 1, the above discussed results of the impedance
measurements are summarized and the complete set of data
is shown in Figure S7, Supporting Information. Here, some
interesting effects are observed. Using standard laser flu-
ence of 71 ] cm™2, the sheet conductivity on Si is significantly
higher than on PET which could be attributed to the highest
mass density. The conductivity is better if more precursor is
reduced by the laser per square centimeter. For thicker films at
this fluence, the sheet conductivity decreases, which is attrib-
uted to a larger unconverted layer. The lower layers remain
unconverted and do not contribute to the overall conductivity
of the film.

For aluminium, higher laser fluence leads to lower sheet con-
ductivities, which are ascribed to higher material evaporation
and thus lower resulting volumetric mass densities. In contrast
to Si and PET as substrates, aluminum-supported films show
good electric conductivity when irradiated with higher laser flu-
ence of 9.5 ] cm™2, which can be explained by the higher trans-
missivity of aluminum for the laser beam.

To acquire insights into the interfacial charge transport
between the carbonized film and the substrate, we measured
the impedance between the carbon film and the aluminium
substrate. The charge transfer resistance is expressed in the dif-
ference of the two intersections at the Z’-axis of the semicircle
in the Nyquist plot (Figure 5c). Clearly, the charge transfer
resistance scales with the film thickness as it is reduced from
16200 (Al-2) to 4600 Q (Al-1). Larger amounts of unconverted
precursors at the film/substrate interface cause higher charge-
transfer resistance through the film. Notably, when using
higher laser fluences for the carbonization, a smaller charge-
transfer resistance of only 1084 Q is achieved (Al-4).
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To demonstrate the applicability of the laser-carbonized films
as electronic conductors, we applied precursor films on a PET
substrate by doctor blading an area of 100 x 50 mm. Conducting
paths with a width of 0.5 mm as shown in Figure 5 were printed
by the laser-patterning technique. The remaining material was
removed by rinsing with deionized H,O. Thereby, only the laser-
carbonized material remained on the substrate. The conducting
path form a circuit connecting a white LED with a 6 V power
supply. On one side of the circuit, two strips with a distance of
5 mm were connected by sandwiching with a counter piece,
which equally consisted of two 0.5 mm strips separated by 5 mm.
Upon applying pressure to the crossover of the two conducting
carbon strips, the circuit was closed and the white LED was lid.

Figure 5. Photographs showing laser-patterned carbon conducting paths
printed on a flexible, transparent PET substrate connecting an LED with a
6 V power supply being switched by applying pressure between the paths.

© 2020 The Authors. Published by Wiley-VCH GmbH
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3. Conclusions

We have thoroughly investigated the laser-assisted carboniza-
tion reaction of inexpensive, small organic molecules, citric
acid and urea. A pre-carbonization at 300 °C is necessary to
form organic nanoparticles with an increased carbon content.
We described a thorough workup and characterization of this
pre-carbonized reaction product of citric acid and urea. A recipe
for a precursor ink including these organic nanoparticles as
carbon-network forming agents was introduced. Using this
“standard ink,” we accomplished a full study on the reaction
parameters of the laser-carbonization. Substrates, absorptivity,
laser energy density, and film thickness were found to be highly
critical parameters for the laser-carbonization process.

The results of this study help to gain an understanding of
the criteria for laser-carbonizable materials. Printing fine pat-
terns of conductive carbon on flexible substrates is possible,
which makes this process generally attractive for flexible elec-
tronics. Fine-tuning of the carbon properties, like surface area
and conductivity, will be essential for future applications and is
currently under investigation.

4. Experimental Section

Chemicals: Citric acid (99.5% for analysis) and urea (Certified AR for
analysis) were obtained from Fisher Scientific GmbH. Ethylene glycol
(299.7%, AnalaR Normapur) was obtained from VWR Chemicals.
Polyvinylpyrrolidone (average mol wt. 10 000) was obtained from
Sigma-Aldrich.

Substrates: Silicon wafers were obtained from MicroChemicals. Wafers
used were either 4-in. boron-doped FZ-Si wafer, orientation (100), with
a thickness of 0.5 mm and a generic resistivity of 3-100 kQcm or 4-in.
FZ-Si wafer, orientation (100), with a thickness of 0.5 mm and a generic
resistivity of 10-1000 kQcm. Aluminium foil used was 35 um thick. The
PET substrate was Melinex sheets obtained from Plano GmbH.

Preparation of CAU300p: Citric acid and urea were thoroughly mixed
in an alumina crucible or a glass crystallization dish. The vessel was
covered with a lid to avoid spilling of the foaming reaction product,
and to allow evaporation of evolving gases, a small opening under the
lid was placed. The mixtures were annealed at 300 °C in a chamber
oven for 2 h. After annealing, the black reaction product was retained
and grinded to obtain a fine black powder. The mass of the product
(CAU300) is 34% of the original mass of citric acid and urea. Then,
CAU300 was dispersed in deionized H,0 and stirred at 95 °C for 24 h.
The dispersion was centrifuged to obtain a black precipitate and a
brown supernatant. The supernatant was removed and the washing
process was repeated four times. After the last washing step, the
precipitate was dried to obtain CAU300p, which amounted =85% of
the original mass.

Preparation of the Precursor Films: PVP was dissolved in EtGly to
obtain a 200 mg mL™" solution (PVP/EtGly). CAU300p was then added
and stirred for 24 h to obtain a 1 g L' dispersion. The resulting slurry was
used as a carbon precursor ink. A drop of the ink was applied onto the
substrate and the ink was doctor bladed with different wet thicknesses
between 50 and 150 um. Ethylene glycol was then evaporated at 80 °C
on a precision hotplate (PZ2860-SR, Gestigkeit GmbH) to obtain the
final films with thicknesses between 15 and 40 um.

Laser-Assisted ~ Carbonization: Laser-assisted carbonization was
conducted with a high-precision laser engraver setup (Speedy 100,
Trotec) equipped with a 60 W CO, laser. Focusing was achieved with
a 2.5 inch focus lens providing a focal depth of =3 mm and a focus
diameter of 170 pm. The center wavelength of the laser was 10.6 +
0.03 um. The scanning speed v, generically given in %, was converted
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into s cm~2 The resulting energy input per area (or fluence) onto the
film is given by

= —pxt
F=Pxv=Px4 )
where P is the effective power. The laser settings (speed, power, and
resolution) were adjusted to meet the requirements of the precursor
film and the substrate prior to the experiments (Figure S8, Supporting
Information). Typically, 10% power, 20% speed, and a resolution of

1000 dpi were chosen, for which resulted a fluence of F:7.'|6m%. The

effective output power of the laser was measured with a Solo 2 (Gentec
Electro-Optics) power meter.

Instrumental: Scanning electron microscopy was performed on a Zeiss
LEO 1550-Gemini system (acceleration voltage: 3 to 10 kV). An Oxford
Instruments X-MAX 80 mm? detector was used to collect the SEM-EDX
data. Transmission electron microscopy was performed using an EM 912
Omega from Zeiss operating at 120 kV. To prepare the TEM samples,
the carbon material was dispersed in methanol by sonication for 10 min
and applying 5 L droplets of the dispersion on a carbon-coated copper
TEM grid and drying at room temperature. Thermogravimetric analysis
was performed using a Thermo Microbalance TG 209 F1 Libra (Netzsch,
Selb, Germany). A platinum crucible was used for the measurement of
10 £ 1 mg of samples in a nitrogen flow of 20 mL min™" and a purge
flow of 20 mL min™" at a heating rate of 10 K min~'. Elemental analysis
was performed with a vario MICRO cube CHNOS elemental analyzer
(Elementar Analysensysteme GmbH). The elements were detected
with a thermal conductivity detector (TCD) for C, H, N, and O and an
infrared (IR) detector for sulfur. UV-vis—NIR absorption measurements
were performed with a Specord 210 plus from Analytik Jena using 10 mm
quartz cuvettes. Fluorescence measurements were performed with a
Fluoromax 4 from Horiba. Fourier-transform infrared measurements
were performed using a Nicolet iS 5 FT-IR-spectrometer in conjunction
with an iD5 ATR unit from ThermoFisher Scientific. Extinction
coefficients were determined by measuring a series of transmission
infra-red absorption spectra with known concentrations in the range
between 1.6 and 7.8 g L' pressed into KBr pellets. The absorbance
was plotted against the concentration and the extinction coefficients
were determined from the slope of the fitting curve. Raman spectra
were obtained with a confocal Raman Microscope (alpha300, WITec,
Germany) equipped with a piezo-scanner (P-500, Physik Instrumente,
Karlsruhe, Germany). The laser, A = 532 or 785 nm, was focused on
the samples through a 20x objective. The laser power on the sample
was set to 1.0 mW. The spectra were acquired using a thermoelectrically
cooled CCD detector (DU401A-BV, Andor, Belfast, North Ireland) behind
a 600 g mm™' grating spectrograph (UHTS 300, WITec, Ulm, Germany)
with a spectral resolution of 3 cm™. The WITec Control Five software
(Version 5.2, WITec, Ulm, Germany) was used for measurement setup.
X-ray diffraction was performed on a Bruker D8 Advance diffractometer
in the Bragg—Brentano mode at the Cu Ko wavelength. Nuclear-
magnetic resonance spectroscopy was measured on a 400 MHz Bruker
Ascend400. Impedance measurements were performed on a Solartron
1287 potentiostat in combination with a SI 1260 impedance unit. For
frequency measurements, the current was kept constant at 0.1 mA,
and for current sweeps, a frequency of 1000 Hz was used. Dynamic
light scattering was performed on a Zetasizer Nano ZS from Malvern
Panalytical at 20 °C (He-Ne laser 633 nm). Micro-computer tomography
(u-CT) was performed on a EasyTom 160 3D Tomography System from
RXSolutions. The scans were performed with a sealed microfocus tube
equipped with a tungsten filament and a flat panel detector with a Csl
(caesium iodide) scintillator. The wavelength of the generated X-rays
was 1.5418 A (Cu Ka).

Associated Content: General and supplementary information on
synthesis and characterization. Fluorescence spectroscopy of the
supernatants during the washing process, photographs of suspensions,
transmission electron micrographs, energy-dispersive X-ray analysis,
micro-computer tomography measurements, and electrical impedance
measurements.
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