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Abstract: Low-cost carbon-conductive films were screen-printed on a Plexiglas® substrate, and then,
after a standard annealing procedure, subjected to femtosecond (fs) laser treatments at different values
of total accumulated laser fluence @ 4. Four-point probe measurements showed that, if @4 > 0.3 KJ/em?,
the sheet resistance of laser-treated films can be reduced down to about 15 (}/sq, which is a value more
than 20% lower than that measured on as-annealed untreated films. Furthermore, as pointed out by a
comprehensive Raman spectroscopy analysis, it was found that sheet resistance decreases linearly
with @4, due to a progressively higher degree of crystallinity and stacking order of the graphitic
phase. Results therefore highlight that fs-laser treatment can be profitably used as an additional
process for improving the performance of printable carbon electrodes, which have been recently
proposed as a valid alternative to metal electrodes for stable and up-scalable perovskite solar cells.

Keywords: printable carbon electrodes; femtosecond laser; sheet resistance; Raman spectroscopy;
perovskite solar cells

1. Introduction

Perovskite solar cells (PSCs) [1] have been massively investigated in the past few years because of
their unique features, e.g., cost-effectiveness and high conversion efficiency (>20% for single-junction
PSCs [2], and ~30% for “hybrid” perovskite/silicon tandem solar cells [3]), which make them very
competitive with the conventional silicon-based devices. Two main factors have hampered PSCs from
entering the commercial market up to now, namely: (1) a limited operational stability with time and
temperature [4], and (2) up-scalability issues. On the one hand, new technologies have been recently
developed which have been demonstrated to improve PSCs stability [5,6], however, on the other
hand, industrial production is still far from starting, mostly due to the lack of cost-effective fabrication
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methods on a large scale. For instance, at a lab scale, high conversion efficiency is achieved using
counter-electrodes made with noble metals, mainly silver (Ag) and gold (Au). Both of them show
excellent conductivity and a suitable work function, which are mandatory prerequisites to efficiently
extract, collect and transfer charge carriers. However, Ag and Au electrodes are usually fabricated by
means of time-consuming standard lithographic processes, requiring expensive clean-room facilities
which do not fit with industrial mass manufacturing. Moreover, it is worth mentioning here that noble
metal electrodes may also affect long-term stability of PSCs: both Au and Ag can indeed react with the
halide (iodide) ions in the hybrid perovskite, due to a combined effect of perovskite decomposition
and metal migration, thus contributing significantly to the device degradation process [7,8].

In such a context, carbon electrodes have recently been demonstrated to be promising candidates for
replacing noble metal counter-electrodes in PSCs [9]. Carbon is chemically stable; moreover, conductive
carbon films show a work function (~5.0 eV) similar to that of polycrystalline Au films (~5.1 eV) [9].
But most of all, in the form of paste (obtained from carbon black, graphite powder and a proper binder),
carbon is available as a low-cost material for electrode fabrication by screen-printing [10], which is
a simple, reliable, cost-effective and reproducible method suitable for industrial mass production.
Nevertheless, the sheet resistance of carbon electrodes obtained from commercial carbon paste
(10-100 €/sq) is still considerably higher than that of noble metal electrodes (<1 ()/sq), thus creating a
bottleneck for charge carriers due to the introduction of a significant series resistance [11].

Generally speaking, the improvement of electrical conductivity of carbon-based materials is a
hot topic in a wide range of research fields, and several methodologies can be applied to reach the
goal. Some of them are based on mechanical processes. For instance, a significant decrease of the sheet
resistance of carbon nanostructured thin films, composed of graphene nanosheets and multiwalled
carbon nanotubes (CNTs), can be obtained by a combination of compression and polishing [12].
Recently, a simple grinding process in a household coffee grinder was demonstrated to increase
the electrical conductivity of carbon nanotubes [13]. Chemical treatments can also be performed.
Immersion in nitric acid, followed by exposure to fuming nitric acid, was demonstrated to be effective
in inducing p-type doping in graphene-CNT films [14], whereas fluorination of carbon black can be
efficiently used to improve the electrical conductivity of electrospun carbon fibers [15]. The most
common methodology to reduce electrical resistivity is undoubtedly thermal annealing, which can be
successfully applied to a wide range of carbon-based materials, spanning from CNT aerogels [16] to
biochar [17], from graphene [18] to glassy carbon [19]. As regards screen-printed carbon electrodes,
thermal annealing at temperatures up to 400 °C is a recommended practice to decrease the sheet
resistance, mostly for two reasons: (1) it promotes inter-particle contact, implying an easier charge
transfer across the film, and (2) it increases the graphitization degree of the carbon film, at the same
time reducing the concentration of defects in the graphitized regions [20]. Indeed, it is well known
that the electrical conductivity of a carbon film increases with the extent of sp?>-bonded carbon in its
microstructure, as well as with the degree of structural order of such graphitic sp?> domains.

Now, the main effect of the irradiation of a carbon film with femtosecond (fs) laser pulses (having
a fluence below the ablation threshold) is to increase the sp? to sp® hybridization ratio, therefore
favoring graphitization. More interestingly, this happens independently from the degree of crystallinity
of the film under treatment. Graphitization induced by ultrashort (<1 ps) laser pulses has indeed
been observed in amorphous carbon [21], diamond-like carbon [22], as well as in chemical vapor
deposition single-crystal [23,24] and polycrystalline [25] diamond films. Taking a cue from these
results, we investigated on the possibility of further decreasing the sheet resistance of annealed
screen-printed carbon electrodes by fs-laser treatment. Our results show that, by a proper choice of
the total accumulated laser fluence delivered to the carbon film, it is possible to decrease the sheet
resistance by more than 20% with respect to the as-annealed untreated film, thus demonstrating that
fs-laser processing can significantly improve the performance of printable carbon electrodes for PSCs.
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2. Materials and Methods

A colorless 3 mm-thick Plexiglas® plate, with nominal electrical resistivity > 10'! Q2 cm, was used
as a substrate for the deposition of printable carbon electrodes. Before deposition, the substrate
was cleaned in an ultrasonic bath with acetone for 5 min, then with isopropanol for a further 5 min.
Successively, the substrate was rinsed with deionized water and dried in pure nitrogen flow.

An array of carbon strips, with lateral dimensions 2 X 10 cm?, was deposited on the substrate with
a screen-printing technique (see Figure 1). A nylon flexible screen mesh, on which the pattern to be
printed was previously defined, was held over the substrate by a rigid screen frame. Then, an adequate
amount of commercial carbon paste (Elcocarb B/SP from Solaronix, Aubonne, Switzerland) was applied
on the screen mesh. A polyurethane flexible squeegee (Shore hardness grade 70) was moved all
along the screen mesh, pressing it down into contact with the substrate; in this way, carbon paste
was progressively pushed through the screen mesh and deposited onto the surface of the Plexiglas®
plate. The as-deposited carbon strips were finally annealed on a hot plate at 400 °C for 30 min,
as recommended by the producer to minimize sheet resistivity. It is worth mentioning here that, unlike
what was reported in Reference [20], the heating procedure at temperatures > 300 °C did not cause
deformation of the annealed carbon strips.

Squeegee |,

Screen mesh
Screen frame

/ Plexiglas® substrate

Printed electrodes

Figure 1. Sketch of the basic screen-printing procedure. The squeegee moves from the left to the right
edge of the substrate, forming an angle of about 60° with the substrate surface.

The laser treatments were performed (at room temperature and in air) by using a linearly polarized
femtosecond pulsed laser beam, produced by a regeneratively amplified mode-locked “chirped-pulse”
Ti: sapphire laser (wavelength Ag = 800 nm). Pulse duration, 7, was ~100 fs. Repetition rate, f, was
1 kHz. The Plexiglas® plate hosting the printed carbon strips was positioned on an automatically
controlled micrometric x-y translational stage (Laser WFAB microfabrication Workstation, from Newport,
Irvine, CA, USA). For every single treatment, the focused laser beam, with a diameter (1/e2 width)
equal to 2w = 500 pm, scanned a limited portion of the surface of the carbon strips (namely, a 1 X 1 cm?
square) following a raster pattern. As can be easily visualized in Figure 2, the laser beam sweeps
horizontally left-to-right at a uniform scanning speed vy, then blanks and rapidly moves back to the
left; after that, it shifts vertically by a distance Ay = 100 um, turns on again, and starts a new horizontal
scan, and so on until a 1 X 1 cm? square is processed.

Aimed at an accurate comparative analysis, six different laser treatments were performed,
by varying the total accumulated laser fluence delivered to the surface unit each time (exemplified
by the point P in Figure 2). For a single horizontal scan along the x-axis, the accumulated laser
fluence is defined as @y = N,®;,, where Ny is the average number of pulses impinging the surface
unit and @, = Ep/(nw?) is the single pulse laser fluence, with E, and w being the pulse energy and the
circular beam radius on the focal plane, respectively. To obtain the total accumulated laser fluence, @4,
delivered to the surface unit, however, we have to also take into account the spatial vertical overlap,
Ay, between two consecutive horizontal scans (see Figure 2), namely @4 = (2w/Ay) @y. In our case,
being Ay = 100 um and 2w = 500 um, we simply obtain @4 = 5.
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Figure 2. Raster scan pattern used for the femtosecond (fs)-laser treatment of the printed carbon strips.
Note that the point P is subjected to five horizontal laser scans (#1 to #5), whereas it is not irradiated
during scans #6 and #7.

Pulse energy was kept constant for all the different treatments. In particular, the selected pulse
energy was Ej, = 475 1, corresponding to a single pulse laser fluence @, = 0.24 J/cm?. This choice was
made by considering that 0.24 J/cm? is an intermediate value between the graphitization threshold of
amorphous carbon (evaluated to be about 0.2 J/cm? with a single pulse irradiation at Ag =800 nm and
7 =100 fs) and the ablation threshold (about 0.3 J/cm?), over which evaporation starts and a smooth
“bell-like” crater in the spot center appears [22]. A constant single pulse laser fluence also allowed us
to vary the accumulated laser fluence, @y, by simply acting on the laser scanning speed, vy, which,
together with the laser repetition rate, f, defines the average number of pulses, N, impinging the
surface unit, according to the relationship Ny = 2wffvy.

Table 1 resumes all the experimental parameters considered for the laser treatment of six different
areas (squares #1 to #6) of the screen-printed carbon strips.

Table 1. Experimental parameters of the six different laser treatments performed on the screen-printed
carbon strips.

Square @, (J/cm?) vy (mm/s) N, @, (J/em?) Ay (um) P4 (kJ/em?)

#1 0.24 4 125 30 100 0.15
#2 0.24 2 250 60 100 0.3
#3 0.24 1 500 120 100 0.6
#4 0.24 0.5 1000 240 100 1.2
#5 0.24 0.25 2000 480 100 24
#6 0.24 0.125 4000 960 100 4.8

3. Results and Discussion

In the following subsections, a comparative analysis of the different fs-laser-treated screen-printed
carbon films will be introduced and phenomenologically discussed, aimed at finding a possible
relationship between the electrical properties and the structural modifications induced by the
laser treatments.



C 2020, 6, 48 50f13

3.1. Visual Inspection

On the basis of a visual inspection performed soon after the treatment, no noticeable differences
were observed between the untreated areas of the carbon strips and the squares treated at the two lowest
values of total accumulated laser fluence (i.e., @4 = 0.15 kJ/cm? and @, = 0.3 kJ/cm?). Conversely,
at higher @4 values, the color of treated areas turns from deep black to gray, and the square shapes
emerge from the background (Figure 3a), clearly pointing out a modification of the material. Moreover,
gray color is progressively lighter with increasing @4 values: by considering that the carbon paste used
in this work is composed of micrometric graphite particles and carbon black nanoparticles (dispersed
in a mixture of terpineol, organic binders and inorganic binders) this could suggest an increase of
graphite-to-carbon black ratio with increasing total accumulated laser fluence.

a)

0.6 kl/cm? 1.2 kl/cm? 2.4 kJ/cm? 4.8 kl/cm?

Front side

b)

Figure 3. (a) Picture of the front surface of a carbon strip showing four square areas treated at different
values of total accumulated laser fluence (increasing from left to right). (b) Picture of the same portion
of the carbon strip shown in (a) taken from the back surface of the Plexiglas® plate.

It is worth noting here that a lighter color caused by possible thinning of the carbon film, induced
by laser ablation, can be excluded in our case: indeed, as can be seen from Figure 3b, showing a
back-side view of the treated carbon strip through the transparent Plexiglas® plate, laser-processed
squares on the front side surface cannot be seen. Also, the homogeneous deep black color of the back
surface of the carbon strip indicates that the laser treatment does not involve the whole thickness of
the strip, but, as expected, is limited to the upper layers of the front side.

3.2. Four-Point Probe Resistivity Measurements

Electrical sheet resistance of the laser-processed carbon strips was measured with the well-known
four-point (4P) probe method. In particular, a collinear 4P probe array was used with a 1 mm inter-probe
distance. Therefore, both the film thickness (~15 um, as measured with a mechanical profilometer after
the annealing procedure) and the inter-probe distance were much smaller than the lateral dimensions
(1 x 1 cm?) of the samples to be measured. In this case, sheet resistance Rs can be easily calculated as:

R =l 7) o
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where [ is the current injected in the sample by the outer pair of probes, and V is the voltage measured
by the inner pair of probes. Current was injected by means of a Keithley 6220 current source (Keithley
Instruments, Solon, OH, USA), whereas voltage was measured by using a Keithley 2182 nanovoltmeter.

Figure 4 reports the sheet resistance, calculated according to Equation (1), of both the as-annealed
untreated and the laser-treated samples as a function of the total accumulated laser fluence. As expected
from the results of visual inspection, no significant differences were observed between the sheet
resistance of the as-annealed untreated carbon film (©4 = 0) and those of the samples treated at
@, < 0.3 kJ/cm?, all measured to be about Rg = 19 ()/sq (in perfect agreement with what was declared
by the carbon paste producer for films annealed at 400 °C for 30 min). Conversely, for @4 > 0.3 kJ/cm?,
it can be observed from Figure 4 that the sheet resistance decreases linearly with the total accumulated
laser fluence, reaching a value of Rs = 15.1 ()/sq for @4 = 4.8 kJ/cm?, therefore reducing the sheet
resistance value measured for the as-annealed untreated carbon by ~20.5%.
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Figure 4. Sheet resistance of the carbon films as a function of the total accumulated laser fluence.
Yellow box includes the measurements on the as-annealed untreated samples (®4 = 0) and those
related to the two laser treatments (@4 = 0.15 kJ/cm? and @4 = 0.3 kJ/cm?) for which no appreciable
modifications were observed from visual inspection. All displayed points result from an average of
five measurements performed on different positions for each sample.

3.3. Raman Characterization

Aimed at understanding if the decrease of the sheet resistance was related to possible structural
modifications induced by the fs-laser treatment, an exhaustive Raman characterization was performed
on the screen-printed carbon films.

Raman spectra were acquired in the 1050-2950 cm ™! range at room temperature with an Ar* laser
(Ar = 514.5 nm wavelength), in back-scattering geometry, using a Dilor XY triple spectrometer (Dilor
Instruments SA, Edison, NJ, USA) equipped with a liquid nitrogen-cooled charge coupled device
(CCD) detector and an adapted Olympus microscope (Olympus Corporation, Tokyo, Japan) arranged
in confocal mode—the spot-size was 2 um. Spectra were then processed by using the Thermo-Grams
Suite v9.2 software (Thermo Fisher Scientific Inc., Waltham, MA, USA) to determine line widths and
intensities. Voigt functions were used to fit the peak profiles.

Figure 5 shows the full-range Raman spectra of carbon films treated at different values of total
accumulated laser fluence @4; for comparison, a typical spectrum recorded from an as-annealed
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untreated area (94 = 0) of the carbon strips is also displayed. As expected for a carbon film, measured
spectra show three main features, namely G, D and 2D (G’) bands:

1.  Gband is due to the longitudinal optical (LO) and transverse optical (TO) modes of the graphite
honeycomb lattice vibration, which degenerate at the center (i.e., the I" point) of the Brillouin zone,
and is characteristic of sp?-hybridized C-C bonds; therefore, it is a fingerprint of graphitic materials.

2. Dand 2D bands are related to double resonance processes. In both cases, an electron-hole pair,
generated by the incident laser light, recombines after two electron-phonon scattering events
involving phonons with opposite momenta. When a defect is present, one of the scattering events
occurs elastically, leading to the D band; conversely, if both the events occur inelastically, the 2D
band is generated. That is the reason why D band is the most significant Raman feature related to
the amount of disorder in a carbon-based material, whereas 2D band (sometimes indicated in the
literature as G’ band) is Raman-active also in a defect-free material.

2D

4.8 kJ/cm’

24 kJ\/in\fvp"lrl‘/\’m

Counts (a.u.)

0.6 kJ/cm® ™
Mntreated N\

( | | |
)
1200 1400 1600 2550 2700 2850

Raman shift (cm'1)

T

Figure 5. Raman spectra of carbon films laser-treated at different values of total accumulated laser
fluence. Spectra recorded from areas treated at @4 < 0.3 kJ/cm?, being perfectly overlapping to each
other and to the one measured for @4 = 0 (as-annealed untreated case), are not shown.

As a general comment on all the spectra, the contribution of graphite micro-particles to Raman
signal prevails over the one given by carbon black nanoparticles. In carbon black, G and D bands
overlap [26,27], and the 2D band spreads over a Raman shift range of about 1000 cm™! [27]; conversely,
in our case, G and D bands are well-separated (Figure 5), and the 2D band is always narrower
than 200 cm™, as is commonly observed in graphite-based systems regardless of their structural
quality [28,29].
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A massive presence of two-dimensional graphitic species, such as graphene oxide or single-layer
graphene, can be excluded. In graphene oxide, the integrated intensity of D peak (Ip) is indeed
higher than the one related to G peak (I), which is clearly not verified in our case, and the region
corresponding to the 2D band (around 2700 cm™') is substantially flat [27,30,31]. On the other hand, in
single-layer graphene, the integrated intensity of the 2D band (I;p) is more than double that of I [28],
whereas in our case, it is always Irp < Ig.

We can therefore conclude that both the as-annealed untreated and the laser-treated carbon films
are predominantly composed by disordered bulk graphite. The first and clearest effect of the laser
treatment is the increasing degree of in-plane structural order with increasing total accumulated laser
fluence. As can be directly inferred from Figure 5, the Ip/I; ratio, which is the most widely used figure
of merit for characterizing the defect quantity in graphitic materials [29], decreases significantly with
@ 4. In particular, Ip/; is inversely proportional to @4 (Figure 6, red curve), which also implies that
the average crystallite size, L,, increases linearly with @4 (Figure 6, blue curve), according to the

well-known relationship [23]:
-1
La(nm) = @(I—D) @

1
Ex \Ic

where Ey, is the excitation energy (in eV) of the laser radiation used for Raman analysis (2.41 eV for a
514.5 nm wavelength).
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Figure 6. Ip/I; ratio between D and G peak-integrated intensities (red curve) and in-plane average
crystallite size (blue curve) as a function of the total accumulated laser fluence. The average crystallite
size at a given @4 value was obtained from Equation (2) by substituting the corresponding Ip/I ratio.
The large error bar of the average crystallite size at the highest @, value (4.8 kJ/cm?) is due to the
high uncertainty on the integrated intensity of the D band, which is almost indistinguishable from the
baseline (see Figure 5).

The hypothesis of a laser-induced evolution towards a less defected graphite with a higher degree
of structural order is confirmed by taking a closer look to the G band and 2D band regions of the
measured Raman spectra.

As can be seen from Figure 7a, the D’ band, which is another defect-induced Raman feature
appearing usually in the 1600-1620 cm~! range as a “shoulder” of the G peak [29,32], disappears
when the highest total accumulated laser fluence values (04 = 2.4 KJ/em? and @4 = 4.8 kJ/cm?) are
used, thus denoting a lower concentration of defects. An increasing degree of crystallinity with
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increasing @4 is also pointed out by a progressively narrower G peak, the full width at half maximum
(FWHM) of which decreases with @4, as well as by a slight downshift of the G peak position from
1586.3 cm ™! in the as-annealed untreated case to 1582.5 cm™! when @, = 4.8 kJ/cm? (see Figure 7b),
thus approaching 1581 cm™!, which is the reference G peak position for crystalline graphite [32].
According to the three-stage model proposed by Ferrari and Robertson [33], both these effects, along
with the disappearance of the D’ band at 1620 cm™, are indeed always present in the evolution of the
Raman spectrum of a carbon film when moving from nanocrystalline graphite to ordered graphite,
namely the final stage of the so-called “ordering trajectory”.
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Figure 7. (a) G band region of the measured Raman spectra reported in Figure 5, (b) G peak full width
at half maximum (FWHM) (blue curve) and position (red curve) as a function of the total accumulated
laser fluence. Red dashed line at 1581 cm~! indicates the G peak position of crystalline graphite when a
514.5 nm laser is used for Raman analysis [32].

On the other hand, the analysis of the 2D band profile in the Raman spectrum of a graphite sample
is a powerful tool to assess its degree of stacking order, since the 2D band is very sensitive to structural
changes along the c-axis [34]. As can be seen from Figure 8a, the 2D band in the as-annealed untreated
case can be fitted by a single Lorentzian centered at 2702.5 cm~! and having a FWHM of about 70 cm™~!,
which is the typical 2D band profile of two-dimensional graphite samples [35]. However, the presence
of single-layer graphene, which returns a downshifted (in the range 2680-2690 cm™! [36,37]) and
narrower (20-30 cm~! FWHM [36,38]) peak, should be excluded in our case, as already pointed out by
the relationship I,p/Ig < 1. More likely, the single 2D peak in the as-annealed untreated case can be
attributed to turbostratic graphite, which indeed shows a single 2D peak upshifted by about 20 cm™!
with respect to single-layer graphene, and with an almost double FWHM [34,36].

Now, turbostratic graphite is by definition a three-dimensional graphite with no stacking order
between adjacent layers (i.e., with a total lack of c-axis order), and that is the reason why it can be
considered as a two-dimensional graphite to first approximation. By observing Figure 8a, in case of
laser treatment, the single 2D peak evolves towards a two-peak (namely, 2D; and 2D;,) profile, as
observed in graphitic samples formed by a large number (>5) of graphene layers [37], as well as in
three-dimensional highly-ordered graphite [32]. Therefore, it can be inferred that fs-laser treatment is
able to improve the stacking order of the graphitic phase of screen-printed carbon films. In particular,
the degree of stacking order increases with the total accumulated laser fluence, as pointed out by: (1) a
progressively narrower 2D, peak (see Figure 8b), the FWHM of which decreases with @4, and (2) a
slight upshift of the 2D, peak position from 2702.5 cm™! in the as-annealed untreated case to 2722 cm™!
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when @, = 4.8 kJ/cm?, thus approaching 2727 cm™!, which is the reference 2D, peak position for
crystalline graphite [35].

(b)
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Figure 8. (a) 2D band region of the measured Raman spectra reported in Figure 5, (b) 2D, peak FWHM
(blue curve) and position (red curve) as a function of the total accumulated laser fluence. Red dashed
line at 2727 cm~! indicates the 2D, peak position of crystalline graphite when a 514.5 nm laser is used
for Raman analysis [39]. For the untreated case (94 = 0), data refer to the 2D single peak.

It is worth noting here that the 2D band Raman spectra reported in Figure 8a are very similar
to those measured by Cancado et al. [39] on disordered graphite samples heat-treated at very high
temperatures, varying in the range 22002700 °C. In that case, the degree of stacking order was
observed to increase with the heat-treatment temperature (HTT), as inferred by a 2D (G’) band
progressively shifting from a one-peak profile (for HTT = 2200 °C), attributed to turbostratic graphite,
to a two-peak profile (for HTT = 2700 °C), attributed to c-axis ordered (i.e., crystalline) graphite.
Therefore, a significant phenomenological analogy clearly emerges between heat treatment and fs-laser
treatment in increasing the degree of stacking order of graphite, with the total accumulated laser
fluence producing the same effects as HTT on the stacking order-related Raman features of the 2D band.

Now, heat treatment at very high temperatures (>2000 °C) is a stationary annealing process, in
which heat diffuses throughout the film thickness. Temperature depth profile is constant, so that
thermal energy uniformly “heals” defects (e.g., interstitials, stacking faults) of disordered carbon films,
in this way increasing the inter-layer interaction between stacked layers [40]. Conversely, in case of
fs-laser treatment, pulse duration is so short that heat diffusion is negligible, so that the temperature
depth profile at the very end of the laser pulse is similar to the spatial distribution of the absorbed energy,
i.e., sharply decreasing from the surface to the bulk. For this reason, as demonstrated by Kononenko et
al. in a study on laser-induced graphitization of diamond-like carbon films [22], the thickness of the
graphitized layer increases with the number of laser pulses, mostly because more pulses are needed for
the inner layers to reach the temperature threshold for graphitization. This may apply to our case. We
can indeed hypothesize that an increased degree of stacking order with increasing total accumulated
laser fluence (which implies a higher number of laser pulses on the same spot) is strictly connected to
a progressively higher depth at which the temperature threshold for graphite “ordering” along the
c-axis is reached. Moreover, following this thread, a higher @4 also implies a higher temperature at a
given depth (surface included), which could explain the better in-plane structural quality, as previously
inferred from the observation of the G band region.
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4. Conclusions

Carbon films obtained by the screen-printing technique from a commercially available carbon
paste were subjected to fs-laser processing after a standard annealing procedure. Results show that,
if total accumulated laser fluence is higher than 0.3 kJ/cm?, sheet resistance decreases significantly
(up to 20.5% less) as a consequence of a laser-induced improvement of the structural quality of the
graphitic phase, as inferred from a comprehensive Raman spectroscopy analysis. Therefore, fs-laser
treatment following annealing (which is necessary to ensure a proper sintering process of the carbon
paste) can be efficiently used to close the performance gap between carbon electrodes and noble metal
electrodes, making a step forward towards the mass production of perovskite solar cells with high
long-term operational stability.

Future experiments will be targeted on decreasing the sheet resistance by more than 20.5%.
Two parallel strategies will be pursued. The first one, as suggested by the results reported in this paper,
will be based on increasing the total accumulated laser fluence, @4, beyond 4.8 kJ/cm?: considering
that the single pulse laser fluence must be necessarily confined within the narrow range between
graphitization and ablation thresholds, a @4 > 4.8 k]/cm? implies a number of pulses impinging on the
same spot > 4000, which can be obtained by using a laser beam scanning speed < 0.125 mm/s or, better,
a repetition rate > 1 kHz (a less time-consuming option). The second strategy will be focused on using
different laser wavelengths for the treatments, aimed at investigating the effects produced by different
depth profiles of the absorbed pulse energy on the degree of stacking order of the graphitic phase (and,
as a consequence, on the sheet resistance of the carbon film).
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